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Abstract

Carbohydrates are one of the most abundant and diverse class of biomolecules on earth, and
their importance in life is reflected by the range of carbohydrate active enzymes (CAZymes)
which have evolved to process glycans in nature. Unsurprisingly, defects in these CAZymes
have been linked to a range of human diseases. Of note, lysosomal storage disorders (LSDs)
are a group of inherited metabolic disorders which result from deficiencies in particular
lysosomal glycoside hydrolases. Understanding the enzymes which underpin these
disorders is crucial to the development of effective diagnostic and therapeutic strategies. In
this regard, the work described here sought to aid in the development of novel activity-
based probes (ABPs), inhibitors and molecular chaperones for GBA and a-GAL, the enzymes
associated with the LSDs Gaucher Disease (GD) and Fabry Disease (FD) respectively, to

support the study of these enzymes in disease pathogenesis, diagnosis and treatment.

In Chapter 2, the first ever co-crystal structures of human o-GAL in complex with several
galacto-configured cyclophellitol-based inhibitors and ABPs for FD are described, providing
key mechanistic and structural insight into their binding mode, reactivity and conformation.
This work also expands to the characterisation of a non-covalent galacto-cyclophellitol
cyclosulfamidate inhibitor, which exhibits chaperoning behaviour towards a-GAL as a
potential pharmacological chaperone for the treatment of FD. In a parallel vein, the work
presented in Chapter 3 describes a series of crystal structures in which human GBA is
complexed with a variety of cyclophellitol ABPs and inhibitors for GD. Indeed, these co-
crystal complexes enabled a structure-guided approach to the development of more
selective GBA inhibitors, which proved suitable for the generation of neuropathic GD animal
models through chemical knockdown. To support such work, Chapter 4 outlines the
development of an insect-baculovirus expression vector system for the production of non-
clinical human GBA, a long-standing academic target which has previously only been
reliably produced in industrial labs by unknown means. Lastly, using this recombinant GBA
formulation, Chapter 5 discusses the structural analysis of a novel class of allylic carbasugar
inhibitors of GBA, revealing multiple covalent and non-covalent mechanisms which may
provide structural bases for their stabilising behaviour as potential chaperones for GD. It is
ultimately hoped that this work will support future developments in the field of LSD

research, particularly with regard to the diagnosis and treatment of such disorders.

*Part of the work presented in thesis has been published in the following papers: (1) R.

Rowland etal., Chem. Eur. J., 2021, 27,16377-16388 (2) R. Rowland et al., Acta Cryst D, 2020,

76, 565-580, (3) M. Artola et al., Chem Sci, 2019, 10, 9233-9243, (4) M. Artola et al,, J. Am.

Chem. Soc.,2019,141,4214-4218 (5) S. P. Schroder et al., ACS Cent. Sci., 2019, 5,1067-1078.
3



Contents

2 X2 25 L 3
L0 01 4
I 0 T (1 0 D 7
I 0 1 15 ) 0, 12
ACKNOWLEDGEMENTS ....ceiiiticimsmrsssssssssssssssssssssssssssss s sssssssssssssssssssssssssassssassssasssssssessssssmsassssassensas 13
AUTHOR’S DECLARATION ...ocoiiistiermsssssmsssssassssssssssssssassssssssssssassssssssssssassssssssssssasassssesssssasassssssssssssassssess 15
CHAPTER 1: INTRODUCTION TO CARBOHYDRATE ACTIVE ENZYMES AND LYSOSOMAL
STORAGE DISORDERS ......coicrtirmsmrssmmssssssssssssssssss s s sss s s sas s sssssssssesssssssssssessssssssassssssnsnssses 17
1.1 ABSTRACT wurreeesecsssssssssssssssss st ssssssssssssss s ssss bbb bbb sass s ssssssasssas 17
1.2  CARBOHYDRATES AND GLYCOCONJUGATES. ...ccecsrerereressssrerereessssssssesesssssssssesessasssssssesesasans 18
1.2.1 OVCIVICW......rorertreereerisscrissesisssssssessssesassessssssassssssssssssssassesassssasssessssessssssassssasssssssssssssssnsesasssssess 18
1.2.2 Importance of Carbohydrates and GlyCOCONJUGALES..........ccrommscerismmssessisssssessisssssenns 19
1.2.3 PrOtIN GlLYCOSYIALION. ccunerereerereerrseserisseserisssesssssesasesesissssssasssessasssesassssssssssssanssesssssssasssssasns 20
1.2.4 GLYCOSPRINGOIIPIAS covvorrereeevrserrseseriseserissssesisssesssssesssssessssssesasssessasesessssssessssssssssssssssesesssesens 24
1.3 LYSOSOMAL STORAGE DISORDERS ...ccossermmrsmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssas 29
1.3.1 Lysosome: Structure ANd FUNCHION ......c.ceuonrcroneserssseessssesssssesssssessssesssssessssssasssssssnns 29
1.3.2 Overview of Lysosomal Storage DISOTAErsS........mmmsssmsssssssasssssssseons 31
1.4 GAUCHER DISEASE....oosiiirnetsstnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssas 33
1.4.1 OVEIVIEW AN HISEOTY ..ovvurvererirersseseriseserissssssisssessasssesssssesssssessssssssssssssnsssssssssssssssssssesesssesess 33
1.4.2 Clinical MANIfESEALIONS .cvuucerrvessssirrissssississssssssisssssississsssssssssssssssssssssssssssssssssssssssssssssssssssseans 35
1.4.3 GAUCNEY DiSEASE AN GBAL ..eoeerverereriseeerirssersssserissssesissssessssesssssesssssssssssssssssssssasesssssesess 37
1.4.4 Gaucher Disease and PArKINSONISM ......ccuvcruoreeroseserssesesosssessosssessnssessssssssissssssanssesssesess 39
1.4.5 GaUCher DiSEASe AN CANCE ...uvereerererneeerisesersssserissesesissssesisssesssssesssnssssssssssssssssssssesesssesess 41
1.4.6 Gaucher Disease PAtNOGENESIS .......cccirosmsssisssssssessiisssssississsssssssssssssssssssssssssassssssseons 41
1.4.7  Diagnosis of GAUCHET DISEASE ..........cccovccercsmmssermsssssisssssssississssssssssssssssssassssssssasssssssssssssssss 44
1.4.8 Therapeutic Strategies for GAUCEr DISEASE...........wcsecrcsmssessisssssississsssississsssssseans 47
1.5 FABRY DISEASE .ouuiiiurirnisissssssssssssssssssssss s sssssssssssssssssssssssssssssssssssssssssasssssssssssssssssassns 56
1.5.1 OVEIVIEW AN HISEOTY ..vvoreeverrersseserisesesissssssisssessasssesssssesssssesssssssssnssssssssessssssssssssssssesssssesess 56
1.5.2 Clinical MANIfESTALIONS .cvuuverrverssrirrisssscssissssssssisssssisssssssssssssssssssssssssssssssssssssssssssssssasssssssseons 57
1.5.3 FADTyY DiSEASE ANA A-GAL ..oovoreeesrererserrseseriseserisssssisssessasssesissssssassssssanssesssssssasssssasns 59
1.5:4  Fabry DiS€ase PATNOGENESIS ........cccmcircmmmssissssssssssisssssssssssssssssssssssssssassssssssasssssssssssssssss 61
1.5.5  DiagnosiS Of FADIY DISEASE........cccommscircsmsssisssssssississssssssssssssssssssssssssasssssssasssssssssssssssss 62
1.5.6 Therapeutic Strategies for FADry DISEASE............mcscsssssssiisssssississssssssissssssssenns 66
1.6 ACTIVITY-BASED PROTEIN PROFILING.....ecosmssssesnessssssssssssssssssssssssssssssssssssssssssssssssssssssssasesas 73
1.61 Overview of Activity-Based Protein Profiling........mmn: 73
1.6.2  Applications of Activity-Based Protein Profiling ..., 75
1.7 THIS WORKuetietreteetnssssssssssssssssssssssss bbb sss bbb b sasssassssssssanssas 76
1.7.1 AIMS Of tRIS WOTK coovervrvesssttrrissssiisisssssississsssssissssssssssssssssssssssssisssssssssassssssssassssssssasssssssansns 76
CHAPTER 2: INHIBITORS FOR A-GALACTOSIDASE A: PHARMACOLOGICAL CHAPERONES
FOR FABRY DISEASE.....ociicisrisssssmsssinsssss s sssss s s ss s e ss s e sss s sss s s sssasssssssensssesssasnnns 80
2.1 ABSTRACT wooueetectesssssssssssssssssssss s s bbb bbb s b bbb bbb 80
2.2 INTRODUCTION .cotveturmrussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssbasssasssassssssssssssasssassannes 81
2.2.1 O-GALACLOSTAASE A oonereoeererrsserisssersseeersssesssesesisssesissssssasssessssssesssssssasssessasesesssssssassssssanns 81
2.2.2  Activity-Based Probes Retaining a-GalactoSidASES .........wcumscerrcsssssessusssssessinsn 87
2.2.3  Inhibitors for Retaining a-GalactoSIAASES.........cwcommserrvsmsssirisssssisssssssessssssssssseasns 88
2.2.4 RESCATCR ATMS.rurrrrirreriseriseserissserssssesissssesissssssasssessssssesssssssssssssssasssesasssssssssssssanesesssnsssssssssasns 93
2.3 MATERIALS AND METHODS ....vcumitmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssassssnnss 94



2.3.1 CrystalliSation Of FADTAZYIME®......cweerrneerrossserisssserisssesssssesssssesisssssassssssssssessssssssssssssans 94
232 TRErMaAl SRIft ASSAYS...ccouommserricsmssississsssississsssississssssssssssssssissssssssssssssssssassssssssssssssssssssssssssannss 95
2.3.3 ENZYME KINOLICS couvvrirvirnsinsisscrsirsssinsississsissssinsessinssisssssassssssesssissssssssssssesssssssssassssssesssesssssanss 96
2.3.4 TRETMQAL SEADIIILY ASSAY ....ceroreerrrireriseserissssssisssessisesesssssesisssssasssessssssesssssesassssssassesssnasssssssssses 96
2.4 RESULTS AND DISCUSSION....occesitmirurirmssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 98
24.1 Crystallisation and Structure Of FADIrazyme®.........oeonrerosmsessonmsessosssesissssesisssessne 98
242 3D Complexes with Galacto-configured Cyclophellitol Epoxide and
Cyclophellitol AZITIAINE INAIDILOTS c.cuuueerereerrrsseriseserssseersssesiosssesissssssesssesssssessssssssasssssans 99
2.4.3 3D Complexes with N-acyl and N-alkyl Functionalised Galacto-configured
Cyclophellitol AZITIdINE INAIDILOTS c.couuvereeeerrseerrssserisseserissseessssesssssesssssesissssssasssessasssess 101
244 3D Complexes with Galacto-configured Cyclophellitol Cyclosulfate and
Cyclosulfamidate INAIDIEOTS........cwccssiisisssssississssssisissssssssisssssssssssssssssssssssssassssssseans 104
2.4.5  Investigating the Effect of Cyclophellitol Cyclosulfate on r-aGAL Stability.....107
2.4.6 Chaperoning Behaviour of a-1,6-Cyclophellitol Cyclosulfamidate....................... 109
2.4.7  Treatment of FD Fibroblasts with a-Cyclosulfamidate and Migalastat............. 115
2.4.8  Effect of pH on the Chaperoning Behaviour of a-Cyclosulfamidate and
D7 0 o1 Lo R 7 N 116
2.5 SUMMARY oottt sssssssss s sssss s s ss s sssssss s sss s s sassssssssssssssasens 122
CHAPTER 3: ACTIVITY-BASED PROBES AND INHIBITORS FOR B-GLUCOCEREBROSIDASE:
GENERATION OF GAUCHER ANIMAL MODELS.....cccooiisrmermsmssssnssssssssssssssssssssssssssssssssssssssssasnss 124
G T ) 0 Y 0 PP 124
K T0 /N U 0] 0] 003 3 (0 PP 125
321 B-GlucocerebroSidaSe (GBA) ... oreroserisssssssssesssssesssssesisssssssssesssssessssssansssssanes 125
3.2.2  Activity-Based Probes and Inhibitors for [-GlucoSidases ..., 133
3.2.3  Animal Models for GAQUCRET DiSEASE.........ccccmmssercssmsscssssssssssisssssississssssssissssssseans 137
3.2.4  Inhibitors for Chemical Knockdown Animal MOEIS.............ccueercunnscerrcesssseirenns 141
325 RESCATCR AIMS onerrtrrererieserissserissssssisssessssssesissssesassssssassssssasssesasssssssssssssasssssssssssssesesssssessns 142
3.3 MATERIALS AND METHODS...cesimmrisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssass 143
331 CryStalliSALION Of COIrO@ZYIME. .c.uuceveverureserisssserisssesssssesissssesissssssasssesssnssessssssssssssssssessssssesess 143
3.3.2 In-Solution Fluorescence LADEIliNg ........mscriosnssessiisssssississsssessissssssssssssesss 144
3.4  RESULTS AND DISCUSSION....ousiitisrsisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass 146
34.1 Crystallisation and Structure Of COr@ZYMe......ocerosserosmsesissssessssssssssesssesens 146
342 3D Complexes with Fluorescently Tagged Cyclophellitol ABPS.............ccocouueenen. 147
3.4.3  Structure-Based Development of C6-Substituted Cyclophellitols...................... 154
344 3D Complex with Bi-functional CyclopRellitOIABPS .........oeeroreerrorssersseserissseerens 158
3.4.5  Chemical Knockdown of GBA Activity in Zebrafish..........cesssssssessenns 161
TR TN Y1) 0 . N 163
CHAPTER 4: INSECT-BACULOVIRAL EXPRESSION OF RECOMBINANT HUMAN B-
GLUCOCEREBROSIDASE .....cotitisrsmsssmssssssssssssssssssssssssssssssssssssassssassssssssssssesssssssssssssssssssssssssssssssssenssssnsss 165
4.1 ABSTRACT wctirctsssssssssssssssssssssssss s bbb ss bbb bbb bbb s 165
4.2 INTRODUCTION cossturitrissssisssssssssssssssssss s bsssssssssss s ssssss s s ssss b ssss bbb sassssnsansns 166
4.2.1 Importance of $-Glucocerebrosidase (GBA) ... rroeeossessossserissssesissssesens 166
4.2.2 NAtural SOUTCES Of GBA .....ccceerrcssssississsssssissssssssisssssssssssssssssssssssssssassssssssssssssssssssssssss 166
4.2.3  Recombinant SOUTCeS Of GBA ......cosnscisisssssissssssssssisssssssssssssssssssssssssassssssssans 167
4.24 Baculoviral Expression Vector SyStems (BEVS) ... reeonsessossserssssesissssesens 170
4.2.5 Baculoviral Expression SYStems fOr GBA...rrisersssessosssessosssesissssessssssesens 175
4.2.6 RESCATCR AMS onerrtrrserireserissserissssssisssesssssesissssesissssssassssssasssesssssssssssssssassssssassssssesessssassssns 176
4.3 MATERIALS AND METHODS....commiitmsnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasses 177
4.3.1 GBAL CONSTIUCTS courererereserieerisserissesisssssssesssesassssssssssssessssesssssssssssssssssssssssnsesassssssssassssasesanss 177
4.3.2 Generation of Recombinant Transfer Plasmids Encoding GBAI..........cccccuu.... 177
4.3.3 Generation of Recombinant DH10EMBacY Bacmids Encoding GBAL................ 181
4.34 Generation of Recombinant Baculovirus Encoding GBAL .......cssscerenn. 182

5



4.3.5  Expression of Recombinant Human GBA in High Five Cells ... 182

4.3.6  Purification of Recombinant HUMAN GBA...........comsercsssssesscsssssississsssississssess 183
4.3.7  Expression and Purification of Recombinant Human Saposin C............cccc....... 186
4.3.8  Biochemical Characterisation of Recombinant GBA .........ccircsssssesssssssens 186
4.3.9 Crystallisation of RecOMDINANE GBA.......ccoveericsssssiricssssississssssssisssssssssssssssssssssssssens 190
4.4 RESULTS AND DISCUSSION.....cosiummirrismmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 194
4.4.1 N-Terminally Hiss-Tagged GBA CONSEIUCE ......ocrcnmscerisssssississssssssissssssssissssssssasss 195
442 AIEINALIVE GBA CONSEIUCES vvverervesereseserisseerssssesssssessssssssasssessssesesssssssssssssssasssessesessssees 202
4.4.3 3G Glycine Linker Hiss-Tagged CONSETUCE.......cowcrremmscirismmssississsssessissssssssasssssssassssess 203
444 NON-TAGGEA CONSTIUCE....omrririsrrsrirrisssssississsssississsssississssssssssssssssssssssssssssssssssssssssssssasssssess 205
4.5 SUMMARY wccvuireissssssssssssssssssssss s sssse s ss s s ss s sssesss bbb sssb s ssssassssassens 225
CHAPTER 5: STRUCTURAL ANALYSIS OF NOVEL B-GLUCOCEREBROSIDASE
PHARMACOLOGICAL CHAPERONES ...t s sssssssssssssassssasssssssssssssssssssssnsanss 227
5.1 ABSTRACT oouurirssssssssssssssssssssssssssssssssssssssssssssss s s sssss st s ssss bbb ssssssssanes 227
S 11200 000§ (0] N 228
52.1 Protein Misfolding: Implications for Lysosomal Storage Disorders.................... 228
522 TRETAPEULIC APPTOACRES ...coverserereriserersssersisesesssssesssssesissssssassssssasssesssssesssssssassssssansssssss 229
52.3 Glycoside Hydrolase INNIDIEOTS.......occwceroneermossserisssserssssessssesssssesssssesssssssssssessasssessans 233
524 RESCATCR AIMS.ourrrrirerieseriseeerissserisssesissssesisssessasssessssssessssssssassssssssssesssssssasssesssssesasssssasssssess 234
5.3 MATERIALS AND METHODS.....osmmuummmsssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 235
53.1 Protein Production and CryStalliSALION.........ceroneeerorseerisssserssseessssessssssesisssesasssesees 235
532 INNIDIEOT COMPIEX SETUCTUTES.covverrereererrsrersseserissssesissssssasssesssssesissssssasssessnssessssssssasssssess 235
5.4  RESULTS AND DISCUSSION....cctmmmrmmmsssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 237
54.1 SRK2049 CO-CryStal SETUCLUTE couunereererersererssserssssesssssesissssessssssssssesssssessssssessssssssasssssses 237
542 SRK121 CO-CryStAl SEIUCEUIE ...cvverrereeercresssersmsersisesessssssesissssesissssssasssesssssesssssessssssssasssssses 238
54.3  SBBO06 CO-CryStal StTUCLUTE ...coveeereriserisseserissseessssesssssessssesessssssssissssssassssssssssesssssesassees 240
544 Chaperoning BERAVIOUT ........cscssssissicsssssisssssssisssssssssssssssssssassssssssasssssssssssssssseas 242
TR TN 0 0 N N 244
CHAPTER 6: CONCLUSIONS AND FUTURE PERSPECTIVES......coiirmmrmssssssssssssssssssssssnssess 246
6.1  SUMMARY ottt ssb s ss bbb bbb bbb bbb 246
6.2 THIS WORK AND FUTURE AVENUES ....ccomimriinsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 247
6.2.1 Structural Analysis of Cyclophellitol Inhibitors for ot-GAL........eeorneeercrssenens 247
6.2.2  Structure-Guided Development of Potent GBA INRIDItOTS .......ccvcummsserrvsssscrreannes 249
6.2.3 Over Expression of Non-Clinical HUMAN GBA ........cecoomserrcsssssirisssssississssissens 250
6.2.4 Structural Analysis of NOVel GBA CRAPEIONES.......ccreeroreerrismsersosssesssssesissssssisssesees 251
6.2.5 Inactive GBA Mutants: Potential for Glycosynthase ACtiVity.........eoreeerens 252
6.2.6 Future Perspectives fOr CrYO-EM... v eerinserosssessssssesossssssosssessssssesssssssanssssses 257
6.3  CURRENT AND FUTURE DEVELOPMENTS IN ACTIVITY-BASED PROTEIN PROFILING...259
APPENDIX 1: GENERATION OF GBA1 CONSTRUCTS.....ccnrrmnmrmsmrmsmsssssssssssssssssssssssssssssssssssasssnns 264
APPENDIX 2: INVESTIGATION OF INNER FILTER EFFECT ......cocieiimsrrnssrsnesssssssssssssssnnas 269
APPENDIX 3: PRODUCTION OF RECOMBINANT HUMAN SAPOSIN C.....ccoonvmrermsnmsmsmrsnssrnsnnas 271
APPENDIX 4: SYNTHESIS OF 1-DEOXY-1-FLUORO-A-D-GLUCOSE ........cociiiremrrmsmrnsnrnnnas 273
APPENDIX 5: PUBLICATIONS.....coiicsmsmsmsssasssssssssssssssssssssssssssassssssssssssassssssssssssasassssssssssasassssssssssnsasasss 274
LIST OF ABBREVIATIONS ..ot sssssssssssssssssssssssssssssssassssassssassessssessssssssssssassesn 322
REFERENCES ...t sss s s s s s s s s s s s s e e nas s 326



List of Figures

Figure 1.1: Conformational structures of the 10 common monosaccharides. ......ounriernreenan. 18
Figure 1.2: Structure of blood cell surface glycan antigens A, B and H......cnnnninnecenneennn. 19
Figure 1.3: Chemical structure of activated sugar dONOrsS........ 21
Figure 1.4: Subcellular localisation of protein glycosylation........ceeinensenseenneenseesseeseesseesseeens 22
Figure 1.5: Process of glycosphingolipid (GSL) SYNthesiS....cccoiemeeserseeseesneeisessessssssessessssessseseeens 25
Figure 1.6: Chemical structure of (a) glucosylceramide (b) galactosylceramide and (c)
SPRINGOMYELIIL. oot R 26
Figure 1.7: Crystal structure of human saposin Cu.....sssssssssns 27
Figure 1.8: Simplified flow diagram of the endolysosomal System ... 30
Figure 1.9: Location of GBA1 gene at Xq21 on chromosome 1 ... 37
Figure 1.10: Potential pathogenic mechanism between GBA and a-synuclein accumulation in
PD ettt es s s bbb R R 8RR RS EREER R R RS RS RR R R 40
Figure 1.11: Metabolic pathways of glucosylceramide (GICCEr)....ccmmmmrresnsssssssssssssans 43
Figure 1.12: Structure of (a) Miglustat (N-butyl-1-deoxynojirimycin) and (b) Eliglustat.......... 51
Figure 1.13: Chemical structure of (a) 1-deoxynojirimycin (DN]) (b) alkylated iminosugar N-
nonyl-1-deoxynojirimycin (NN-DNJ ). 53
Figure 1.14: Chemical structure of (a) Isofagomine (IFG) and (b) Ambroxol..........ounreerrreenan. 54
Figure 1.15: Location of GLA gene at Xq21 on the X-cChromosome.......n. 59
Figure 1.16: General pathway to the diagnosis of (a) male and (b) female individuals
suspected of having Fabry diSEase ... ssssssssssssssans 64
Figure 1.17: Structure of globotriaosylceramide (Gb3) and the deacetylated derivative
globotriaosylsphingosine (IyS0-GD3) ... 65
Figure 1.18: Structure and biosynthesis of sphingosine-1-phopshate (S1P) from sphingosine
DY SPhiNGOSINE KINASE c.uuvvvririirirrssssssss s st ss s sss s sssssssnes 66
Figure 1.19: Structures of active-site-specific chaperones (a) galactose and (b) 1-
deoxygalactonojirimycin DGJ (Migalastat) ... 68
Figure 1.20: Chemical structure of glucosylceramide synthase inhibitors (a) PDMP (b) D-t-P4
(c) D-t-pOH-P4 and (d) D-t-EtDO-P4 ......ccorerrerirerersssessseeesssessssesessssssssssssssssessssssssssssesssssessssssssssssssssaneees 71
Figure 1.21: Chemical structure of glucosylcermide synthase inhibitors (a) Lucerastat (N-
butyldeoxygalactonojirimycin) (b) Ibiglustat (Genz-682452)......coemsenensesesssssssseses 72
Figure 1.22: (a) Generic activity-based probe structure: reactive warhead (blue), linker (grey)
aNd rePOIter ta (TEA) s bbb 74
Figure 1.23: Chemical structure of (a) conduritol B epoxide (CBE) and (b) cyclophellitol....... 74
Figure 1.24: General workflow of activity-based protein profiling.......... 75
Figure 2.1: Hydrolysis of globotriaosylceramide (Gb3) by al-GAL.....ccornmrminrssnssssssssssssssennans 81
Figure 2.2: Koshland double-displacement hydrolysis mechanism of retaining a-GAL............. 82
Figure 2.3: Conformational reaction itinerary of retaining o-galactosidases..........uennn. 83
Figure 2.4: First structure of human 0-GAL......sssssssssssssssssssssssssssssssssans 84
Figure 2.5: Glycosylation profile of first human o-GAL crystal structure........oeennn. 85

Figure 2.6: (a) General mechanism-based mode of action of a-galacto-configured
cyclophellitol epoxide and aziridine probes for retaining a-galactosidases........enreesseeseenn. 88
7



Figure 2.7: Reaction mechanism of a retaining a-galactosidase with (a) 2‘,4,6"-Trinitrophenyl-

2-Deoxy-2,2-difluoro-a-galactoside and (b) 5-fluoro-a-D-galactopyranosyl fluoride........c....... 90
Figure 2.8: Chemical structure and mechanistic action of (a) cyclic aziridine based a-

galactosidase inactivator and (b) galacto-configured cyclophellitol aziridine inhibitor.............. 91
Figure 2.9: (a) Chemical structure of a-galactose configured cyclosulfate, cyclosulfamidate and
cyclosulfamide COMPOUNAS ... bbb 92
Figure 2.10: Series of a-galacto-configured cyclophellitol inhibitors investigated for human a-
GAL 11 thiS WOTK. ceuieeeeteetreetseteseeseessesssesssesssees st ssss s s s s sesssesssess bbb s s bbb e bbb ssesssens 93
Figure 2.11: (a) Crystals of r-a.GAL generated with 1:1000 microseeding ...........ueereersneenns 98
Figure 2.12: (a) Ribbon and surface diagram of r-oGAL (Fabrazyme) dimer.......cienienn: 99

Figure 2.13: (a) 3D active site structure of cyclophellitol epoxide (1) covalently bound to the
catalytic nucleophile (ASP170) Of F=0LGAL ... sssssssssssanes 100

Figure 2.14: (a) 3D active site structure of cyclophellitol aziridine (2) covalently bound to the
catalytic nucleophile (ASP170) Of F=0LGAL ... s ssssssssssanes 101

Figure 2.15: (a) 3D active site structure of N-acyl cyclophellitol aziridine (3) covalently bound
£0 ASPL70 Of T-OUGAL.urirerercrsrrsiessssssss s bbb s 102

Figure 2.16: (a) 3D active site structure of N-alkyl cyclophellitol aziridine (4) bound non-
COVALENTLY 1N T-0UGAL w.oreteeeeceeeeeseess st s se s s s ss s s s bbb R bbb 103

Figure 2.17: Chemical structure of (a) Gluco-configured a-1,6-cyclophellitol cyclosulfate (b)
Galacto-configured a-1,6-cyclophellitol cyclosulfate inhibitor (5) (c) Galacto-configured a-1,6-

cyclophellitol cyclosulfamidate inhibitor (6) ... ———— 104
Figure 2.18: (a) 3D active site structure with observed electron density for a-cyclosulfate
inhibitor (5) bound to ASP170 Of I-=OGAL ... 105
Figure 2.19: (a) Observed electron density for cyclosulfamidate (6) bound non-covalently in
THE ACHIVE OF T-OUGAL.couetieieeereeeessees sttt sb et ss bbb R 106
Figure 2.20: Overlay of inhibitor 5 (pink) covalently bound to Asp170 in 1S3 conformation and
inhibitor 6 (blue) bound non-covalently in 4C; cONformation........——— 107
Figure 2.21: (a) Thermal stability curves recorded for Fabrazyme pre-incubated with various
concentrations of cyclosulfate iINhibitor (5) ... 108
Figure 2.22: Inhibition of r-aGAL by inhibitor 5. 109
Figure 2.23: Effect of cyclosulfamidate inhibitor (6) on the thermal stability of r-aGAL........ 110

Figure 2.24: Plot of ATm versus cyclosulfamidate inhibitor (6) concentration fitted to a 4-
parameter 10giStiC fUNCLION ... s 111

Figure 2.25: Overlay of the cyclosulfate inhibitor (5) complex crystal structure (pink) with the
cyclosulfamidate inhibitor (6) complex crystal structure (blue) ... 111

Figure 2.26: (a) 3D active site structure showing the non-covalent binding of Migalastat in the
ACHIVE SILE Of T-0UGAL couretreeeeeeeeeetseeseeseeseesessess s ses s esss bbb s s R R R 112

Figure 2.27: Overlay of Migalastat (purple) and cyclosulfamidate (orange) co-crystal
STIULCEUI'ES evurevuseesseersseesssesssseesssessssssesssesssesssseess st s sb bbb e SRR SRR E R bbb

Figure 2.28: Effect of Migalastat on the thermal stability of r-0GAL.......cccounrmiennrenneenneerneeranee
Figure 2.29: In situ stabilising effect of cyclosulfamidate and Migalastat

Figure 2.30: pH dependent thermal stability profile of r-aGAL ...

Figure 2.31: Thermal shift curves obtained for Fabrazyme pre-incubated with varying
concentrations of the cyclosulfamidate inhibitor ... ———— 118



Figure 2.32: (a) Plot of ATm versus cyclosulfamidate inhibitor (6) concentration at pH 4.5, 5.5

AN PH 7.4t eese e ss s s R R R R R R R R R R R 119
Figure 2.33: Thermal shift curves obtained for Fabrazyme pre-incubated with varying

concentrations of Migalastat ... s 120
Figure 2.34: (a) Plot of ATm versus Migalastat concentration at pH 4.5, 5.5 and 7.4............... 121
Figure 3.1: Hydrolysis of glucosylceramide into ceramide and glucose by GBA ... 125
Figure 3.2: Koshland double-displacement mechanism of GBA.......ccninnesesssssnns 126
Figure 3.3: The Michaelis complex = [Transition State]* - Covalent intermediate itinerary of
GH30 B-glucosidases following 1S3 = [*H3z]* = 4C1 cONfOrmations ......eneesneessseesssessssseennens 127
Figure 3.4: First structure of GBA solved by the SUSSMan group ... 128
Figure 3.5: Structural alignment of the active sites of Cerezyme and bacterial xylanase........ 129

Figure 3.6: General reaction mechanism of quinone methide ABP with retaining a 3-
BlYCOSIAASE w.vurresirerrrrer R 133

Figure 3.7: Two-step activity-based labelling of a generic -glucosidase with azide equipped
fluoroglycoside inhibitor and phosphine reporter group ... ——————— 134

Figure 3.8: Inactivation of GBA by phosphorous bearing 2-deoxy-2-fluoro-f-D-glucoside ... 135

Figure 3.9: Chemical structure of (a) C6 functionalised cyclophellitol epoxide ABP (b) C6
functionalised cyclophellitol aziridine ABP (c) N-acyl aziridine ABP (d) N-alkyl aziridine ABP.

........................................................................................................................................................................................... 136
Figure 3.10: Chemical structure of cyclophellitol based ABPs (7, 8 and 11) and inhibitors (9
and 10) investigated in thisS WOIK ... 142
Figure 3.11: (a) Crystals of rGBA grown under optimised conditions.........in 146
Figure 3.12: Crystal structure of recombinant GBA ... 147
Figure 3.13: (a) 3D active site structure of ABP 7 covalently bound to the catalytic nucleophile
(GIUB40) OF TGBA ... rere e ssseeessssesessss s s ss s bR RS R AR R R e 148
Figure 3.14: Co-complex of rGBA with an N-acyl cyclophellitol aziridine and a BODIPY-tagged
CYCIOPNELLITO] ABP (8)..coueeeeeereeesseeseeseesseesseessees ettt ssss e ssssssses s s sasssans 150
Figure 3.15: (a) Active site structure of ABP 8 bound to the catalytic nucleophile (Glu340) of
TGBA oot teteeesse e ss e ss st R RS R SRR RSB SERR R R R R RS SRERRRR e 151
Figure 3.16: Accommodation of C6-derivatised ligands in GBA and TXGH116.......c.ccouuurnrurrnnes 152
Figure 3.17: Time course labelling of FTGBA DY ABP 7. ... sssenns 153
Figure 3.18: (a) 3D active site structure of inhibitor 9 covalently bound to the catalytic
nucleophile (Glu340) Of FGBA ... sees 155
Figure 3.19: 3D active site structure showing covalent binding of inhibitor 10.........c.cccouuuenees 156
Figure 3.20: Ribbon and surface diagram of rGBA in complex with 10 ......c.coonnniennecrnnsiennnns 157
Figure 3.21: (a) 3D active site structure of ABP 11 covalently bound to Glu340 of rGBA. ..... 159
Figure 3.22: (a) Overlay of 11 co-crystal structure and 7 co-crystal structure ........ccoeeenees 160
Figure 3.23: In vivo action of inhibitors 9 and 10 ... 162
Figure 4.1: Infection and replication cycle of a generic NPV in Lepidoptera hosts ........cccccuenees 171
Figure 4.2: Mammalian and insect cell N-glycan profiles........n 175
Figure 4.3: (a) GBA1 constructs produced in this StUdY ... 177
Figure 4.4: (a) GBA-pGEn1-DEST plasmid (DNASU Clone ID: HsCD00413213).....ccooevurrmeeernneens 178

Figure 4.5: Simplified workflow of the insect-baculovirus system employed in this work.... 194

9



Figure 4.6: Sequenced GBA transfer plasmid generated by SLIC......ccccomenn. 195
Figure 4.7: Purification of recombinant Hiss-tagged GBA........cccnmissssssssessne: 198

Figure 4.8: In-solution labelling assay of rGBA in the presence and absence of DDM detergent.
........................................................................................................................................................................................... 199

Figure 4.9: (a) Michaelis-Menten kinetics of GBA with and without DDM using 4-MU-GIc....200

Figure 4.10: (a) NanoDSF analysis of recombinant Hise-tagged GBA at pH 7.4 .....covvvvvreernneennne. 201
Figure 4.11: Treatment of Hiss-tagged GBA with TEV protease, Endo H and PNGase F........... 202
Figure 4.12: In-solution labelling reactions of the supernatant (S) and resuspended cells (C) of
each test expression With ABP JJB367 ... eeeessesseessssssssssssssssssssssssssssssesssssssssssssssssssssssssssesas 203
Figure 4.13: Sequenced transfer plasmid containing the N-term truncated GBA1 gene.......... 204
Figure 4.14: Purification of recombinant 3-glycine linker Hiss-tagged GBA ......ccoouneenrenreennenns 205
Figure 4.15: Sequenced transfer plasmid encoding the non-tagged N-terminally truncated
L2 <) L= 205
Figure 4.16: Purification of recombinant tagless GBA.........coeneneeneeneesesseessssssssssssssesssesssesns 206
Figure 4.17: (a) Michaelis-Menten kinetics of tagless GBA .......ccuneenmeeneesessseesssssssssssessesssenns 208
Figure 4.18: Effect of increasing SapC concentrations (20 nM-44 pM) on the activity of rGBA
(10 nM) aAINST 4-MU-GIC..couierirrrserseirsesssssssssssssssssssssssssss s sssssssssssses 209
Figure 4.19: (a) Long term activity of GBA stored at 4 °C ......ccnenenneenneenneeseesseesseesssssssesssesssesssesns 210
Figure 4.20: Thermal stability analysis of tagless GBA by (a) ThermoFluor and (b) NanoDSF.
........................................................................................................................................................................................... 211
Figure 4.21: (a) SEC-MALLS analysis of tagless GBA.......cnenenseeneeseesessseessesssssssssssssssesssesns 212
Figure 4.22: (a) Effect of increasing salt concentration on the elution profile of recombinant
GBA from S200 Superdex COIUMMN ... s ssassssasssanes 213
Figure 4.23: Intact mass spectrum of non-tagged GBA protein, revealing the presence of
multiple GBA glycoforms varying by fucose and mannose units.......ns 214
Figure 4.24: Intact mass spectra of GBA labelling with ABP JJB367 and ME569........cccounuunun.. 215
Figure 4.25: Optimisation of GBA crystallisation conditions.......n. 215
Figure 4.26: (a) Crystal structure of rGBA dimer obtained at 1.56 A resolution ..............o... 216
Figure 4.27: (a) Tertiary structure and (b) active site overlay of recombinant GBA................ 218
Figure 4.28: (a) Raw fluorescence data for the hydrolysis of 4-MU-Glc by GBA in the presence
of varying concentration 0f BTP ... sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesas 218
Figure 4.29: Removal of BTP from crystallisation cOnditions........ceeeseeseesseesssesseesssesssesssenns 219
Figure 4.30: Mechanism of 2F-DNPGIc hydrolysis by retaining 3-glucosidase to generate a
trapped covalent glycosyl-enzyme intermediate ... 220
Figure 4.31: Active site structure of the 2-deoxy-2-fluoro--D-glucopyranoside-GBA covalent
L0 L=Y i 00 L=T6 L= PO 221
Figure 4.32: Crystal structure of GBA obtained at 0.98 A reSolution.............eoeeeesereessreesen 222
Figure 4.33: Electrostatic potential surface of (a) BTP complexed GBA structure and (b) GBA
AP0 STIUCTUTE w.ovteeectiecttsss s bbb bbb bR bR bbb R0 223
Figure 4.34: Active site structure of unliganded GBA overlaid with active-site structure of the
BTP-complex structure and CEreZYIME......ommsissssssssssssssssssssssss s sssssssssssssssssanes 224
Figure 5.1: Chaperone assisted folding of GBA ... 231

Figure 5.2: General reaction scheme showing the design of the Vocadlo fluorescence-
QUENCREA SUDSITALES ...uveercereeeeeseeseesseesseesseessess s sessssesssesss s s sss s s bbb bbb R s bbb 232



Figure 5.3: General chemical structure of GBA allylic carbasugar inhibitors........cneeannns 233

Figure 5.4: Chemical structure of halide carbasugar inhibitors (15, 16, 17) investigated in this

IWOTK coeretreteeteeee et eessesssesseesse st bbb s8R 8RR £ R RS R R E R E AR AR AR AR AR R R 234
Figure 5.5: (a) Co-crystal structure of rGBA in complex with SRK049 (15).....cccouummrernmsernneeennns 238
Figure 5.6: (a) Co-crystal structure of rGBA in complex with SRK121 (16)......cccouunmrernmeernrenennns 239
Figure 5.7: Crystal structure of rGBA in complex with SBBO06 (17) ....cccocuvnmmmmmremnrernssersssssssesnens 240
Figure 5.8: Electron density showing non-covalent binding of SBBO06 (17)....cccccnmerserseeennns 241
Figure 5.9: Wild type (WT) and L444P/P415R GBA fibroblasts cultured for 48 h with
chaperone SRK121 0r SRKO49 ... ssssssssssssssssssssssssssssssssssssssssness 242
Figure 5.10: Location of Pro415 and Leu444 residues which are mutated in the L444P/P415R
L0027 01 L= o X PP 243
Figure 6.1: Mechanism of (1) transglucosylation (with HOR acceptor) or (2) hydrolysis (H20)
of a generic retaining B-glUCOSIAASE ....occreeeeereerreeineeneineeseesees e 253
Figure 6.2: Mechanism of glycosynthase derived from a retaining 3-glucosidase by mutation of
the catalytic NUCIEOPNILE ... 253
Figure 6.3: Crystal structures of inactive GBA MULANTS ... 254

Figure 6.4: Comparison of intact mass spectrum profile of WT GBA with each GBA mutant 255

Figure 6.5: TLC analysis of transglucosylation reactions performed with E340S GBA mutant.
........................................................................................................................................................................................... 257

Figure 6.6: Progress on structure determination of GBA by cryo-EM
Figure 6.7: Effect of the Volta phase plate......sssssssssssss 259

Figure 6.8: Crystal structures of GH3 -xylosidase and GH10 (-xylanase identified by ABPP.
........................................................................................................................................................................................... 260

Figure 6.9: Design of mechanism-based retaining cyclophellitol (a) epoxide (b) aziridine and
(c) cyclosulfate a-endoglucosidase inhibitors and/or ABPS ... sessseesseeens 262

11



List of Tables

Table 1.1: List of lysosomal storage diSOrders.......sn: 33
Table 1.2: Summary of GD PheNOLYPES ... sssssessssessessssessssssssssssssaseesas 37
Table 1.3: Summary of commercially available GBA formulations for ERT .......ccccuueoneenreniens 50
Table 1.4: Overview of typical FD symptoms by age of ONSet .....coeermeerreeeseersseesssessseesseenns 59
Table 2.1: Information for all human o-GAL structures deposited in the PDB to date......86

Table 2.2: Collection and refinement statistics for all crystal structures obtained in
CRAPLEL 2.t s s e s s s R R SRR SRS R E AR RS 97

Table 3.1: Information for all the human GBA structures deposited in the PDB to date. 131
Table 3.2: Timeline and summary of Gaucher disease murine models........ccumerrrerrerereenn. 140

Table 3.3: Data collection and refinement statistics for all rGBA crystal structures in

00 (B2 1 11 ) ol PP 145
Table 3.4: Apparent IC50 values for in vitro inhibition of recombinant GBA, GBA2 and GAA
by CBE, cyclophellitol (CP), 8 and 9. ssessssesseesssssssssssessssessssssssssssssssesssssssaes 158
Table 3.5: Apparent IC5¢ values for in vivo GBA inhibition in 5-day treated zebrafish

embryos with CBE, cyclophellitol, 8 and 9 .......eernneeneeseeeseseseesssessssesssesssesssssssesssseeens 161
Table 4.1: Thermocycling conditions for Phusion PCR ... 178

Table 4.2: Data collection and refinement statistics for all rGBA crystal structures in
00 (B2 01 ) o PP 193

Table 4.3: Identification of major contaminant according to unique peptide matches...197
Table 4.4: Tm values for recombinant GBA produced in this Work.......ccconeoneeoneeenneensnennne. 211

Table 5.1: Collection and refinement statistics for all structures in Chapter 5................. 236

12



Acknowledgements

Firstly, I would like to give a heartfelt thank you to my supervisor Professor Gideon Davies
for providing me with this opportunity and creating such a positive and enjoyable research
environment. Aside from being an outstanding Professor with boundless knowledge of the
field, he is also a warm-hearted and humble person whose support, encouragement and
positivity have been second to none. I most certainly would not be here today, having
achieved all that I have, without his unconditional willingness to help, unlimited patience
and invariable belief in my abilities. Even as I come to the end of this journey, I feel wholly
undeserving of such an incredible opportunity, and I will be forever grateful for your

supervision and expertise.

Secondly, I wish to thank to Dr Liang Wu, who had the most arduous task of teaching me
absolutely everything lab related! Having joined YSBL with no biochemical or structural
experience, Liang taught me everything I needed to know with unbelievable patience and
kindness. I cannot thank him enough for his invaluable expertise, experimental guidance
and willingness to answer every question no matter how small or stupid. Indeed, most of

the work presented here would not have been possible without his support.

I would also like to thank Jane and Kate who formed the incredible YSBL admin team for
many years. [ fondly remember Kate bringing me and all the new first year students into her
office for a cup of tea and a chat during our first week in YSBL making us all feel at home.
They were kind, cheerful and caring people who brightened the YSBL group and were

always prepared to help with any problem.

Regarding scientific support, some specific thanks go to Dr Zach Armstrong, Dr Richard
Meek and Dr Nicholas McGregor for their experimental guidance and willingness to help
with any problem. A big thank you also goes to Sam Hart and Dr Johan Turkenburg for their
countless hours spent collecting all the crystallography data presented here. Additionally, I
would like to thank Chris Taylor from the Technology Facility for his expertise in mass
spectrometry and Andrew Leech for his endless knowledge on variety of biochemical
characterisation techniques. I must also acknowledge our amazing technicians, Louise,
Simon and Jules, who work tirelessly behind the scenes to support our research and ensure
labs run as efficiently as possible. I would also like to thank Dr Alison Parkin for her
positivity and words of encouragement over the course of my PhD. Lastly, I would like to

thank Dr Martin Fascione for his excellent scientific input during my TAP meetings.

13



On a more personal note, there are many other people I would like to acknowledge for their
friendship and support. Of course, [ want to thank all members of the GJD group, both past
and present, who made the group such a wonderful research group to be a part of. I also
want to acknowledge my amazing DnD team; Ben, Wendy, Alex, Zoe, Malcom and Tim K,
who have provided many nights of true entertainment and escapism through questionable
roleplay. I feel it is also necessary to give an extra special thank you to Dorothy, Alexandra
and Saioa, who have become true and hopefully lifelong friends. They have on many
occasions gone above and beyond to help me and I cannot thank them enough for their

unconditional support and kindness.

Lastly, a huge thank you goes to my parents, Wayne and Amanda, and my sister Megan, who
have always supported and encouraged my academic endeavours. Whilst I know you
probably won’t understand much in this thesis, you will still take the time to flick through it
and be proud of what [ have achieved all the same. I also want to acknowledge my grandmas;
Grandma Daphne for her love, constant words of encouragement and her unwavering belief
in me, and also my Grandma Cheryl for our many late-night telephone conversations in
which we spent hours putting the world to right! Last but by no means least, my partner
Zak; even though we have spent most of the time apart, your encouragement, love and
companionship have been a constant and [ am truly grateful to have shared this time with

you.

14



Author’s Declaration

All the work presented herein was performed by the author with the exception of
collaborative work which is clearly stated in the text and outlined below. I declare that this
thesis is a presentation of original work written solely by the author. This work has not
previously been presented for an award at this, or any other, University. All sources are

acknowledged as References.

Work conducted by others:

e All X-ray data were collected remotely at the Diamond Light Source Facility as organised

by Sam Hart and Dr Johan Turkenburg.

o Synthesis of activity-based probes and inhibitors discussed in Chapters 2 and 3 was
conducted by researchers under the supervision of Prof. Hermen Overkleeft (Leiden

University).

e Prof. Marta Artola (Leiden University) provided the in-situ cell data described in Figure
2.29 of Chapter 2.

e The co-complex crystal structure described in Figure 3.14 of Chapter 3 was obtained by

Dr Imogen Breen prior to the commencement of this work.

e SEC-MALLS analysis of recombinant human GBA discussed in Chapter 4 was performed

under the supervision of Andrew Leech, York Technology Facility

e Tryptic Digest MALDI-MS analysis discussed in Chapter 4 was performed by Chris
Taylor, York Technology Facility.

e The 2,4-DNP-2-Deoxy-2-fluoro-beta-D-glucopyranoside inhibitor discussed in Chapter

4 was synthesised by Feng Lui under the supervision of Prof. Stephen Withers.

o Synthesis of the allylic carbasugars discussed in Chapter 5 was performed by
researchers under the supervision of Prof. Andrew Bennet and Prof. David Vocadlo

(Simon Fraser University).
e Prof. David Vocadlo (Simons Fraser University) provided Figure 5.9 in Chapter 5.

e Dr Olga Moroz and Dr Lena Blagova performed the crystallisation of the GH3 (-
xylosidase and GH10 [-xylanase described in Figure 6.8. Enzymes supplied by

Novozymes.



16



Chapter 1:  Introduction to Carbohydrate Active

Enzymes and Lysosomal Storage Disorders

1.1 Abstract

Carbohydrates are one of the most abundant class of biomolecules on earth and are
ubiquitous across all forms of life. The complexity and diversity of carbohydrates combined
with their ability to form glycoconjugates by linkage to other biomolecules allows
carbohydrates to fulfil a vast array of biological functions. The importance of carbohydrates
is reflected in the range of carbohydrate active enzymes (CAZymes) which have evolved to
synthesise, process and degrade glycans in nature. Unsurprisingly, defects in these
CAZymes and carbohydrate processing pathways have been linked to a range of human
diseases. Of note, lysosomal storage disorders (LSDs) are a group of inherited metabolic
disorders which result from deficiencies in certain lysosomal glycoside hydrolases which
are required for glycolipid catabolism. Subsequently, these diseases are primarily
characterised by the cellular accumulation of glycolipids throughout the body, leading to
multisystemic clinical symptoms which are not only severely debilitating but fatal if not
treated effectively. Therefore, understanding the enzymes which underpin these diseases is

crucial to the development of effective diagnostic and therapeutic strategies.

Firstly, this chapter will give an overview of carbohydrates and glycoconjugates, including
the selective synthesis of glycoproteins and glycolipids, their degradation in the lysosomal
system and their roles in human health and disease. Thereafter, this chapter will focus on
the function of the lysosome and the roles of lysosomal glycoside hydrolases in the
pathophysiology of LSDs. The most common LSDs: Gaucher disease and Fabry disease, will
be discussed at length, focussing on the genetic and biochemical defects which underpin

these diseases, as well as current diagnostic and therapeutic strategies.
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1.2 Carbohydrates and Glycoconjugates

1.2.1 Overview

Broadly speaking, there are four major classes of biomolecules; nucleotides, amino acids,
carbohydrates and lipids!. In contrast to nucleic acids and proteins, the “glyco-code” for the
biosynthesis of carbohydrates lacks template-encoding and is disconnected from direct
gene sequence control2. Instead, carbohydrate biosynthesis is achieved from
monosaccharide building blocks, Figure 1.1, by the concerted action of a range of
carbohydrate active enzymes (CAZymes); specifically glycosyltransferases (GTs) and
glycoside hydrolases (GHs)3. In fact, a substantial part of the human genome (~3-4%) is
dedicated to genes which encode for proteins involved in carbohydrate synthesis,

modification, assembly, transport and degradation4'5

.Glucose OGaIactose . Mannose

HO
HO
OH

Xylose Fucose Rlbose

oH OH HO on COOH
o) 0 0 o S
" HO H 0 OH
HO HO - HO N
NH  “oH OH OH OH HO
;\ /A/ 0
N-Acetyl-D-glucosamine ~ N-Acetyl-D-galactosamine  D-Glucuronic acid N-Acetylneuraminic acid

N O & o

Figure 1.1: Conformational structures of the 10 common monosaccharides used to build
the human glycome, where the C1 hydroxyl can adopt a or B configurations. The

associated symbols are stylised using the Symbol Nomenclature for Glycans (SNFG)s.

Owing to the presence of chemically equivalent hydroxyl groups, multiple chiral centres and
o/ stereochemistry; monosaccharides can be connected together through various linkages
to produce many isomers3+. These isomers can be further diversified through branching
and the introduction of substituents by hydroxyl group functionalisations3. In fact, it has been
calculated that a hexasaccharide can theoretically form more than 1 X 1012 linear and
branched isomers?; although, the diversity of glycan structures produced in reality is
regulated by the enzymes and substrates available for glycan synthesis8. Conversely, nucleic
acids and proteins are almost exclusively linear with a single type of linkage!. Therefore, the

monosaccharide units required for carbohydrate biosynthesis surpass both nucleic acids
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and amino acids in coding capacity and complexity®. This diversity, in combination with the
ability to form glycoconjugates by linkage to other biomolecules, such as proteins
(glycoproteinst0.11) and lipids (glycolipids!2), allows carbohydrates to fulfil many biological
functions!?. Consequently, the field of glycobiology focusses on elucidating the structure,

chemistry, biosynthesis and biological functions of glycans and their glycoconjugates?3.
1.2.2 Importance of Carbohydrates and Glycoconjugates

Carbohydrates are ubiquitous across all forms of life, playing critical roles in a vast array of
biological functions, such as cellular recognition4, cell signalling!>!6, molecular
trafficking!?, energy storage!8 and regulation of protein conformation, stability and
function1920, On the cell surface, glycans and glycoconjugates constitute the glycocalyx, a
protective carbohydrate barrier which shields the plasma membrane and mediates inter-
and intra-cellular interactions!921, Additionally, these cell surface carbohydrates often act
as ligands in biorecognition processes in host-pathogen interactions2223, inflammation24
and metastasis?526. However, one of the earliest clinical implications of cell surface glycans
was the discovery that the A, B and H(O) blood group antigens are terminal neutral glycans,

Figure 1.2, which control the ABO polymorphisms of the human blood groups?’.

Aantigen Bantigen H-antigen

Figure 1.2: Structure of blood cell surface glycan antigens A, B and H.

Another important function of carbohydrates is to provide structural integrity through the
formation of extensive carbohydrate polymers. For example, the polysaccharide cellulose,
which consist of (1-2>4) linked D-glucose units, underpins the structural integrity of plant
cell walls28, whilst chitin, a long-chain polysaccharide comprising of (1->4) linked N-
acetylglucosamine residues, provides structural integrity to the exoskeleton of
arthropods?9. On the cellular level, oligosaccharides also provide structural integrity to the
cellular matrix and are required for the organisation of the cell membrane?®. For instance,
heparan sulfate, a linear sulphated polysaccharide composed of repeating glucuronic acid
and D-glucosamine disaccharide units3?, provides structural organisation to the basement

membrane and extracellular matrix of mammalian cells31-33,
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1.2.3 Protein Glycosylation

The glycosylation of proteins has the power to greatly amplify the capacity of the proteome
by generating diverse glycoforms with different properties and functions!334. Consequently,
glycoproteins are present throughout nature, occurring in animals, plants, unicellular
organisms and even viruses!l. Indeed, the majority of eukaryotic cell surface and secreted
proteins are co- or post-translationally glycosylated through the concerted action of
substrate specific GTs and GHs!8. In eukaryotic systems, protein glycosylation is achieved
by the covalent attachment of carbohydrates through four mechanisms?!!; linkage to a
nitrogen atom on an asparagine residue (N-glycosylation)35, to an oxygen atom on a serine
or threonine residue (O-glycosylation)36, through a carbon atom on a tryptophan residue
(C-mannosylation)37 or through the formation of a covalent glycosylphosphatidylinositol
(GPI) anchorss. In fact, the human glycome, which comprises the entire collection of sugars
within the human body, is generated through 16 glycosylation pathways; 14 of which are
dedicated to protein glycosylations. These glycosylation pathways are dynamic, enzymatic
processes which are broadly defined by the protein-sugar linkage (0-, N- or C-linked), the

monosaccharide covalently linked to the protein and the initiating enzyme3°.
1.2.3.1 Protein-Glycan Synthesis

Approximately 173 unique GTs have been identified in the enzymatic synthesis of glycans
across the various human protein glycosylation pathwayss. This group of CAZymes are
highly efficient glycosidic bond forming enzymes, which catalyse the transfer of
monosaccharides from activated sugar donors to acceptor molecules such as proteins, lipids
or other sugars#?. Donor substrates are typically activated nucleotide sugars, including
nucleotide uridine diphosphate (UDP) sugars, guanosine diphosphate (GDP) sugars and
cytidine monophosphate (CMP) sugars, however, activated dolichol phosphate (Dol) sugars
may also be used4, Figure 1.3. Importantly, GTs show strong specificity for the sugar donor,
the acceptor residue to which the sugar is to be transferred and the resulting glycosidic

linkage, permitting selective glycosylation of proteins and lipids4°.

To date, 47 GTs have been implicated in the initiation steps of protein glycosylation in which
a monosaccharide is transferred to a Asn/Ser/Thr or Trp residue of an accepting protein.
These initiation steps commonly occur in the lumen of the endoplasmic reticulum (ER);
however, specific forms of glycosylation start in the early Golgi and cytoplasm, namely O-

GalNAc and 0-Xyl types of O-glycosylations. In the case of N-glycosylated proteins, the initial
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steps invariably occur in the ER, with the addition of a -GlcNAc,MansGlcs glycan tree which
is sequentially modified by various GHs and acts as an error-checking marker for the
calnexin-calreticulin chaperoning pathway4243. This pathway can temporarily retain
glycoproteins and give them time to re-fold, therefore, the role of N-glycans in mediating
entry to this pathway makes them vital in ensuring correct protein folding and stability3°.
Following initial glycosylation, a number of extension steps occur in the Golgi and trans-
Golgi network (TGN) to produce core glycan structures which can be further expanded by
elongation, branching and capping?, Figure 1.4. The core extension steps tend to be pathway
specific and unique to different types of protein glycosylation!33%. In contrast, the
elongation, branching and capping steps may be non-specific and shared among different
types of glycosylation539. Once the glycans have been constructed, side chain modifications
may be made through sulfonation, phosphorylation and acetylation, which further control

the behaviour, trafficking and function of the appended proteins.
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Figure 1.3: Chemical structure of activated sugar donors (a) uridine diphosphate (b)
guanosine diphosphate (c) cytidine monophosphate and (d) dolichol phosphate sugar

donor used by GTs for the synthesis of protein glycosylation.

The specificity of GTs and GHs required for glycan biosynthesis is defined by the glycan
structures rather than the biomolecule to which they are attached*!. Therefore, a single GT
can glycosylate a range of seemingly unrelated proteins??. The great variability observed in
mammalian glycan structures is primarily achieved by tissue-specific regulation of genes
encoding enzymes involved in the glycosylation processes. However, glycosylation is also
controlled by the availability of sugar donors, competition between GTs and the

microenvironment of the growing glycan structure>41. Moreover, changes in the expression
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of molecular chaperones and altered trafficking of GTs between the ER and Golgi can result

in drastic changes in the glycome of an organism#445.
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Figure 1.4: Subcellular localisation of protein glycosylation; the initiation steps typically

occur in the endoplasmic reticulum (ER), followed by core extension, elongation,
branching and capping in the Golgi and trans-Golgi network (TGN). Figure created in

BioRender (www.app.biorender.com).

1.2.3.2 Importance of Protein Glycosylation

It is estimated that glycoproteins may comprise anywhere from 1-80% of carbohydrates by
weight!l. Given the large size and complexity of oligosaccharides, protein glycosylation is
arguably the most complicated post-translational modification and the most significant
factor in altering the properties of the proteins to which they are attached!011. However, the
exact impact of glycosylation on the biophysical properties of proteins depends on the
location of the glycosylation sites and the surrounding environmentl. Furthermore,
intramolecular interactions between the peptide and glycan can affect the conformation of
both the glycan and peptide, which in turn may control the activity of the protein6. Such
interactions exemplify the complex structure-function relationships that exist between
protein glycosylation and protein behaviour. Nevertheless, the importance of protein
glycosylation is demonstrated by the fact many eukaryotic proteins require defined
glycosylation patterns in order to achieve correct protein folding and activity4s. In fact,
‘incorrectly’ glycosylated proteins are often identified by molecular chaperones and
directed to the endoplasmic reticulum-associated degradation (ERAD) pathway to be
removed by the proteasome?’. Protein glycosylation has also been shown to protect

proteins against proteolytic degradation and denaturation?t.
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1.2.3.3 Protein Glycosylation and Disease

Many studies have linked defective protein glycosylation to a number of human diseases?”.
Of note, changes in cell glycan profiles have been identified in various forms of cancer2?5:2¢,
with aberrant glycosylation affecting tumour metastasis and invasive potential48-50,
Specifically, it has been reported that the metastatic potential of many malignant tumours
is directly related to the expression of the Sialyl Lewis X antigen (sLeX), a tetrasaccharide
composed of sialic acid, fucose and N-acetyllactosamine residues5l. Additionally, elevated
levels of truncated O-glycans and high complex-type N-glycans have been associated with

shorter survival rates of patients with some forms of cancer48.

A range of metabolic diseases resulting from erroneous protein glycosylation have also been
reported. For example, a large group of over 130 metabolic disorders, termed congenital
disorders of glycosylation (CDG), result from inherited defects and deficiencies in proteins
required for glycosylation52-54, In fact, CDGs resulting from defects in all four categories of
protein glycosylation have been identified (N-, O-, C-, GPI anchor)s5. These disorders are
multisystemic in nature, with disease phenotypes ranging from mild to severely debilitating
to lethal5255, Symptoms most commonly include developmental delay, decreased muscle

mass, neurological abnormalities and visceral disease affecting the liver, heart and skin>s.

In the early 1970s, the identification of inclusion-cell (I-cell) disease, another rare human
genetic disorder, further demonstrated the importance of glycans in ensuring correct
protein trafficking and activity5é. I-cell disease is a slowly progressive metabolic disorder
which develops in childhood and results in severe growth retardation, skeletal disease, and
premature death in the first decade of life56.57. Initial investigations into I-cell disease led to
the hypothesis that lysosomal degradative enzymes share a common recognition marker
that facilitates their trafficking and uptake into the lysosome58. These enzymes were later
found to possess a phosphomannosyl marker appended to their glycans, which mediates
intra- and inter-cellular trafficking to the lysosome>9. Following extensive research into the
structures of the glycans involved®?, it was concluded that the biochemical defect in I-cell
disease is faulty lysosomal trafficking due to inappropriate phosphorylation of the protein
glycanss!. This was arguably the first demonstration of a specific yet critical biological role
of protein glycosylation in ensuring appropriate protein trafficking. The discovery of such
degradative enzymes and their defective lysosomal trafficking subsequently led to the
understanding of another group of rare inherited metabolic disorders called lysosomal

storage disorders, which result from abnormal lysosomal functions2.
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1.2.4 Glycosphingolipids

In addition to protein glycosylation, it is also important to consider the impact of glycans
attached to other biomolecules, namely lipids. Of note, glycosphingolipids (GSLs), which are
the most common subclass of glycolipids found in vertebratess3, play important roles in
almost every stage of the cellular life cycle from growth to differentiation to apoptosist6.64-
66, Structurally, GSLs are amphipathic molecules consisting of a ceramide lipid chain with an
N-acetylated sphingosine group attached to a monosaccharide core through a 3-glycosidic
linkage67-69. In humans, the monosaccharide core comprises a glucose or galactose moiety,
which may be modified by the addition of other sugars to yield a diverse range of

gangliosides, globosides and other series of GSLsé7.70.

Since their initial discovery in 1884, hundreds of GSLs have been identified, with huge
heterogeneity observed in both the ceramide backbone and sugar head groups”.71i.
Approximately 12 sugars are known to constitute the sugar component of GSLs and whilst
any two residues can theoretically be linked, only certain sugar combinations are observed
in vertebrates63. For example, in disaccharide GSLs, glucose is always linked galactose and
fucose is invariably a terminal sugar®8. The fatty acid chain of the ceramide component can
also vary significantly, exhibiting diversity in both carbon chain length and saturation?2.
These variations in the ceramide moiety are thought to modulate the membrane associated
functions of GSLs7l. Owing to the incredible complexity and diversity of GSLs, the LIPID
MAPS Structure Database (LMSD, https://www.lipidmaps.org/data/structure/) was
developed to collate and record the structures of biologically relevant lipids and glycolipids

in a consistent and accessible format7o.
1.2.4.1 Glycosphingolipid Synthesis

Similar to protein glycosylation, the assembly of glycans into GSLs is not template-based
and is driven by the concerted action of GTs and GHs1263, In fact, GSL synthesis is a stepwise
process which begins in the ER with the condensation of a sphingoid base with an acyl-CoA
to yield a ceramide product”273, Figure 1.5. This reaction is catalysed by a group of ceramide
synthases which exhibit different specificities for the acyl-CoA substrate depending on the
length of the acyl chain’4 The resulting ceramide product may be galactosylated by
galactosyltransferase in the lumen of ER to produce galactosylceramide (GalCer)75 or it may
be transferred to the cis-Golgi where it is glucosylated by glucosylceramide synthase (GCS)

to form glucosylceramide (GlcCer)7677, Figure 1.6 (a,b). Alternatively, ceramide may be
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transported to the trans-Golgi network (TGN) by the ceramide-transfer protein (CERT) for
the synthesis of sphingomyelin7879, Figure 1.6 (c), which plays a structural role in the cell
membrane of most eukaryotic cells and the myelin sheath that surrounds nerve axonsgo.
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Figure 1.5: Process of glycosphingolipid (GSL) synthesis: (a) Sphingoid base (Sph) and

acetyl-CoA react to form ceramide (Cer) which may be (b) galactosylated in the ER to
form galactosylceramide (GalCer) or (c) glucosylated in the Golgi to produce
glucosylceramide (GlcCer). (d) GlcCer can be glycosylated to form more complex GSLs
which are transported to the plasma membrane (PM). (e) Cer may be transported to the
trans-Golgi network (TGN) by the ceramide-transfer protein (CERT) to form
sphingomyelin (SphM) which is exported to the PM. (f) GSLs are transported to the

lysosome for degradation. Figure created in BioRender (www.app.biorender.com).

GlcCer and GalCer are the simplest of GSLs which serve as common precursors to all other
GSLs that are synthesised in the Golgi complex!?, Figure 1.6 (a,b). In fact, GlcCer is the
precursor to ~90% of mammalian GSLs, with GalCer accounting for the remaining 10%§8!.
Once synthesised, GlcCer may be trafficked from the cis-Golgi to the luminal membrane
leaflet of the Golgi and be further glycosylated by the transfer of monosaccharide units from
activated sugar donors by the action of multiple GTs6382. Specifically, GlcCer may be
galactosylated to produce lactosylceramide (LacCer), which serves as the precursor to the
GSL series found in vertebrates8183. Additionally, LacCer can be modified by the addition of
N-acetylneuraminic acid to yield monosialodihexosylganglioside (GM3), the simplest of
gangliosides®3. From the Golgi, GSLs are transported by membrane-bound transporters to

the plasma membrane, where they may undergo further modification by GHs and GTs84.
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Alternatively, GSLs can be transported to the lysosome where they are degraded by various
lysosomal GHs in a stepwise fashion to yield free monosaccharides and ceramide6985, Figure
1.5. The free ceramide may then serve in the resynthesis of GSLs in the ER or be converted
to sphingosine by the enzyme acid ceramidase and further metabolised by sphingosine

kinases to yield sphingosine-1-phosphate®9386.
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Figure 1.6: Chemical structure of (a) glucosylceramide (b) galactosylceramide and (c)

sphingomyelin. (d) Competition between N-acetylgalactosaminyl-transferase (GalNac-T)
and sialyltransferase (ST) for the synthesis of GM2 and GD3 gangliosides from GM3. (e)

Sugar cores of the ganglio-, lacto- and globo-series of GSLs using SNFGé.

The diversity and specificity achieved during GSL synthesis is primarily controlled by the
expression of GTs and GHs but is also influenced by their subcellular localisation8283. In fact,
individual GTs are commonly localised to specific Golgi sub-compartments where they
interact with one another to develop metabolic production lines for the synthesis of
complex GSLs8387. Of note lactosylceramide synthase interacts with both GM3 synthase and
globotriaosylceramide (Gb3) synthase to transport LacCer to various Golgi sub-
compartments for further glycosylations3. Competition between GTs is also important in
controlling GSL synthesis. For example, the ganglioside GM3 may serve as a substrate for N-
acetylgalactosaminyltransferase to yield GM2 ganglioside or as a substrate for

sialyltransferase to form the ganglioside GD368, Figure 1.6 (d).

In vertebrates, there are three major series of GSLs; the ganglio-, globo- and neolacto-series,

members of which share a common sugar coress, Figure 1.6 (e). Moreover, these series of
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GSLs are often expressed in tissue-specific patterns. Of note, the ganglio-series of GSLs are
predominant in the brain, whereas the lacto-series are prominent in the secretory organs

(glands)es.
1.2.4.2 Glycosphingolipid Degradation

GSLs are transported to the lysosome for degradation through four routes: endocytosis,
phagocytosis, autophagy or direct transport84. Once in the lysosome, GSLs are catabolised
in a stepwise process catalysed by GHs which cleave sugar residues sequentially from the
non-reducing end of the sugar cores5ss. This stepwise cleavage ultimately yields free
ceramide, sphingosine, fatty acids and monosaccharides which leave the lysosome by
diffusion or with the aid of specialised transport systems8+. These degradation products

may be utilised in the resynthesis of biomolecules or further catabolised for energy8+8°.

A key difference between GSL metabolism and catabolism is that during GSL synthesis, the
required substrates and enzymes are typically membrane bound, whereas during GSL
degradation, the necessary lysosomal GHs are water soluble83. Therefore, the process of GSL
degradation is typically facilitated by the action of ‘activator’ proteins called saposins%09L.
For example, GlcCer is degraded into ceramide and glucose by -glucocerebrosidase (GBA),
which requires saposin C for effective in vivo function9293, Figure 1.7.

Ve |

C

Figure 1.7: Crystal structure of human saposin C which is required for efficient in vivo
function of human (3-glucocerebrosidase. Structure consists of four a-helices folded into

an ellipsoid. Figure generated in CCP4mg?°4 using deposited PDB 2GTG coordinates®s.

The saposin proteins are commonly synthesised as larger precursors which upon transport
to the lysosome are cleaved into four small (~80 amino acids) saposin proteins; A, B, C and
D881, To date, there are two models proposed for the action of saposins; the ‘solubiliser’
model which suggests that saposins work by extracting the lipid portion of GSLs from the
membrane, and the ‘liftase’ model which proposes that saposins bind directly to the
membrane and improve lipid accessibility by distorting and remodelling the local
environment of the cell membrane®.97. Whilst the exact interactions between lysosomal
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GHs, GSLs and saposins remains unclear, it is understood that each saposin fulfils a specific
function that cannot be compensated by another9s. The importance of saposin proteins in
facilitating efficient GSL catabolism is demonstrated by the fact that deficiencies in certain
saposin proteins result in human disease. For example, a deficiency in saposin B leads to an
atypical form of leukodystrophy?9, whilst a deficiency in saposin C results in an atypical form

of Gaucher disease, the most common lysosomal storage disorder92100,

1.2.4.3 Importance of Glycosphingolipids

GSLs are primarily located in the outer leaflet of the plasma membrane of cells, forming
dynamic lipid raft assemblies in which the lipid chains embed into the cell membrane whilst
the polar sugar moieties protrude into the extracellular space101.102, The self-association of
hundreds of lipids into these lipid rafts, which are typically 10-50 nm in diameter®8, is driven
by their amphipathic properties provided by their long lipid chains8+103. [n addition to
providing structural organisation to cell membranes, these GSLs also constitute part of the
glycocalyx which coats and protects the cell membranes!. Functionally, these cell surface
GSLs act receptors and co-receptors for a variety of ligands including cytokines, hormones,
growth factors, toxins and viruses!419.104, Of note, certain GSLs have been shown to regulate
the activity of a number of signalling receptors, such as the epidermal growth factor
receptor (EGFR)105, the insulin receptor1% and the T-cell receptori?’. Additionally, GSLs
actively regulate many cellular processes, including cell proliferation, apoptosis,
endocytosis, intracellular transport and inflammation263, all of which can contribute to
tumour formation and cancer progression. Indeed, abnormal production of gangliosides
GD2 and GD3 has been shown to promote tumour growth and enhance the invasive
potential of both small cell lung cancer and breast cancer08109, whilst aberrant Gb3

production has been linked to the metastatic potential of colon cancer?1°,

1.244 Glycosphingolipids and Disease

Our understanding of the roles of GSLs in mammalian disease has largely derived from
mouse genetics and the study of mutant mouse models!!1-113, For example, studies have
shown that knockdown of GlcCer synthase in mice results in embryonic lethality due to
widespread apoptosis!!3, whilst ablation of GM2 synthase leads to male infertility, motor
defect and Parkinsonism1!4. In fact, the rapid expansion of our knowledge of GSLs over the
past 20-30 years has in part been driven by their pathogenic roles in diseases such as
cancer¢s115, diabetes!16117 and Alzheimer’s!18119 and their involvement in regulating the

immune system for infection and inflammation!20121, Of note, numerous pathogens
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including viruses, bacteria and toxins, directly interact with the carbohydrate moieties of
GSLs to gain access to cells for infection!?2. A well-studied example is the human
immunodeficiency virus (HIV) which binds to receptors on the host’s cells via the viral
envelope protein gp120123, Studies suggest that certain cell surface GSLs interact with HIV

gp120 and facilitate infection by acting as a cell entry points for HIV107,

In addition to their negative implications in facilitating pathogen cell entry, GSLs are also
essential in regulating the innate and adaptive immune responses to infection120.121,
Specifically, GSLs can transduce signals by binding to ligands, such as bacterial toxins and
antibodies!24, to initiate a cascade of signalling events that regulate T-cell production07.125
and activate natural killer T-cells!26. This regulatory role in T-cell biology is important in
controlling downstream processes implicated in allergic responses, autoimmune diseases
and cancer26, However, the involvement of GSLs in lysosomal storage disorders is arguably

their most distinguished pathological role in human health and disease!27.128,

1.3 Lysosomal Storage Disorders

1.3.1 Lysosome: Structure and Function

The lysosome, originally discovered in 1955 by Dr Christian de Duve!29, is a membrane
bound degradative organelle found in all eukaryotic cells!30. During investigations into the
action of insulin, de Duve reported a biochemical cell fraction enriched in hydrolytic
activities towards proteins and lipids!31. Following biochemical, cytological and structural
analyses, a membrane-bound compartment, now called the lysosome, was identified and
found to be responsible for the degradation and recycling of various macromolecules and

cellular components89.129,
1.3.1.1 Lysosome Formation and Structure

Lysosomes are formed by the merging of post-Golgi traffic vesicles, containing the required
hydrolytic enzymes, with endocytic vesicles generated at the plasma membrane, containing
materials to be degraded130.132, Figure 1.8. These cargo-filled vesicles merge to form early
endosomes which undergo maturation to form late endosomes with associated changes in
the protein-lipid coating33. Throughout this process, additional hydrolytic enzymes are
delivered in vesicles to the maturing endosomes to eventually form lysosomes8. The
maturation of endosomes to lysosomes is accompanied by acidification of the lumen, which

is required to permit the uptake of soluble hydrolases from the M6P pathway!34135,
29
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Figure 1.8: Simplified flow diagram of the endolysosomal system. (a) Extracellular
material is endocytosed and trafficked to (b) early endosomes by fusion with post-Golgi
traffic vesicles. (c¢) The material is retained for degradation and the early endosomes
gradually mature to late endosomes which progress to (d) lysosomes with concomitant
lumen acidification. (e) Intracellular materials may be directed for degradation by
autophagy in which autophagosomes fuse with the lysosome. Figure created in

BioRender (www.app.biorender.com).

The outer membrane of the lysosome is a single phospholipid bilayer which is decorated
with a number of transmembrane proteins!30.134, the most notable being the lysosome-
associated membrane protein 1 (LAMP-1) and 2 (LAMP-2) and the lysosomal integral
membrane protein 2 (LIMP2)89.132. These transmembrane proteins are heavily glycosylated
on the luminal side of the membrane, forming the glycocalyx which protects the membrane
against digestion by the resident hydrolytic enzymes134. These enzymes require an acidic
pH (pH 4.5-5.0)135 to function, which is provided by an ATP driven proton pump called

vacuolar H+*-ATPase136.
1.31.2 Function of the Lysosome

Once formed, lysosomes exist in a dynamic state, fusing with the plasma membrane,
endosomes and phagosomes to play key roles in cellular trafficking, phagocytosis,
macroautophagy and cell-extracellular matrix communication8?134. Additionally, lysosomes
can ‘tether’ to other organelles, such as mitochondria and the ER, using specialised tethering
proteins to form microdomain structures which allow the transfer of lipids, metabolites and
ions between organelles!34136, Consequently, the lysosome is considered the metabolic hub
of the cell, influencing processes such as nutrient sensing, amino acid homeostasis, ion
signalling and energy metabolisms89134136, The primary and arguably most important
function of the lysosome is the degradation of intra- and extra-cellular materials129.136,

30



The lysosome is known to contain approximately 60 water soluble proteases, lipases and
nucleases, which degrade biomolecules such as carbohydrates, proteins, nucleic acids and
lipids®589.137, The trafficking of degradative enzymes to the lysosome is typically mediated
by mannose-6-phosphate (M6P) residues attached to their glycans, which allow the
enzymes to bind to the M6P receptor for transport to the lysosome via the M6P
pathway138139, This involves packaging enzymes into vesicles with the aid of clathrin
adaptor proteins (adaptins) to facilitate their transport to the lysosome through the
endosomal system139. However, certain lysosomal enzymes, namely 3-glucocerebrosidase
(GBA), are targeted to the lysosome via M6P independent pathways, such as the LIMP2
pathway138140, [n contrast, materials to be degraded are transported to the lysosome via
endocytosis and autophagy in membrane bound vesicles89134. Following substrate
degradation, lysosomes secrete their catabolised contents through lysosomal exocytosis,
which is a Ca2+-mediated process in which lysosomes fuse with the plasma membrane to

release their contents into the extracellular matrix141.142,

Over 1000 genes have been identified in regulating lysosomal function, with disease causing
mutations linked to lysosomal GHs, lysosomal integral membrane proteins, lysosome-
related organelles and lipofuscin production62143 (a lipid pigment which accumulates with
age in the lysosome144). Changes in endocytic trafficking and lysosomal function as a result
of such mutations have been implicated in a number of human diseases45. For example,
some endolysosomal gene mutations are known risk factors for late-onset
neurodegenerative disorders!4s, including Alzheimer’s, Parkinson’s and Huntington's

disease!18.119145 whilst mutations in lysosomal GHs underpin lysosomal storage disorders.
1.3.2 Overview of Lysosomal Storage Disorders

Lysosomal storage disorders (LSDs) are a group of ~70 inherited metabolic disorders which
result from defective lysosomal function62128, Collectively, these diseases have an estimated
frequency of 1:5,000-5,500 in the general population, however, individual LSDs are much
more rare, with incidences ranging from 1:50,000 to 1:250,000 live births62147,
Unfortunately, these rates are considered underestimates because they assume all cases are
accounted for and that accurate carrier frequencies are known6z145, [n reality, many
patients go undiagnosed and carriers often go undetected due to testing limitations and
unreliable diagnostic methods148149. Furthermore, specific populations are thought to be at
much higher risk for certain LSDs. For example, compared to the general population, the

Ashkenazi Jewish population has a much higher incidence of Gaucher disease (1:855).
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Broadly speaking, LSDs are sphingolipidoses which are caused by recessively inherited
mutations in genes encoding for hydrolytic lysosomal enzymes98. These mutations result in
deficiencies in specific glycosidase activities, which leads to the toxic accumulation of GSL
substrates within cells!27.150, Of note, Gaucher disease (GD) and Fabry disease (FD) are
caused by deficiencies in the lysosomal 3-glucocerebrosidase (GBA) and a-galactosidase A
(a-GAL) respectively?51-153, In some LSDs, the primary defect lies in the function of other
proteins, such as lysosomal membrane proteins, transporters or enzyme activatorsé2. In
these cases, disease typically results from the storage of GSLs due to defects in GSL
trafficking rather than defective GSL catabolismé2. For example, Niemann-Pick type C

disease results from aberrant cholesterol transport from the lysosome154155,

1.3.2.1 Brief History of Lysosomal Storage Disorders

Although Gaucher disease (GD) was the first LSD to be described!56, Pompe disease was the
first to be classified as a LSD in 1963127157, when De Duve and Hers determined that a
deficiency in the enzyme acid a-glucosidase results in the toxic storage of glycogen in the
lysosome155. This work was swiftly followed by electron microscopy studies which revealed
the presence of “extremely overcrowded lysosomes” in the endothelial, smooth muscle and
perivascular cells of patients with the LSD Fabry disease (FD)!58. When placed in context
with the work by De Duve and Hers, it was concluded that these overcrowded lysosomes
were the result of substrate accumulation in the lysosomal system due disturbances in
specific lysosomal enzymes!27. In the same year, Dempsey and co-workers established that
a sex-linked genetic mutation was responsible for these changes in lysosomal function in FD
patients159. Therefore, it was determined that LSDs are hereditary metabolic disorders
primarily caused by recessively inherited mutations in genes encoding for lysosomal
enzymes, which leads to abnormal lysosomal function and storage of substrates within the

lysosome.

1.3.2.2 Classification and Presentation of Lysosomal Storage Disorders

LSDs are primarily classified according to the GSL that accumulates, such as GM2
ganglioside in Tay-Sachs disease, GalCer in Krabbe disease, Gb3 in FD and GlcCer in GD6298,

Table 1.1, however, demonstration of a specific enzyme deficiency is required for diagnosis.
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Table 1.1: List of lysosomal storage disorders, the defective lysosomal enzymes and

stored substrates which underpin their pathology62145160

Disease Defective lysosomal Protein Stored Substrate

Gaucher Disease -Glucocerebrosidase (GBA) Glucosylceramide

Fabry Disease a-Galactosidase A (o-GAL) Globotriaosylceramide

Krabbe Disease Galactocerebrosidase (GALC) Galactosylceramide

Pompe Disease a-Glucosidase (GAA) Glycogen

Sandhoff Disease -Hexosaminidase A (HEXA) GM2 ganglioside
[-Hexosaminidase B (HEXB)

Tay-Sachs Disease  -Hexosaminidase A (HEXA) GM2 ganglioside

(B-variant) [-Hexosaminidase S (HEXS)

Niemann Pick Acid sphingomyelinase (ASM) Sphingomyelin

(Types A/B)

Niemann-Pick NPC2 Cholesterol

(Type C2) soluble cholesterol binding protein

Niemann-Pick NPC1 Cholesterol

(Type C1) membrane protein

Farber Disease Lysosomal acid ceramidase (AC) Sphingosine

Metachromatic Arylsulphatase A (ASA) Sulfogalactosylceramide

Leukodystrophy

Although LSDs are genetically and clinically distinct disorders, they typically share a
multisystemic nature, presenting with visceral, skeletal and neurological disease62145,
However, the age of onset for most LSDs varies considerably, from early infancy to
adolescence to late adulthood. Moreover, a continuum of disease phenotypes are observed
within each LSD, ranging from asymptomatic to slowly progressive disease over decades to
death in utero?61-163, Whilst loose associations can be made between the specific genetic
mutation, the defective enzyme, the amount of residual enzymatic activity and the disease
phenotype, providing an early diagnosis and reliable disease prognosis remains incredibly

difficult164165, As the most common LSDs, GD and FD have received the most attention.

1.4 Gaucher Disease

1.4.1 Overview and History

Gaucher disease (GD, OMIM (Online Mendelian Inheritance in Man®) 230800) is an
autosomal recessively inherited LSD which was first described in the medical thesis of
Philippe Gaucher in 1882156, His work described a young female who presented with
hepatosplenomegaly and cachexia (weakness and wasting of the body). Initially, Philippe
proposed a rare epithelioma of the spleen due to the presence of unusual swollen cells.
However, a number of patients with similar pathological findings were later discovered,

leading to the recognition of the systemic and familial nature of the disease by Nathan Brill
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in the early 1900s166. Brill termed the disease ‘Gaucher disease’ and the unusual cells
became known as ‘Gaucher cells’6?. GD was subsequently acknowledged as a multi-
systemic chronic disease affecting the liver, spleen, bone marrow and lymph nodes168. In
1927, a similar multi-systemic disease with rapidly progressive neurodegeneration was
reported!6d, swiftly followed by another case with much slower neurodegeneration in
Northern Sweden'70. However, the biochemical nature of GD was not recognised until 1934,
when Aghion discovered the accumulation of GlcCer within the Gaucher cells!7L. These cells
were observed in bone marrow aspirate and other tissues with a distinct ‘wrinkled tissue
paper’ appearance resulting from the accumulation of GlcCer in the lysosomal system167.168,

However, the reason for GlcCer accumulation remained unknown.

In 1965, Brady and co-workers began studying the metabolism of GlcCer using 14C
radiolabelled precursors!72. They published a series of papers in which the catabolism of
GlcCer was outlined!72-174, They first demonstrated that radiolabelled GlcCer was
metabolised by an enzyme in the human spleen!?2, Secondly, this enzyme cleaved GlcCer to
generate radiolabelled glucose and N-stearoylsphingosine (C18 ceramide)!72. In further
studies, the level of the GlcCer-cleaving enzyme was measured in human spleen tissue,
revealing diminished activity in GD patients173174, Subsequently, the biochemical basis of
GD was established as an inherited deficiency in the GlcCer cleaving enzyme (f-
glucocerebrosidase, GBA) which results in the accumulation of GlcCer within the cell74. This
enzyme was later identified as a 3-glucosidase which localises to ultracentrifuge fractions
associated with the lysosome!75176, Consequently, GBA was classified as a lysosomal (-

glucosidase and GD was acknowledged as a LSD.

1.4.1.1 Epidemiology

GD is the most common LSD, with an estimated incidence of 1:40,000-60,000 in the general
population!?’7.178, however, this varies considerably across different populations. For
example a much higher incidence of 1:855179 is observed in the Ashkenazi Jewish
population, with a carrier frequency of 1:16180. A higher frequency has also been observed
in new-born screening studies, suggesting the frequency rate in the general population is a
considerable underestimatel8l. However, it is difficult to precisely estimate the frequency
of GD due to the presence of asymptomatic and late onset patients!82. The only
comprehensive population analysis was performed in Australia, yielding a frequency of
1:40,000 amongst a predominantly white population of European origin147. The frequency

of GD in large populations of China, India, Indonesia and Africa is relatively unknown17s.
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1.4.2 Clinical Manifestations

As a result of Brady’s work in establishing the biochemical basis of GD172-174, it was
concluded that defects and deficiencies in GBA lead to reduced enzymatic activity and
subsequent accumulation of GlcCer within the lysosome. This intracellular accumulation of
GlcCer is believed to be responsible for the clinical manifestations of GD through a complex
cascade of biochemical and cellular pathways83.184, Traditionally, GD is classified into three
clinical phenotypes based on the presence of neurological manifestations and the rate of

neuronopathic disease progression85.186, Table 1.2.

14.2.1 Gaucher Disease Type 1

GD type 1 (GD1) is the most common form of GD, accounting for over 90% of GD cases17.
GD1 is usually distinguished by an absence of neurological symptoms, however, the visceral
manifestation of this phenotype vary considerably from essentially asymptomatic to severe
visceral disease which is fatal in the first two decades of life185.187, Hepatosplenomegaly, liver
failure, skeletal disease, anaemia, thrombocytopenia (low platelet levels) and malignancies
are all associated with GD1152.188, However, skeletal symptoms such as bone pain, bone
marrow failure, fractures and infections are often the most debilitating symptoms183.189,
Furthermore, skeletal complications are often irreversible leading to long-term
disabilities!68. Consequently, skeletal disease has become the hallmark of GD1. Less
common manifestations include pulmonary hypertension, interstitial lung disease and
cardiac complications190.191, GD1 significantly impacts quality of life, however, it is rarely life

threatening now that treatments such as enzyme replacement therapy are available.

1.4.2.2 Gaucher Disease Types 2 and 3

GD types 2 and 3 are the less common neuronopathic forms of GD, with an estimated
incidence of <1 in 100,000192. Types 2 and 3 characteristically involve the central nervous
system (CNS) , with a continuum of phenotypes ranging from death in utero to rapidly
progressive neuronopathic disease to more slowly progressive CNS deterioration over a

couple of decades?85.

Clinically, type 2 (GD2, OMIM 230900) is referred to as the ‘acute-neuronopathic’ form of
GD which presents within the first few months of life193. GD2 typically accounts for < 5% of
GD cases and is characterised by early neurological impairment with additional visceral

manifestations?87. Initially, hepatosplenomegaly is observed followed by delayed growth
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and development!94. Neurological symptoms such as oculomotor abnormalities follow
swiftly, with premature death occurring in the first year or so of life due to neurological
deterioration194195, Consequently, GD2 is considered the most severe form of GD. However,
an additional phenotype, termed perinatal lethal GD2 (OMIM 6080130), may also be
distinguished as a distinct form of GD2. This is the rarest form of GD (<1%) but the most
lethal, typically resulting in death in utero or shortly after birth16L. The first case of perinatal
lethal GD2 was believed to be reported by Drukker et al. (1970)1%, who described a
Sephardic-Jewish infant who died 48 hrs after birth following an intracranial haemorrhage.
This was followed by a number of cases across the world, reporting symptoms such as
hepatosplenomegaly, thrombocytopenia, collodion skin (parchment-like membrane
covering the skin197.198), pulmonary hypoplasia (incomplete development of the lungs),

muscular atrophy, facial dysmorphism and neurological symptoms typical of GD2199-202,

Type 3 (GD3, OMIM 231000), is the ‘subacute-neuronopathic’ form of GD193 which typically
accounts for ~5% of GD patients203. GD3 is prevalent in Egypt, East Asia and Europe2%4 with
a much higher incidence being reported in Norrbottnian patients in Sweden205. GD3 is
characterised by similar visceral manifestations to GD1 but with additional neurological
symptoms which present at a later age than in GD2183, Typically, GD3 manifests before the
age of two, with slow progression and milder neurological involvement. Visceral and bone
marrow manifestation usually develop first, with highly wvariable phenotypes203.
Neurological symptoms tend to occur several years after the visceral manifestations!87,
however, neurological symptoms can manifest before the age of 2204, Common symptoms
include oculomotor abnormalities, seizures, ataxia (lack of voluntary coordination),
progressive myoclonus epilepsy and demential?3204, GD3 has been further divided into
three sub-classifications; type 3a is a mild visceral disease with rapidly progressive
neurological degeneration, type 3b involves severe visceral disease with mild neurological
involvement and type 3c is characterised by mild visceral and neurological disease but with
associated cardia complications206207, In the case of GD3 individuals, premature death

commonly occurs in the third to fourth decade of life193.

Despite the fact GD is classified into three distinct clinical phenotypes, the boundaries
between these phenotypes are often unclear, particularly in the early stages of GD3 when
neurological symptoms are less obvious. This is further complicated by the fact that
individuals with saposin C deficiencies also exhibit neurological symptoms comparable to

GD3 patients92100,208,
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Table 1.2: Summary of GD phenotypes. *Frequencies reported with regard to worldwide

population

Clinical Features GD1 GD2 GD3

Age of onset Childhood- Infancy Childhood-
adulthood adulthood

Life span 6-80 years < 2years 2-60 years

Frequency* 1:400-60:000 <1:100,000 <1:50,000

Hepatomegaly Yes Yes Yes

Splenomegaly Yes Yes Yes

Skeletal disease Yes No Yes

Neurological No Yes Yes

disease (rapid progression) (slow progression)

1.4.3 Gaucher Disease and GBA1

In light of the biochemical basis of GD, the GBA1 gene encoding human GBA was isolated and
characterised from a variety of sources209-214, After some dispute, the GBA1 gene was
mapped to 1q21 on the long arm of chromosome 1, Figure 1.9. A glucocerebrosidase
pseudogene (GBAP) was also identified 16 kb downstream of the functioning GBA1
gene?15216, This pseudogene shares 96% sequence identity with the active gene215217,
however, it cannot be translated to yield active GBA due to small deletions in several introns
and the loss of some exons during mRNA processing?16. Although inactive, understanding

the pseudogene structure has proved important to the analysis of the functional GBA1 gene.
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Figure 1.9: Location of GBAI gene at Xq21 on chromosome 1 indicated by the blue arrow.
Centromere highlighted in orange and variable region highlighted in purple. Figure

prepared using NCBI genome decoration tool with GRCh38.p12 (Genome Reference

Consortium Human Build) representation (www.ncbi.nlm.nih.gov/genome/tools/gdp).

GD is caused by a range of mutations in the GBA1 gene, and according to The Human Gene
Mutation Database?!8 (www.hgmd.org, Institute of Medical Genetics in Cardiff) over 500
genetic mutations at the GBAI locus have been identified. Missense mutations are the most
prevalent, accounting for 75% of GD causing mutations. However, frame-shift, splicing,
insertion and deletion mutations have also been described?19.220.194, Additionally, mutations
resulting from gene conversion between the functional gene and the pseudogene have been

identified221. The close proximity of the pseudogene to the functional gene and the high level
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of sequence homology is believed to result in portions of the pseudogene being non-
reciprocally integrated into the GBA1 gene sequence2l’. This is supported by the
identification of GD alleles containing mutations identical to those found in the
pseudogenelss, In fact, one of the most common mutations, the L444P mutation, arises from

apparent gene conversion with the pseudogene!8s.

Mutations L444P, N370S, D409H, 84GG and 1VS2+1 are the most prevalent mutations22z,
with N370S and 84CG mutations accounting for 80-89% of disease producing alleles in the
Ashkenazi Jewish population223, The N370S mutation is also the most common mutation
amongst non-Jewish patients, accounting for 30% of disease causing alleles224. The N370S
mutation is a missense mutation which results in the substitution of an asparagine for
serine225, Although stable GBA can be expressed with this mutation, its catalytic activity is
drastically reduced?26. The L444P mutation is also a missense mutation that results in the
substitution of a leucine for a proline which generates a new restriction site for the Ncil
restriction enzyme???. In contrast, the 84GG mutant is an insertion mutation where an
additional glycine residue is added?28229, The frameshift which results from this nucleotide
insertion in the cDNA causes a shift in protein translation, resulting in a stop codon 18
amino acid residues downstream of the insertion site229. This in turn results in premature
termination of the protein222229, Consequently, the 84GG mutations is known as a ‘null’
mutation which does not produce any mature GBA. The IVS2+1 mutant is a splice mutation
in which the 5’ donor splice site is destroyed. In simplified terms, this results in the synthesis
of abnormal mRNAs which prevent the production of active GBA230, Lastly, the D409H
mutation is a missense mutation resulting in the substitution of an aspartic acid for a
histidine224. This mutation exists in the pseudogene and usually arises from gene conversion
or unequal homologous recombination with the functional gene222. Of note, this mutation is

associated with the Norrbottnian type GD reported in Sweden205,

1.4.3.1 Genotype-Phenotype Relationships

Despite the characterisation of the GBAI gene and identification of over 500 genetic
mutations, no definitive genotype-phenotype relationships have been established. The
extreme variations in disease manifestations, even amongst siblings with the same genetic
mutations, has complicated the analysis of genotype-phenotype relationships231.232,
Additionally, the rarity of many GD mutations has limited investigations to the major mutant
alleles, N370S, L444P and D409H185. Following extensive research, some degree of

genotype-phenotype relationship, albeit vague, has been established for these mutants232,
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The presence of the N370S mutant, in the homoallelic or heteroallelic state, appears to
preclude the development of neurological disease and commonly correlates with non-
neuronopathic GD1225222, In fact, homozygotes for the N370S mutation are often
asymptomatic and may go undiagnosed for most of their life221233, This general association
has been attributed to the fact that this mutation yields some active GBA (~10-20% of the
normal range?26) which is sufficient to prevent CNS involvement!52. In contrast, GD patients
with the N370S mutation in a heteroallelic state (with another mutant allele), such as
N370S/L444P, experience early onset of more severe GD manifestations23!l. Individuals
carrying homozygous L444P or D409H mutations appear to suffer from neuronopathic
GD232, Specifically, the homozygous L444P mutation is commonly associated with GD3,
leading to severe neurological and visceral manifestations?27. The L444P mutation has also
been observed in GD1 and GD2 but in the heteroallelic state234. In addition to neurological
manifestations, patients homozygous for the D409H mutation also exhibit cardiovascular
complications but with milder visceral disease2%6. Lastly, the null 84GG and IVS2+1
mutations are associated with severe phenotypes, even in heteroallelic states?22, with most
homozygotes for these rare mutations dying in the perinatal period?3s. These severe
phenotypes are thought to be a consequence of such null mutations completely abrogating

GBA activity?229.

Although our understanding of GD genotypes and phenotypes has grown, there is still
considerable phenotypic variability amongst the same genotypes149.232, Whilst there are
some appropriate generalisations between the two, there are many exceptions which have
hindered further characterisation of genotype-phenotype relationships. Therefore, it has
become apparent that other non-genetic factors play a role in determining disease
phenotype and severity. It is likely that the genotype determines the residual activity of
endogenous GBA which sets the boundaries for potential phenotypic variation in response
to other influences?85. Consequently, the use of genotypes to diagnose patients and establish

a prognosis is difficult and unreliable.

1.4.4 Gaucher Disease and Parkinsonism

Parkinson’s Disease (PD) is the second most common neurodegenerative disease and is
pathologically characterised by an accumulation of a-synuclein (a presynaptic neuronal
protein) in the CNS236237. This a-synuclein accumulation leads to abnormal motor
symptoms such as tremors and rigidity, as well as non-motor symptoms including cognitive

decline, sleep disorders and depression236. In 2009, analysis of 5691 PD patients confirmed
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an association between GBA1 mutations and PD238, In fact, GD patients are reported to have
a 26-fold higher life-time risk of developing PD compared to the general population239.240,
Moreover, mutations in the GBA1 gene occur in a considerable number of all patients with

sporadic PD, varying between 8-12% across the world’s population241.

Several publications have hypothesised a link between reduced GBA activity and o-
synuclein accumulation following the discovery that lysosomal dysfunction and depleted
GBA activity promotes propagation of a-synuclein aggregates242-245, Specifically, in the loss-
of-function hypothesis, the loss of GBA activity is thought to compromise lysosomal a-
synuclein degradation, resulting in an accumulation of lipid substrates which perturbs the
clearance of a-synuclein aggregates237.246, Additionally, in the gain-of-function hypothesis,
accumulated GlcCer and misfolded GBA are thought to directly interact with a-synuclein
and promote amyloid formation by stabilising soluble a-synuclein oligomers which
aggregate and form Lewy bodies in the nerve cells237.244, Lastly, in the third bidirectional
loop hypothesis, a-synuclein aggregates are proposed to have an inhibitory effect on

GBA237.247 which feeds into a viscous cycle of further a-synuclein aggregation, Figure 1.10.
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Figure 1.10: Potential pathogenic mechanism between GBA and a-synuclein
accumulation in PD (a) Lysosomal accumulation of GlcCer stabilizes soluble a-synuclein
oligomers which are processed to amyloid fibrils. (b) Accumulation of soluble a-synuclein
monomers and oligomers blocks the ER-Golgi trafficking of GBA. (c) Reduced transport
of GBA to lysosome amplifies GlcCer accumulation and the stabilisation of soluble a-
synuclein oligomers, resulting in stronger inhibition of GBA trafficking with each

pathogenic cycle. Figure created in BioRender (www.app.biorender.com).

Despite the unequivocal correlation between GBA1 mutations and the risk of developing PD,
many GD patients do not suffer from PD, therefore, a reduction in GBA activity alone is not
sufficient to account for the association?4l. Furthermore, the concept that accumulating

GlcCer substrate may play a role in PD was brought into question in 2015, when Gegg et
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al.248reported no evidence of substrate accumulation in the brain of PD patients with GBA1
mutations. Following years of research, the exact link between GBA1 mutations and PD
remains unclear, but mutations in the GBA1 gene are considered the most common genetic

risk factors for PD245, specifically N370S, L44P, 84GG, IVS2+1 and V394L mutations249.250,
1.4.5 Gaucher Disease and Cancer

An increased risk of developing various forms of cancer, specifically melanoma, non-
Hodgkin lymphoma, pancreatic and hepatocellular cancer, has been associated with
GD251.252, However, the pathophysiology of cancer development in GD is poorly understood.
The most common hypothesis is that the accumulation of GlcCer alters cellular function,
resulting in abnormal cytokine and chemokine production and the formation of
tumours?53254, The second hypothesis proposes that tumour formation is facilitated by
perturbed sphingolipid metabolism in pre-existing cancerous cells, resulting unfavourable
changes in the proliferative and anti-proliferative balance255. Regardless of the pathogenic
mechanism, the strongly increased risk of developing forms of cancer further exemplifies

the need for early detection and treatment of GD.
1.4.6 Gaucher Disease Pathogenesis

Initially, there were two main hypotheses regarding the pathogenesis of GD. The first
hypothesis, termed the “constipated lysosome hypothesis”, presumed a passive role for the
accumulation of GSLs in the lysosome and considered Gaucher cells as inert lesions85. The
second hypothesis, called the “transduction box hypothesis”, proposed that a deficiency in
an essential signal, which would normally leave the lysosome following GlcCer hydrolysis,
effects cellular functions85. This hypothesis assumes a normal active role for GlcCer
hydrolysis products rather than a toxic effect of accumulated substrate185. Both hypotheses
lacked sufficient in vivo evidence, likely resulting from the shortage of viable animal models.
However, over the past few decades, advances in clinical and animal model studies have

unambiguously demonstrated a role for immune activation in GD pathophysiology?253.256
1.4.6.1 Involvement of the Immune System

In 2002, Zhao and Grabowski put forward their own hypothesis for the pathophysiology of
GD following the observation that defective GBA activity alters the release of cytokines,
proteases and antigens from activated macrophages85253, Zhao and Grabowski reasoned

that normal activation of the macrophage system, by some form of lipid component, leads
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to a cascade of transcriptome and proteome effects which are disrupted in GD due to the
lack of GlcCer hydrolysis!85. Overall their hypothesis includes the presentation of GlcCer to
the lysosome, the accumulation of GlcCer due to deficient GBA activity and subsequent lack
of lipid effector egress from the lysosome leading to a series of biochemical events involving
altered expression of macrophage activation markers18s. Specifically, the lack of ceramide
release from the lysosome is believed to increase the production of cytokines through a loss
of feedback signal mechanism85 257, Therefore, the accumulation of GlcCer may be viewed
as a secondary event; the primary cause could be the lack of lipid effector egress which
induces swelling of the macrophages and altered expression of activation markers?85. In fact,
elevated cytokines are observed in Gaucher cells and the plasma of GD patients, with a trend
between increasing plasma cytokine levels and disease severity being identified!8ss.
Consequently, Gaucher cells are not inert storage containers as originally proposed in the
constipated lysosome hypothesis. Instead Gaucher cells are metabolically active cells which

are surrounded by pro-inflammatory macrophages258259,

More recently, Pandey et al. (2017)260 identified a role for the complement system,
specifically the activation of complement C5a, in controlling the accumulation of GlcCer and
the subsequent inflammation in GD. The complement system is a component of the immune
system which is vital to the detection and destruction of invading pathogensz6l,
Complement component C5 is the fifth component of the complement which plays an
important role in inflammation and apoptosis. Specifically, C5a is a small activator peptide
of the anaphylatoxin family, which is cleaved from C5 by cell derived proteases2?61262, Once
released, C5a exerts a proinflammatory response by binding to its two receptors, C5aR1 and
C5aR2, located on immune cells which upregulates the expression of co-stimulatory
molecules262263, Pandey et al. observed local and systemic C5a complement activation in
GBA-deficient mice and mice treated with GBA inhibitors260. This was associated with
GlcCer storage, tissue inflammation and proinflammatory cytokine production. In fact, a
GBA deficiency in both mice and humans was linked to the production of GlcCer-specific IgG
autoantibodies which induce complement activation and the generation of C5a26%. Not only
does this result in the production of proinflammatory cytokines and chemokines, it’s also
reported that binding of C5a to C5aR1 controls UDP-glucose ceramide glucosyltransferase
production, disrupting the balance between GlcCer formation and degradation260. This feeds
into a cycle of cellular GlcCer accumulation, complement activation, C5a production and
innate and adaptive immune cell response. This work exemplifies the complex involvement

of the immune system in GD pathogenesis.
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14.6.2 Importance of Glucosylsphingosine

In addition to GlcCer, another glycosphingolipid called glucosylsphingosine (GlcSph)
accumulates in GD patients2¢é4. In the absence of GBA activity, GlcCer can enter an alternative
pathway in which a ceramidase converts it to GlcSph by de-acteylation265, Figure 1.11.
Analysis of tissues from healthy individuals and GD patients has demonstrated elevated
splenic and hepatic levels of GlcSph in patients with all types of GD2¢¢. Interestingly, elevated
GlcSph levels were also observed in the brain of patients suffering from neuronopathic
GD267.266, suggesting that GlcSph may contribute to the neurological manifestations
associated with GD2 and GD3268265, Moreover, GlcSph may be further metabolised in the
cytoplasm by non-lysosomal GBA (GBA2) to generate sphingosine and sphingosine-1-
phosphate269, Figure 1.11. Sphingosine is particularly toxic to the bone and has been
identified as a molecular mediator of GD1 pathophysiology?26°. In fact, deletion of the GBA2
gene prevents formation of sphingosine and appears to improve the clinical phenotype of
GD1 in knockout mice269. Specifically, improvements in visceral, haematological and skeletal
symptoms have been reported, demonstrating a pathological role for sphingosine269. A
potential pathogenic role for S1P in LSDs has also recently surfaced, with elevated S1P levels
being linked to the cardiac pathology of FD270 and the neuronal pathology of Sandhoff
disease2’l. However, further research is required to fully understand the roles of the

multiple GlcCer metabolic pathways in GD pathophysiology.
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Figure 1.11: Metabolic pathways of glucosylceramide (GlcCer). In the presence of GBA
activity, GlcCer is hydrolysed to glucose and ceramide (green pathway). In the absence of
GBA activity, a ceramidase converts GlcCer to glucosylsphingosine (GlcSph) which may
pass to the cytoplasm and be converted to sphingosine and sphingosine-1-phosphate
(S1P) by cytoplasmic GBA2 (non-lysosomal GBA) (blue pathway). GlcCer may also be

degraded to ceramide by GBA2 (red pathway) which feeds into the production of S1P.
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1.4.7 Diagnosis of Gaucher Disease

Unfortunately, diagnosis of GD typically occurs several years after the onset of symptoms

due to the non-specific nature of clinical manifestations and the rarity of the disease.
1.4.7.1 Histological Diagnosis

Traditionally, GD was diagnosed by identification of lipid engorged Gaucher cells in bone
marrow aspirate or other tissue biopsies223. However, Gaucher-like cells have been
described in other disorders, such as multiple myeloma, Hodgkin disease and
lymphoma191.258, Therefore, a diagnosis based on the presence of Gaucher cells alone was
not very reliable and great caution in the interpretation of lipid-laden macrophages was

required. This approach is also invasive and is no longer used for the diagnosis of GD203.
14.7.2 Enzymatic Diagnosis

The identification of deficient GBA activity in GD patients permitted the development of
more reliable diagnostic techniques. In particular, the Brady group developed an enzymatic
method in which the activity of GBA in blood leukocytes is quantified through a fluorometric
assay using the fluorogenic substrate 4-methylumbelliferyl-3-D-glucopyranoside272.
Demonstrating reduced GBA activity through this approach is considered diagnostic, with
the majority of GD patients exhibiting GBA activity that is 0-15% of the mean normal
activity?23. Such activity assays can be performed on a variety of samples, namely blood
plasma, skin fibroblasts, amniotic fluid cells and chorionicvilli'®1273, and they are less
invasive than traditional histological methods. Indeed, this approach has become the gold

standard for GD diagnosis.

Despite its success, there are a number of limitations to the enzymatic assay which must be
considered; firstly, there is no correlation between the level of GBA activity and disease
severity, therefore, little prognostic information can be deduced?74. Secondly, it is estimated
that most GD carriers and approximately 10-33% of GD heterozygotes exhibit GBA activity
levels which overlap with the normal range68275. Consequently, this approach is not wholly
reliable for the diagnosis of heterozygotes and cannot be used for the detection of GD
carriers. Thirdly, the activity of GBA is labile, so blood samples need to be tested within
24hrs of collection for optimal results223. Another factor which typically complicates in vitro
assays for GBA, is the presence of functionally related B-glucosidases, namely GBA2

(GH116) and GBA3 (GH1), which also cleave the fluorogenic substrate. Consequently,
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subtractive assays using inhibitors to inactivate related glucosidases are often required276-
278, This involves additional sample handling and manipulation which may compromise the
accuracy of the measurements. Such subtractive assays are now commonplace in GBA

research and exemplify the need for higher specificity GBA substrates.

1.4.7.3 Genetic Diagnosis

Advances in DNA analysis and improvements in our understanding of the GBA1 gene have
permitted the development of genetic diagnosis. A number of polymerase chain reaction
(PCR) based techniques have been developed to facilitate the detection of known GBA1
mutations?23. In such techniques, the gene fragment of interest is targeted with primers to
amplify the structural gene; mutations can then be identified by restriction digestion227, an
amplification refractory mutation system279.280,  allele-specific  oligonucleotide

hybridization28! or by mismatched PCR282,

DNA analysis holds a number of advantages over enzyme activity assays; firstly, the samples
required for DNA analysis are highly stable and can be transported at ambient temperature
without time constraints223. Secondly, it permits the detection of GD carriers and certain GD
heterozygotes who cannot be diagnosed through enzyme activity assays168. In fact, prenatal
diagnoses can also be performed as early as 10-12 weeks by genetic analysis of amniotic
fluid cells283. Additionally, mutation analysis has some ability to predict disease prognosis
based on known genotype-phenotype relationships2z3. However, due to the extreme
phenotypic variability observed within a single genotype, caution should be taken when
predicting disease prognosis. Whilst DNA analysis is highly reliable for the diagnosis of
Jewish patients, due to the fact that four major mutations (N370S, L444P, 84GG and IVS2+1)
account for over 90% of the mutant alleles in the Jewish population?6s, itis considered much
less conclusive for non-Jewish patients in which a wide range of mutant alleles are
observed168. Perhaps the biggest drawback of DNA analysis is that its success is limited by
our knowledge of GBA1 mutations. Although many GD alleles have been identified?8, it is
likely that many unknown mutants exist, therefore, a negative result in DNA analysis does

not guarantee the absence of GD alleles.

1.4.74 Use of Biomarkers

A range of macrophage specific markers are known to be elevated in the blood plasma of

GD patients and these markers may be used to support the diagnosis of GD. Of note,

chitotriosidase (CHIT1) has been used as a biomarker for GD since 1994285. CHIT1 is a
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chitinase which is secreted by GlcCer-laden macrophages and it’s activity is significantly
elevated in GD individuals, reportedly up to 1000-fold285286, Subsequently, CHIT1 is
considered one of the most specific and sensitive bio-markers of GD285. Although CHIT1
levels in blood plasma does not necessarily correlate with specific clinical manifestations, it
does reflect the total body burden of Gaucher cells and generally correlates well with the
severity of hepatomegaly?8’. Subsequently, CHIT1 activity measurements provide a
sensitive and reliable method for evaluating disease progression and treatment efficacy,
with a reduction in CHIT1 activity indicating a positive therapeutic effect?88. However,
raised CHIT1 activity alone is not diagnostic of GD because CHIT1 may be elevated in other
pathological conditions including Niemann-Pick disease, multiple sclerosis and Alzheimer’s
disease!87.288, Additionally, CHIT1 levels vary significantly among patients, with a third of
individuals exhibiting low levels which are difficult to interpret?88, In fact, it is estimated
that 6% of individuals have no detectable CHIT1 activity due to a null mutation in the

cognate gene?89, Such limitations have hindered its use in inter-patient comparisons.

In cases where GD is suspected and CHIT1 levels are normal or undetectable, other markers
such as the angiotensin converting enzyme (ACE) or tartrate resistant isoenzyme (TRAP)
may be used203. More recently, chemokine ligand 18 (CCL18), a small cytokine belonging to
the CC cytokine family, was found to be a novel biomarker of GD2%, CCL18 is secreted by
various cell types, such as macrophages and dendritic cells, and promotes the recruitment
of T lymphocytes29l. Gaucher cells also produce CCL18, with a 20-50-fold increase in CCL18
levels being observed in GD patients290.292, Although the elevation of plasma CCL18 is
typically less than that of CHIT1, its levels are more consistent across GD patients, allowing
for inter-patient comparisons to be made292. However, elevated CCL18 plasma levels have
been observed in other chronic inflammatory diseases293, therefore, CCL18 levels are

commonly analysed alongside CHIT1 to support of GD diagnosis.

Following the discovery of elevated GlcSph levels in the spleen, liver and brain of GD
patients267, GlcSph has also been proposed as a biomarker for GD. A number of studies have
indicated that a moderate relationship between GlcSph levels and clinical symptoms
exists294, Additionally, correlations between GlcSph levels, CHIT1 activity and CCL18 levels
have been identified266.267.295, Indeed, GlcSph levels have already been used to differentiate
GD patients from healthy individuals and GD carriers2%. Therefore, GlcSph presents as a
sensitive and reliable biomarker for GD which may also serve as an indicator of disease

burden and response to treatment
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1.4.8 Therapeutic Strategies for Gaucher Disease

1.4.8.1 Enzyme Replacement Therapy

Up until the early 1990s, treatment of GD was purely palliative, focussing on relieving
symptoms associated with certain organs223. However, after establishing the biochemical
basis of GD as a deficiency in GBA activity, Brady and co-workers proposed that GD may be
amenable to enzyme replacement therapy (ERT), in which patients are administered with

active exogenous enzyme to compensate for their inherent deficiency?297.298,

To support research of ERT it became apparent that considerable quantities of GBA would
be required, therefore, Brady’s group began exploring sources of GBA, with human placenta
being a rich source. Subsequently, GBA was purified from human placental tissue and
administered to two GD patients in an attempt to correct their disease phenotypes299-301, A
26% reduction in hepatic GlcCer levels was demonstrated within 24 hours of injection, with
normal GlcCer blood levels being achieved within 72 hours300. Gradual re-accumulation of
GlcCer was observed over several weeks but this result was highly encouraging.
Consequently, another GD1 patient, with 10-20-fold higher hepatic GlcCer levels than
previously studied patients, was injected with placental GBA. Unfortunately, only an 8%
reduction in hepatic GlcCer was observed30!. It was deduced that insufficient enzyme was
administered to induce a therapeutic response and that GD individuals may require
different doses. However, the GBA purification procedure could not be scaled-up to meet
demand and research was halted by a shortage of pure enzyme. Eventually, a larger scale
placental purification procedure was developed and the new enzyme preparation was
administered to seven GD patients302303; disappointingly, only three of the patients
exhibited beneficial effects303. On further investigation it was determined that the
glycosylation profile of this new formulation promoted uptake of the enzyme by liver
hepatocytes rather than macrophages302304305, Therefore, the undesirable biodistribution

was thought to account for the poor therapeutic response.

Around this time, it was discovered that macrophages display lectins on their surface which
exhibit high affinity for mannose-terminated glyconconjugates3%4. Consequently, the GBA
formulation was treated with a series of exo-glycosidases to yield mannose-terminated
glycans and encourage macrophage uptake306. Incredibly, this change in glycosylation
resulted in a 50-fold increase in GBA uptake by liver macrophages3%’. In subsequent dose-

dependent clinical trials, consistent improvements in disease symptoms were observed at
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a dose of 60 U/kg (units of enzyme per kg bodyweight)301308, Therefore, weekly
administration of 60 U/kg became the recommended dose when the US Food and Drug
administration approved this mannose-terminated GBA formulation for the treatment of
GD in 1991 under the trade name Ceredase® (Alglucerase), Table 1.3. Clinically, Ceredase®
was well tolerated, yielding substantial therapeutic results with few adverse side effects30°.
Initially, there were concerns over a number of patients who had developed IgG antibodies
to Ceredase®, however, these antibodies appeared to have little effect on the clinical
efficacy310. Another concern was contamination by mannosylated proteins, namely human
gonadotrophin (hCG) which diminishes the biological effect of the enzyme administereds1.
However, the biggest issue was the thousands of metric tonnes of human placenta required
to support Ceredase® production3?. Consequently, there was a strong incentive to develop

recombinant strategies for GBA production.

A few years later, the Genzyme Corporation (Sanofi Genzyme, Cambridge, MA, USA)
produced GBA using recombinant technology in a Chinese hamster ovary cell line (CHO)312.
To ensure macrophage uptake, the resulting recombinant enzyme was treated with a series
of exo-glycosidases to yield terminal mannose residues. In contrast to Ceredase® which
contained fucose and N-acetylglucosamine residues, this recombinant enzyme retains high-
mannose glycans at all N-glycosylation sites309 and exhibits similar tissue pharmacokinetics
to the placenta-derived formulation313:314, This formulation was approved for the treatment
of GD in 1994 under the trade name Cerezyme® (Imiglucerase), which remains one of the
most prominent ERTs to date312, Table 1.3. Importantly, the use of Cerezyme® in ERT has
proved safe and effective in improving and even reversing GD manifestations with fewer
side effects than Ceredase®313. Specifically, significant improvements in
hepatosplenomegaly and haematological parameters are typically observed within a year
of commencing treatment315316, Skeletal manifestations are usually slower to respond3??,
however, bone pain and bone marrow parameters may begin to improve after 6 months of
therapy318. The slow skeletal response has been attributed to the fact that skeletal

manifestations often result from end-organ damage and require additional therapies318319,

In 2009, a vesivirus infection at Genzyme’s production facility halted the production of
Cerezyme® leading to a worldwide shortage. This made way for a number of alternative ERT
drugs and novel therapeutics, Table 1.3. In 2010, another recombinant product called
Velaglucerase alfa (Vpriv®, Shire HGT Inc, Lexington, MA, USA) was licensed for use in the
USA and Europe. This form of GBA is produced by specific gene activation in a HT-1080 cell

line derived from a human fibrosarcoma309320, Importantly, this cell line is cultured in the
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presence of kifunensine, a mannosidase I inhibitor, which results in the synthesis of
recombinant GBA with immature high mannose-type glycans320. Consequently, no further
glycosylation modifications are required for macrophage uptake, providing a significant
advantage over Cerezyme®. Additionally, Velaglucerase alfa is reportedly internalised by
macrophages 2.5-fold faster than Cerezyme®, likely resulting from its glycosylation
pattern320, Owing to a shortage of Cerezyme®, many patients were switched to
Velaglucerase alfa with considerable therapeutic benefit and no notable adverse changes in
clinical parameters. In fact, Velaglucerase alfa has proven as therapeutically effective as

Cerezyme® for the treatment of GD321322,

Just a couple of years later, a novel plant-derived variant of human GBA, called Taliglucerase
alfa (Elelyso®, Pfizer, New York, USA), was developed by Pfizer and Protalix and approved
for use in the US, Table 1.3. This product is expressed in carrot-root cells using plant specific
C- and N-terminal sorting signals which facilitate targeting of the nascent protein to storage
vacuoles323. To permit secretion from the vacuoles, the enzyme is equipped with
glycosylation sequences containing core (3-1,2-xylose and a-1,3-fucose residues, typical of
plant systems324. These sugars are not usually observed in mammalian systems, so there
were concerns regarding efficacy and immunogenicity, however, no evidence of increased
immunogenicity or reduced macrophage uptake have been found323325. This may be
attributed to that fact that high mannose-terminated glycans account for over 90% of its N-
glycans323, which is likely due to the action of various vacuole-based glycosidases3z26.
Therefore, this formulation does not require additional glycosylation modifications to
ensure macrophage uptake. Clinical trials with Taliglucerase alfa revealed significant
reductions in liver and spleen volumes, improved haemoglobin and platelet levels and
clearance of Gaucher cells from the bone marrow325327-329, Subsequently, Taliglucerase alfa
was approved for clinical use in the US, Canada, Israel and Brazil but has not been approved

in Europe32s,

There are currently no criteria for the preferential use of one ERT formulation over another
to treat GD1 patients, however, guidelines for individualisation of dosing and maintenance
have been published33°. In contrast, Cerezyme® is the only ERT with authorisation for the
treatment of GD3 individuals, whilst none of the ERTs are indicated for GD2 because ERT

therapy has no impact on the rapid progression of neurological symptoms.
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Table 1.3: Summary of commercially available GBA formulations for ERT

Alglucerase Imiglucerase Velaglucerase Taliglucerase
Alfa Alfa
Manufacturer Genzyme Corp Genzyme Corp  Pfizer and Protalix =~ Shire HGT inc
Source Human placenta  CHO cell line HT-1080 cell line  Carrot root cells
Trade name Ceredase® Cerezyme® Vpriv® Elelyso®

Despite the positive clinical effects of ERT, there are still a number of limitations to this
approach. Firstly, ERT is extremely costly with an estimated annual cost of $200,000 per
patient331332, Whilst many GD patients benefit considerably from ERT, a wide variation in
therapeutic response is observed. In fact, no correlation between genotype, phenotype and
response to ERT has been identified333, but a number of factors have been associated with
poor ERT response, namely haematological malignancies, liver cirrhosis and pulmonary
disease?23. Patients with such complications may respond poorly to ERT, requiring higher
doses of enzyme with limited benefit316, Another drawback of ERT is the commitment to
lifelong bi-weekly injections, which are painful and inconvenient. Furthermore,
administration of exogenous enzyme has no effect on the neurological manifestations of GD
because the enzyme is unable to cross the blood-brain barrier33+335, Therefore, ERT is
unsuitable for the treatment of patients suffering from neuronopathic GD. This has
encouraged the development of alternative therapies with the ability to alleviate

neurological symptoms

1.4.8.2 Substrate Reduction Therapy

In 1980, Vunnman and Radin first proposed the use of substrate reduction therapy (SRT) as
a therapeutic strategy for LSDs336. Akin to ERT, the aim of SRT is to reduce the accumulation
of glycolipid substrates within the macrophage system. However, the concept of SRT
involves inhibiting the initial synthesis of the substrate rather than facilitating substrate
hydrolysis337. In patients who retain some residual activity, inhibition of the enzyme
responsible for substrate synthesis should prevent further accumulation of substrate and
permit the slow hydrolysis of accumulated substrate by endogenous enzymatic activity33s.
Over time, the balance between substrate synthesis and degradation should be restored,

however, this is a slow process meaning clinical benefits present much later than ERT339.

In the case of GD, SRT involves inhibition of glucosylceramide synthase (EC 2.4.1.80, GCS)
which catalyses the synthesis of GlcCer by the transfer of glucose to ceramide340. It should

be noted that GlcCer synthesis is the rate-determining step in the biosynthesis of most
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GSLs169, therefore inhibition of GCS may hold promise for treating other glycosphingolipid
diseases34l. Currently, two commercial SRTs are available for GD: Miglustat (N-butyl-1-
deoxynojirimycin, Zavesca®, Actelion Pharmaceuticals US Inc, USA) and Eliglustat

(Cerdelga®, Sanofi Genzyme)338, Figure 1.12.
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Figure 1.12: Structure of (a) Miglustat (N-butyl-1-deoxynojirimycin) which mimics the

glucose moiety of the natural GlcCer substrate and (b) Eliglustat which mimics the

ceramide portion of the natural substrate.

Miglustat was the first SRT to be approved for the treatment of GD1 patients for whom ERT
is unsuitable34z, Miglustat is a weak, non-specific inhibitor of GCS which mimics the glucose
moiety of GlcCer343, Figure 1.12 (a). In initial animal studies, Miglustat was shown to reduce
the accumulation of GlcCer and delay the onset of GD symptoms344. In a 12-month clinical
trial, oral administration of Miglustat resulted in improvements in hepatosplenomegaly,
thrombocytopenia, haemoglobin levels and platelet count345. In a subsequent 36-month
extension study, the long-term efficacy and safety of Miglustat was demonstrated, with
further therapeutic benefits and reduction in CHIT1 activity, indicating a relief in GlcCer-
laden macrophages339346. Additionally, Miglustat was shown to cross the blood-brain
barrier, achieving significant tissue distribution within the brain. However, in a phase II
clinical trial with GD3 patients, Miglustat proved ineffective for the treatment of
neurological manifestations34’. Furthermore, a number of adverse side effects were
reported resulting from its broad specificity and off-target inhibition of other
glycosidases348. In particular, Miglustat is known to inhibit intestinal glycosidases leading
to gastrointestinal complaints which caused many patients to withdraw from treatment in
clinical trials342349.350, Fortunately, these side effects were overcome by Eliglustat, the

second SRT to be approved for the treatment of GD.

Eliglustat was approved in the US in 2014 and later by the EU in 2015 as a first-line SRT
therapy for GD1 patients with compatible CYP2D6 metaboliser phenotypes337.351. Eliglustat
is amore potent and specific inhibitor of GCS than Miglustat and functions by mimicking the
ceramide moiety of GlcCer3s5t352, Figure 1.12 (b). It is preferentially metabolised by the
CYP2D6 enzyme of the cytochrome P450 pathway352, therefore, suitability for Eliglustat
treatment is currently based on the CYP2D6 metaboliser status of the patient337.
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Additionally, Eliglustat is contraindicated in patients with certain cardiac conditions3s!,
nevertheless, Eliglustat is suitable for the majority of GD1 patients. The clinical development
programme for Eliglustat is the largest ever clinical study conducted for GD, involving 393
patients from 12 countries351. In a number of phase Il and phase III clinical trials, Eliglustat
was orally administered to treatment-naive and ERT patients to establish its safety,
tolerability and pharmacokinetic profiles351352, Significant reductions in liver and spleen
volumes were observed as well as improvements in haematological and skeletal
parameters35:353, Furthermore, the rate of adverse side effects was drastically reduced
compared to Miglustat, with only 3% of patients withdrawing due to side effects351. This
improved safety profile is attributed to its specificity for GCS and minimal off-target
inhibition348. Importantly, Eliglustat also displays good oral bioavailability and broad tissue
distribution352354, However, the ceramide-like nature of Eliglustat hinders its ability to cross
the blood brain barrier, which means very poor distribution is observed in the brain and
CNS3s52, This is further exacerbated by the multidrug transporter Pgp-1 (p-glycoprotein 1),
which immediately transports Eliglustat out of the CNS337. Therefore, Eliglustat is

ineffective against the neurological manifestations of GD2 and GD3 patients355.

Recent research regarding the development of CNS-accessible inhibitors has produced
some promising results36, and investigations into the combined use of ERT and SRT in
mouse models have indicated that combination therapy may offer greater therapeutic
benefits357. Despite the success of ERT and SRT, both therapeutic approaches are limited by
their inability to alleviate neurological manifestations. Consequently, current research
regarding the treatment of GD is heavily focussed on the development of novel therapeutic

approaches with the ability to treat neuronopathic forms of GD.

1.4.8.3 Pharmacological Chaperone Therapy

It is generally accepted that the accumulation of substrate in most LSDs occurs when the
residual enzymatic activity falls below a certain threshold3s8. A threshold activity of ~ 10%
the normal level is thought to be sufficient to prevent the accumulation of substrate in most
LSDs359. Therefore, depending on their genotype, some patients may only require a small
increase in enzymatic activity to achieve therapeutic benefit. One approach to increasing

residual enzymatic activity is pharmacological chaperone therapy (PCT).

In some cases of GD, mutations in the GBA1 gene result in the synthesis of misfolded GBA360
These mis-folded mutants may still exhibit partial catalytic activity but are degraded by the

quality control system of the ER before they can be trafficked to the lysosome360. Therefore,
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the aim of PCT is to stabilise partially active, misfolded GBA so it can pass through the ER
and be transported to the lysosome to degrade accumulating substrates3él. This approach
involves the use of pharmacological chaperones (PCs), which are reversible non-covalent
inhibitors that when used at sub-inhibitory concentrations bind to the misfolded enzyme of
interest and stabilise its conformation360. This prevents premature degradation in the ER
and permits further maturation of the mutant enzyme, allowing it to be trafficked to the
lysosome355. This results in an increase in residual enzymatic activity that facilitates the

hydrolysis of accumulated substrate360.362,

Initially, a variety of alkylated derivatives of the iminosugar 1-deoxynojirimycin (DN]J),
Figure 1.13(a), were highlighted as potential PCs for GD363. DNJs are known to inhibit
numerous enzymes including the ER oligosaccharide-processing enzymes a-glucosidase |
and II, glucosylceramide synthase, non-lysosomal -glucosidase (GBA2) and lysosomal
GBA363, However, alkylation of DNJ was found to drastically improve selective inhibition of
GBA over related enzymes363. Subsequently, a number of alkylated DN]J derivatives have
been tested as putative chaperones for GBA. In a crucial study, a GBA N370S mutant
fibroblast was incubated with sub-inhibitory concentrations of N-nonyl-1-deoxy-
nojirimycin (NN-DN]J), Figure 1.13 (b), resulting in a 1.65-fold increase in GBA activity which
persisted for 6-days following removal of NN-DNJ363. It became evident that the length of
the alkyl chain significantly impacts the ability of DN]J to bind and stabilise GBA363.
Specifically, it was proposed that the hydrophobic alkyl chain mimics the ceramide moiety
of the natural substrate and improves the affinity for the enzyme by exploiting hydrophobic

recognition and binding elements of the active site363.
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Figure 1.13: Chemical structure of (a) 1-deoxynojirimycin (DN]) (b) alkylated iminosugar

N-nonyl-1-deoxynojirimycin (NN-DNJ).

Alternative non-alkylated iminosugar based inhibitors have also been investigated as PCs
for GBA. Of note, [sofagomine (IFG Afegostat, Amicus Therapeutics and Shire plc), a known
active site directed GBA inhibitor, remains one of the most studied iminosugar inhibitors
for PCT364-367, Figure 1.14 (a). Structural studies with GBA suggest that [FG induces changes
to the surface topology of GBA which results in the formation of a new hydrogen bonding
network between core residues that in turn stabilises a distinct GBA conformation3¢8. This

is thought to stabilise GBA by locking the enzyme into a substrate-bound conformation36s.
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During primary in vitro investigations, N370S fibroblasts incubated with IFG exhibited a 2-
fold increase in GBA activity365. This activity was localised to the lysosome using the
lysosomal marker LAMP1, suggesting that IFG increases the activity of the N370S mutant
and enhances its transport to the lysosome3é5. In subsequent studies, increased GBA activity
was also observed in IFG treated mice with V394L, D409H, D409V and L444P mutations365-
367, Promisingly, IFG was able to access the CNS with a broad tissue distribution. Based on a
number of pre-clinical studies, IFG advanced to phase II clinical trials but was later dropped

when it failed to meet clinical end-points369 (partially attributed to its broad specificity379).
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Figure 1.14: Chemical structure of (a) Isofagomine (IFG) and (b) Ambroxol.

In a more recent effort to identify novel PCs for GD, a high through-put screening assay of
the FDA approved drug library identified Ambroxol, a widely used expectorant, as a pH-
dependent inhibitor of GBA371, Figure 1.14 (b). Subsequent in vitro testing with N370S and
F213] mutant fibroblasts, demonstrated that Ambroxol enhances GBA activity in the
lysosome371372, Increased levels of the lysosomal membrane protein LIMP-2 have also been
observeds372373, Although the mechanism by which Ambroxol improves LIMP-2 activity is
yet to be elucidated, this phenomenon may account for its ability to improve the lysosomal
trafficking and activity of GBA. In clinical studies, Ambroxol proved to be safe at high doses
with good tolerability and few side effects374. Specifically, therapeutic benefits for visceral
and haematological manifestations have been reported3’s, as well as considerable
improvements in gross motor function for patients suffering with GD3374. This suggests
Ambroxol is able to cross the blood-brain barrier and access the CNS, as confirmed by a
reduction in GlcSph levels in cerebrospinal fluid374 Therefore, Ambroxol presents as the
most promising PC for GD to date, with considerable potential for the treatment of
neuronopathic GD3374376, Additionally, Ambroxol has recently been identified as a potential
neuroprotective compound for the treatment of PD377. Consequently, a great deal of

research into its development has been published371-375,

Other putative GBA chaperones include bicyclic L-idonojirimycin378, which has been
proposed for patients homozygous for the L444P mutation, N-octyl--valienamine, which
has proved a modest chaperone for the F2131 mutant, and 2-alkyl trihydroxypiperidines

which have chaperoning activity towards heterozygous N370S and homozygous L444P37.
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The main advantages of PCs is their ability to access the CNS and provide therapeutic
benefits for neurological manifestations3s8. Additionally, most PCs are administered
orally33s, eliminating the need for bi-weekly injections. Furthermore, PCs can be
administered in combination with ERT to improve the stability, activity and trafficking of
the recombinant enzyme29. For example, a recent study regarding the combined used of
Ambroxol and ERT for neuronopathic GD has demonstrated that high doses of Ambroxol
can be safely administered to enhance the activity of recombinant GBA, resulting in
considerable improvements in neurological manifestations374. PCs may also permit the use
of lower enzyme doses during ERT, helping to lower the cost of treatment. However, not all
GD patients will benefit from PCs because PCT is only suitable for ‘responsive’ GBA mutants

which yield misfolded GBA with partial catalytic activity.

1.4.84 Strategies for the Future

In light of the various limitations of ERT, SRT and PCT, there is a strong incentive to develop
“one-time”, permanent therapies for GD which alleviate the requirement for costly,
regularly administered treatments. In this regard, allogeneic hematopoietic stem-cell
transplantation (HSCT) has been investigated as a curative approach for GD1380. Indeed,
hematopoietic stem cells (stem cells that can develop into all types of blood cells) are
considered ideal targets for gene transfer due to their longevity and the capacity for self-
renovation38l. Typically, hematopoietic stem cells are harvested from the patient, gene
edited (through a viral vector) and then infused back into the patient for engraftment380.
HSCT for GD was initially tested in the early 1980s using bone marrow transplantation in a
GD3 childs3sz. Despite promising post-transplant results and enhanced plasma GBA activity,
no long-term significant changes in Gaucher cell infiltration or clinical status were observed.
Nevertheless, numerous studies on bone marrow HSCT were performed in the 1980s-1990s
with varying degrees of success382-386, Some patients showed rapid improvements in GD
manifestations and continued to lead active lives for many years following transplantation,
however, others exhibited far less success380. Owing to the significant transplant-related
morbidity and mortality, HSCT was quickly surpassed by ERT and has only been reserved
for individuals with severe neurological disease that are unresponsive to ERT387. However,
given the limitations of ERT, namely the financial burden, need for bi-weekly injections and
ineffectiveness against neurological disease, people are seeking to establish if HSCT could

be a safe, one-time curative approach for GD380,
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A similar but potentially safer approach to HSCT is engineering the expression of GBA in the
patient’s own hematopoietic stem and progenitor cells (HSPCs) which eliminates graft-
versus-host disease (a condition which arises when the recipients body attacks the donated
bone marrow)388. Non-targeted gene addition into HSPCs using retro- and lenti-viral vectors
has been explored for GD with some promising results in murine models389.39. However,
concerns regarding potential mutagenesis and malignant transformation during viral gene
transfer is driving the need for targeted gene addition strategies. For example, a recent
study reported a CRISPR/Cas9-based approach to successfully gene edit HSPCs to produce
GBA-expressing macrophages and monocytes39l. It was reasoned that the primary
manifestations of GD arise from pathologies in monocytes and macrophages, therefore,
restoring GBA activity in such cells should be sufficient to provide some phenotypic
correction391, Whilst these studies remain in their infancy, this approach appears suitable
for gene editing of HSPCs to induce specific protein expression which may show flexibility

for the treatment of other LSDs.

Clearly gene therapy represents a future therapeutic option for GD and will likely gain
considerable academic and pharmaceutical attention as a curative approach. Nevertheless,

the associated risks and ethical issues will complicate progress in gene therapy3s1.

1.5 Fabry Disease

1.5.1 Overview and History

Fabry’s disease (FD, Anderson-Fabry disease, OMIM 301500) is an X-linked inherited LSD
first reported in 1898 by dermatologists Johannes Fabry and William Anderson who
independently described patients with red-purple lesions on the skin (angiokeratoma
corporis diffusum)392. Initially, FD was recognised as a systemic vascular disease due to the
presence of abnormal vacuoles found in cells of affected individuals393. It was later identified
as a lipid storage disorder when the cellular accumulation of globotriaosylceramide (Gb3)
was discovered393394, In 1965, electron microscopy studies revealed the presence of
unusual bodies in the endothelial smooth muscle and perivascular cells of FD individuals?58,
These bodies were described as ‘extremely overcrowded lysosomes’ which result from
defective lysosomal function and subsequent lipid accumulation!58, In the same year,
Dempsey and co-workers reported that a sex-linked deficient gene, with constant
penetrance in homozygous males and occasional penetrance in heterozygous females, was

the underlying genetic abnormality’%. Soon after, the biochemical basis of FD was

56



established by Brady and co-workers, who discovered that deficiencies in human a-

galactosidase A (a-GAL) lead to the accumulation of Gb3 throughout the body39%.

1.5.1.1 Epidemiology

Following GD, FD is the second most common lysosomal storage disorder with an estimated
incidence of 1:40,000-117,000 worldwidel473%. However, new-born genetic screening
studies have reported incidences up to 1:1,250397, suggesting a drastic underestimation in
the number of cases due to undiagnosed and late-onset patients148398 Additionally, the
incidence rate appears to vary with race and geographical location, with Italy and Taiwan
reporting surprisingly high frequencies of 1:3,2003%98 and 1:1,5003% respectively. Despite
being an X-linked inherited disorder, FD effects both men and women, however, it is
estimated that only 70% of females with a-GAL defects display symptoms, whilst almost

100% of males exhibit clinical manifestations162400,

1.5.2 Clinical Manifestations

In FD patients, the loss of functional a-GAL leads to a progressive build-up of Gb3 within the
lysosome of cells throughout the body and this is thought to be responsible for the clinical
symptoms#01. Gb3 primarily accumulates in cells of the heart, kidney, skin, brain and eyes,
initially resulting in asymptomatic cellular damage and dysfunction401402, This cellular
dysfunction is thought to trigger a cascade of events including cellular death, oxidative
stress#03, compromised energy metabolism4%4, blood vessel injury and tissue ischemia
leading to irreversible cardiac damage and renal fibrosis#05406, As FD progresses, the
incessant damage to vital organs results in organ failure with end-stage renal disease and
cardiovascular/cerebrovascular complications407.  Although this general disease
progression has been established, the clinical manifestations of FD can vary in frequency
and severity, Table 1.4. Currently, FD is categorised into “classical” and “non-classical”

phenotypes depending on the amount of residual a-GAL activity present#01408,409,

1.5.2.1 Fabry Disease Type 1

Type 1 “classical” phenotype is associated with patients who have little or no detectable a-
GAL activity, typically < 1% the normal activity. These individuals are most severely
affected, experiencing early symptoms in childhood or adolescence due to the accumulation
of Gb3 in capillaries and small blood vessels#01410, Early symptoms in children include

severe burning pain in the hands and feet (acroparesthesias), gastrointestinal problems,
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diminished ability to sweat (hypohydrosis), chronic fatigue and poor growth409411,
However, the most visible early clinical feature is small dark spots on the skin
(angiokeratoma) resulting from benign lesions of the capillaries411412, With increasing age,
the continuous deposition of Gb3 leads to vascular disease of the heart, kidneys and
brain411413414, Major manifestations of classic FD include progressive kidney dysfunction
leading to renal failure, strokes and cardiac disease, which eventually result in premature

death in the fourth or fifth decade of life415.416

1.5.2.2 Fabry Disease Type 2

In contrast to the classic phenotype, patients with type 2 “non-classic” FD have some
residual a-GAL activity, varying between 2-20% the normal range#09411414, These patients
do not exhibit the early manifestations of FD, presumably due to the presence of residual a-
GAL activity which is sufficient to prevent the initial accumulation of Gb3. Non-classic FD
patients experience milder, late-onset symptoms which present in the fourth to sixth decade
of life and are typically confined to one organ4!?. Symptoms commonly include cardiac or
renal disease, however, some individuals experience no clinical disease at all411418419, As
result of the late onset of mild symptoms, many non-classic FD patients go undiagnosed, in
fact, most type 2 individuals are only identified through screening in cardiac, haemodialysis,
renal transplant and stroke clinics#20. Consequently, the prevalence of non-classic FD has
been drastically underestimated. The true prevalence is still uncertain, however, based on
new born screening studies, it is estimated that type 2 FD is 5-10 time more frequent than

classic FD in males from the same region, ethnic group or race398399.421,

1.52.3 Fabry Disease in Females

In view of the fact that FD is a hereditary X-linked lysosomal storage disorder, heterozygous
females were long thought to be carriers of the disease and generally resistant to developing
clinical symptoms422. However, as our knowledge of the disease advanced, it became
apparent that FD exhibits a wide spectrum of heterogeneous, progressive clinical
phenotypes in females. The clinical manifestations for females range from asymptomatic to
symptoms as severe as those observed in males423. In fact, heterozygous females can display
severe manifestations affecting the kidneys#24, heart425, brain4?6, intestines4?’ and
respiratory system428. The exact mechanism by which female heterozygotes develop
symptoms is yet to be elucidated, however, the variation in phenotypes is thought to result

from random X-chromosome inactivation429.430,
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Table 1.4: Overview of typical FD symptoms by age of onset431

Age of Onset

Symptoms

Childhood/Adolescence (<16 years)

Angiokeratomas

Gastrointestinal disturbances
Ophthalmological abnormalities
Hearing impairment

Hypohidrosis

Lethargy

Neuropathic Pain

Onset of renal/cardiac abnormalities

Early adulthood (17-30 years)

Worsening of the above
Progressive renal failure
Cardiomyopathy
Strokes/ischemic attacks
Nervous system problems

Late adulthood (>30 years)

Worsening of the above

If left untreated, FD reduces male life expectancy by about 20 years, with a sharp decline in

survival after the age of 35414 The effect on female life expectancy is less well-established

but it is thought to be reduced by approximately 10 years414-416,

1.5.3 Fabry Disease and a-GAL

In the late 1980s, the entire genomic sequence and full length complimentary DNA (cDNA)
encoding a-GAL were isolated and characterised#32433, The full length 12 kb GLA gene was
sequenced and mapped to chromosome Xq22.1 located on the long arm of the X-
chromosome#33, Figure 1.15. Numerous other genetic disorders have been localised to the
Xq22 region, namely Alport syndrome#34435, Burton’s agammaglobulinemia436 and

Megalocornea syndrome#37. The full-length cDNA encodes the 429 amino acid polypeptide

a-GAL which contains a 31-residue signalling sequence#32438,

X

Figure 1.15: Location of GLA gene at Xq21 on the X-chromosome indicated by the blue

arrow. Centromere highlighted in pink. Figure prepared using NCBI genome decoration
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It is understood that mutations in the GLA gene result in defects in a-GAL, which lead to
complete or partial loss of enzymatic activity397439, Subsequently, Gb3 and related GSLs

accumulate in the lysosome, leading to the clinical manifestations of FD. Disease causing
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mutations have been identified throughout the enzyme structure and can be categorised
into three classes; (i) mutations near the active site which directly interfere with substrate
binding#4° (ii) mutations in burial regions which disrupt the hydrophobic core of the enzyme
and induce misfolding#10440 and (iii) mutations which have other effects on the folded state

of the enzyme, such as those which interfere with dimerisation#41.

A variety of techniques have been employed to identify the nature and frequency of FD
causing mutations#42, Initial studies assessed the frequency of disease causing
rearrangements in 165 unrelated FD patients using PCR amplification of the entire GLA
coding region!53443. One partial gene duplication and five partial gene deletions were
highlighted at a frequency of 5%, typical of X-linked disorders#43. In addition, small deletion
and insertion mutations were identified which resulted in premature peptide chain
termination. Single base substitutions, splice and deletion mutations affecting RNA
processing of the GLA transcript were also detected#42. According to The Human Gene
Mutation Database?18 (www.hgmd.org, Institute of Medical Genetics in Cardiff) over 1,000
GLA gene mutations have been identified to date, including missense/nonsense mutations,

splicing mutations, deletions and insertions as well as complex rearrangements.
1.5.3.1 Genotype-Phenotype Relationships

Attempts to correlate genetic mutations with clinical phenotypes have been relatively
unsuccessful due to the variability of disease onset, symptoms and progression4ll.
Genotype-phenotype studies have also been hindered by the rarity of the disease; however,
some general associations have been observed. For example, N215S, Q279E, M296V and
R301Q mutations are atypical mild mutations associated with individuals who are
asymptomatic or experience a mild form of the disease444. In contrast, R227Q, R227X and
S297F mutations are associated with the severe classical phenotype#44. It is generally
thought that mutations leading to little or no a-GAL activity result in the classic phenotype,

whilst mutations which permit residual a-GAL activity lead to the non-classic phenotype#42.

Despite our extensive knowledge of GLA mutations, novel mutants continue to be identified.
For example, in a recent sequence analysis study, Onay et al (2020) reported two novel GLA
mutations in the Turkish population#45. In fact, this study provides the largest reported GLA
mutation spectrum in the Turkish population to date, with the aim of providing insight into
genotype-phenotype correlations. Although it is not yet possible to predict a phenotype
from the location and type of mutation, there are databases (www.dbFGP.org and Fabry-

Database.org#39) which provide phenotype assignments for reported GLA mutations. These
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databases were curated to provide health-care workers, patients and researchers with

easily accessible information about currently known genotype-phenotype correlations43.
1.5.4 Fabry Disease Pathogenesis

FD is typically characterised by the accumulation of Gb3 within the lysosome of cells
throughout the body, however, other glycolipids, such as globotriaosylsphingosine (lyso-
Gb3), also accumulate as a result of a-GAL deficiencies#46. The accumulation of these
glycolipids alone is not sufficient to account for the full pathophysiology of the disease and

the full pathogenic mechanisms behind FD have not been fully elucidated+47.

Historically, the ‘cytotoxicity hypothesis’ was adopted to rationalise the pathophysiology of
most LSDs#48, This hypothesis presumes that lipid-laden lysosomes cause the clinical
symptoms by somehow inducing abnormal cell function or cell death#48. In the case of FD,
elevated Gb3 levels have been observed in the lysosomes of endothelial, epithelial, smooth
muscle, corneal, myocardial and renal cells as well as in the meninges, cerebral blood
vessels, connective tissue and ganglia of the central nervous system#02412, This widespread
deposition of Gb3 is therefore believed to be responsible for the multisystemic clinical
manifestations. Specifically, accumulation of Gb3 within the vascular system is thought to
cause narrowing of the blood vessels, leading to ischemia and infarction (tissue death due
to inadequate blood supply) in affected organs+47. However, this hypothesis does not fully
explain the pathogenic role of accumulated glycolipids and fails to explore the subsequent
molecular cascades thatlead to the widespread cellular dysfunction and devastating clinical
symptoms. Crucially, this hypothesis does not consider the influence of the lysosome on
other cellular processes, such as immune system regulation and homeostatic control447,
which may also contribute to clinical manifestations if perturbed. Consequently, the

‘cytotoxicity hypothesis’ is now considered a drastic oversimplification of FD pathogenesis.

In order to understand the mechanisms by which a-GAL deficiencies cause FD, interactions
of glycolipids and the lysosome with other cellular systems and processes must considered.
This became of added importance following the finding that Gb3 also accumulates in other
cellular structures, including the ER, cell membrane and the cell nucleus#02. Additionally,
defective lysosomal function is thought to impact the regulation of the immune system by
altering multiple stages of the immune response, including antigen presentation449,
phagocytosis and release of pro-inflammatory mediators#47. Therefore, it is important to

consider the involvement of the immune system in FD pathogenesis.
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1.5.4.1 Involvement of the Inmune System

Studies regarding immune function in LSDs have shown that accumulated glycolipids
stimulate a variety of pathogenic pathways and inflammatory responses by triggering the
production of proinflammatory cytokines and inflammation markers256450451, [n the case of
FD, increased tissue infiltration of lymphocytes and macrophage related markers has been
identified in endomyocardial biopsies, indicating increased inflammation in the
cardiovascular system452, In addition, the widespread accumulation of Gb3 has been linked
to the production of reactive oxygen species (ROS) which cause oxidative stress and damage
to vascular endothelial cells#3. These ROS can also induce protein damage*s3. It is
postulated that these damaged proteins may act as neo-antigens, evoking an autoimmune
response which further exacerbates inflammation and contributes to the autoimmune

disorders associated with FD453:454,

It is evident that disruption of lysosomal function by abnormal glycolipid storage has the
potential to compromise many normal cell operations, resulting in a range of downstream
consequences for the immune system, CNS and vascular system#50. By promoting chronic
inflammation, cell damage can occur through multiple mechanisms leading to the
development of clinical manifestations which are otherwise unrelated to the initial
pathology#47. Additionally, the accumulation of Gb3 is known to contribute to endothelial
dysfunction, impaired blood vessel structure, cardiac thromboembolic events and abnormal
blood components, all of which can lead to life threatening strokes and ischemic attacks*47.

Consequently, the pathogenesis of FD is far more complex than initially believed.
1.5.5 Diagnosis of Fabry Disease

Early diagnosis of FD is vital in ensuring effective treatment, however, diagnosis is often
hindered by the multisystemic and non-specific nature of the symptoms411455, In fact, the

diagnostic delay for most FD patients is ~ 15 years456.
1.5.5.1 Enzymatic Diagnosis

Before the biochemical basis of FD was established, a diagnosis was made by the presence
of angiokeratomas with a positive family history of FD or fatal kidney/heart disease*12.
Diagnoses were typically supported by the presence of other cutaneous markers as well as
cardiovascular, gastrointestinal, renal or respiratory manifestations4!2. Nowadays, a

biochemical diagnosis can be made by screening for reduced or absent a-GAL activity in
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blood plasma or cultured skin fibroblasts using a fluorogenic substrate activity assay+s7.
Generally, activity less than 20% of the normal is considered diagnostic, however, levels
below 35% can be indicative401458, Even prenatal diagnoses can be made, as early as the 17t
week of pregnancy, by demonstration of reduced a-GAL in cultured fetal cells459. Although
this enzymatic approach is generally reliable for male patients, diagnosis by a-GAL activity
alone is not always sufficient for female patients because they may exhibit deficient to
normal o-GAL activity due to random X-chromosome inactivation in the sample165430, This
is further complicated by the fact that female patients can experience mild symptoms423,

therefore, alternative diagnostics are required.

1.5.5.2 Genetic Diagnosis

Advances in DNA analysis and characterisation of the GLA gene have permitted the
development of genetic diagnosis153433. Given the extreme variation in the type and number
of GLA mutations, no single protocol is able to detect all mutations, consequently, a number
of polymerase chain reaction (PCR) based techniques have been employed to identify GLA
mutations#10460-462. The Multiplex Ligation-dependent Probe Amplification (MLPA) method,
developed in 2002, can readily detect rearrangements and is ideal for the detection of
deletion and duplication mutations#63464, In MLPA, multiple pairs of oligonucleotide probes
containing universal primer sequences are hybridised to their perspective targets on
genomic target sequences. Once hybridised, adjacent probes are ligated with a thermostable
ligase and the fragments are amplified by PCR463. In this way, only ligated oligonucleotides
are amplified, ensuring the amount of PCR product is proportional to the amount of DNA
target. Importantly, each probe has a unique length and a fluorescent label which allows the
resulting amplicons to be separated and quantified on an automatic sequencer463. This
overcomes the resolution limitation of multiplex PCR whilst allowing multiple different
sequences to be targeted in a single PCR-based experiments. The MLPA approach has been
successful in identifying new FD deletion mutations which were undetectable through more
traditional sequencing analysis46l. However, the success of DNA diagnoses is limited by our
knowledge of current GLA mutations#3°. As such, it is common practice to use both

enzymatic and genetic tests in tandem to make a diagnosis, Figure 1.16.
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suspected of having Fabry disease through enzymatic and genetic diagnoses.
1.5.5.3 Use of Biomarkers

More recently, biomarkers of FD have been considered useful in supporting a diagnosis287.
As outlined previously, Gb3 is known to accumulate in various organs of FD patients,
therefore, identification of elevated Gb3 levels in plasma or urine can support a diagnosis+6s.
However, Gb3 is not considered a particularly useful biomarker of FD because its levels do
not always correlate with disease severity411414, In fact, plasma Gb3 levels in female patients
are usually within the normal range#22. Urinary Gb3 levels are generally more reliable466.467,
however, some patients with late onset variants exhibit normal urinary Gb3 levels150.
Furthermore, significant Gb3 accumulation is observed before birth, long before clinical
symptoms develop468. The discrepancy between Gb3 storage and clinical symptoms
suggests that Gb3 is not a reliable biomarker. Consequently, there is an urgent need for

more reliable and validated FD biomarkers.

Globotriaosylsphingosine (lyso-Gb3), the deacetylated version of Gb3, has become a more
reliable biomarker for FD following the observation that FD patients exhibit increased lyso-
Gb3 blood plasma levels#46. As a result of reduced a-GAL activity, accumulating Gb3 can be
converted to lyso-Gb3, Figure 1.17, which is a potent inhibitor of a-GAL#46. Consequently,
lyso-Gb3 can contribute to the pathophysiology of FD by promoting cellular storage of Gb3
through an aggressive cycle446469, A pathological role for lyso-Gb3 in FD is supported by the
observation that increased exposure to lyso-Gb3 leads to more severe disease in male and
female patients470471, The apparent correlation between lyso-Gb3 and disease severity,

renders lyso-Gb3 a more prudent marker of FD470472, particularly in women. In fact, lyso-
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Gb3 is currently used to evaluate disease progression and monitor the efficacy of

therapeutic treatment473-475,
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Figure 1.17: Structure of globotriaosylceramide (Gb3) and the deacetylated derivative

globotriaosylsphingosine (lyso-Gb3).

A potential alternative biomarker for FD is sphingosine-1-phosphate (S1P)476. S1P is a
membrane derived signalling lipid which interacts with a group of G-protein receptors to
aid in the regulation of cell proliferation and immune cell trafficking476-478, However, a
potential pathogenic role for S1P in LSDs has recently surfaced. Normal lysosomal GSL
catabolism leads to the production of sphingosine, which can be converted to S1P by
sphingosine kinases#79, Figure 1.18. It has been suggested that the abnormal GLS catabolism
associated with LSDs may perturb S1P levels which in turn contributes to the
pathophysiology#80. In fact, elevated S1P levels have been detected in the plasma of FD
patients, with a strong correlation between plasma S1P levels and ventricular hypertrophy
(enlargement/thickening of the left ventricle)270. Furthermore, development of
cardiovascular abnormalities, similar to those of FD patients, has been observed in mice
treated with S1P270, Therefore, S1P may present as a useful biomarker of FD. However, some
studies have demonstrated highly variable S1P levels in plasma samples from FD
patients89, which obscures the pathogenic role of S1P. Additionally, current literature on
S1P abnormalities in LSDs is complicated. For example, whilst elevated S1P levels have been
implicated in the cardiac pathology of FD270 and the neuronal pathology of Sandhoff
disease?71, deficient S1P levels have been linked to the pathogenesis of Niemann-Pick type

C disease13. Therefore, further analysis of S1P in relation to FD pathogenesis is required.
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1.5.6 Therapeutic Strategies for Fabry Disease

1.5.6.1 Enzyme Replacement Therapy

Prior to 2001, the treatment of FD was purely palliative; fortunately, ERT was approved for
FD in Europe in 2001411483, The aim of ERT with respect to the treatment of FD is to prevent
disease progression by compensating for the underlying a-GAL deficiency and reducing the
accumulation of Gb3484485, This involves intravenous administration of recombinant human
a-GAL (r-aGAL) of which there are two available forms; Replagal® (agalsidase alfa),
produced by Shire Pharmaceuticals in a genetically engineered human cell line484, and
Fabrazyme® (agalsidase 8), manufactured by Genzyme using recombinant DNA technology
in a Chinese hamster ovary (CHO) cell line485. These products have identical amino acid
sequences to the native enzyme and only differ from one another by their glycosylation

patterns resulting from the use of different production cell lines#8s.

A number of studies have shown that biweekly administration of r-aGAL can lead to clinical
benefits for FD patients#87-492. Once intravenously injected, r-aGAL is internalised by cells
through the M6P pathway and is trafficked to the lysosome to degrade accumulated Gb3.
Importantly, injection of r-aGAL reduces the level of Gb3 in plasma, urine, skin and the
endothelial cells of the liver, kidneys and heart in a dose-dependent manner137.49,
Improvements in neuropathic pain, kidney function, cardiac function and gastrointestinal
complaints have been reported!3?7, with the risk of major clinical events such as renal
disease, cardiac events or death being significantly reduced48+485494, Importantly, ERT
provides long term stabilisation of renal complications with a favourable safety profile495.496,
Indeed, intravenous administration of r-aGAL is generally well-tolerated, with mild infusion

reactions being the most common side-effects?3’. It is generally accepted that the earlier
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treatment is begun, the greater the therapeutic benefits will be for the patient because ERT
has the potential to prevent adverse changes in the heart and kidneys if started early
enough. However, ERT is not a cure for FD and is not necessarily beneficial for all patients

because irreversible organ damage often occurs before symptoms and treatment start409.411,

One major drawback of ERT is the short circulating half-life and variable uptake of r-aGAL
by disease affected tissues497. Notably, both forms of recombinant enzyme are unable to
cross the blood-brain barrier and have little effect on neurological symptoms+97.
Furthermore, intravenous administration is often painful and inconvenient for patients,
requiring weekly hospital trips411. ERT is also very expensive, with an estimated annual cost
of €210,000 per patient, imposing a significant cost burden on health care systems#7.
Another major concern regarding ERT is the development of antibodies towards the
recombinant enzyme. The production of immunoglobulin G (IgG) antibodies to r-aGAL is
common amongst patients undergoing ERT, in fact as many as 50% of all male patients with
classic FD develop anti-drug antibodies to the recombinant enzyme498. Not only can these
antibodies cause hypersensitivity reactions which require longer infusion times and
additional medications499.500, but they also have the potential to reduce treatment efficacy
by binding to the administered enzyme and modifying its tissue distribution, metabolic
clearance, subcellular trafficking and activity499. In particular, the cross-reactivity of
antibodies to r-aGAL has been shown to affect the activity of the recombinant enzyme in
vitro5%. As a result, IgG antibodies may reduce the exposure of target organs to the
administered enzyme and reduce treatment efficacy500. Whilst recent pre-treatment
prediction models for anti-body development have been reported4%s, the lack of appropriate
biomarkers for FD complicates the evaluation of the effects of antibodies on treatment
efficacy. Consequently, the clinical relevance of antibody production remains poorly

understood500,

1.5.6.2 Pharmacological Chaperone Therapy

Another therapeutic approach is pharmacological chaperone therapy (PCT). In some cases
of FD, specific gene mutations result in misfolded a-GAL mutants. In vitro studies have
demonstrated that these mutants still exhibit partial catalytic activity, however, they are
recognised by the quality control system of the ER and degraded before they are trafficked
to the lysosome501, PCT has the potential to stabilise these mutants and ensure correct

trafficking to the lysosome for substrate degradation>02.
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The use of PCs to treat FD patients was first demonstrated in 2001, when a patient with
Fabry’s cardiomyopathy was administered with infusions of galactose411.503, Figure 1.19 (a).
These infusions were shown to increase a-GAL activity and significantly improve cardiac
manifestations503. Furthermore, these infusions were well tolerated and clinical
improvements were sustained for two years post-treatment5%3. The mechanisms by which
galactose and other reversible inhibitors enhance the stability and activity of a-GAL has
been studied extensively504505. Indeed galactose is thought to behave as a chemical
chaperone by binding to the active site of mutant a-GAL and promoting proper folding,
dimerization and processing of the enzyme503. This reduces the formation of misfolded
mutant enzyme and facilitates the transport of stabilised enzyme to the lysosome411503,
Once in the lysosome, a-GAL is further stabilised by the acidic environment and the PC
(galactose) is displaced from the active site, allowing a-GAL to hydrolyse its glycolipid
substrates and reduce the storage burden on the lysosome.
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Figure 1.19: Structures of active-site-specific chaperones (a) galactose and (b) 1-
deoxygalactonojirimycin DGJ (Migalastat). At lysosomal pH the endocyclic nitrogen of

Migalastat is protonated, allowing it to act as a transition state mimic

Further research into molecular chaperones for a-GAL led to the development of the active-
site-specific chaperone 1-deoxygalactonojirimycin (DGJ)5055, Figure 1.19 (b). DGJ was first
isolated in 1988 as a fermentation product of the soil bacterium Streptomyces lydicus507
and was later identified as a small molecular chaperone for a-GAL. Subsequently, DG] was
further developed by Amicus Therapeutics under the tradename Migalastat508509,
Migalastat is a product/transition-state analogue (the latter by virtue of its positive charge
at lysosomal pH) which mimics the terminal galactose moiety of the natural Gb3 substrate.
When used at suitable concentrations, Migalastat binds reversibly to the active site of a-GAL
and stabilises certain mutant forms of the enzyme506510. Following transport to the
lysosome, the change in pH induces dissociation of Migalastat, yielding free enzyme which
is able to hydrolyse its natural substrates504510, In initial pre-clinical studies, Migalastat was
shown to increase a-GAL activity in cultured fibroblasts derived from FD patients504509 and
in transgenic FD mice expressing mutant a-GAL511-513, In a consequent phase 1 trail with
healthy individuals, treatment with Migalastat resulted in a 2-fold increase in a-GAL activity
in white blood cells with no serious adverse side effects514. In phase 2 trials with FD patients,
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oral administration of Migalastat also lead to a 2-fold increase in a-GAL activity in the blood,
skin and kidneys, with a concomitant reduction in Gb3 and lyso-Gb3 levels515-518,
Consequently, Migalastat was approved by the EU in 2006 for the long-term treatment of
FD patients with amenable mutations517.519, However, only certain a-GAL mutations are
amenable to PCT, specifically, mutants which are prone to misfolding are likely to respond
to PCT and are termed “responsive”. In contrast, mutations which impair the full synthesis
of a-GAL or directly alter substrate binding are unlikely to respond to PCT and are termed
“non-responsive”s520, Fortunately, it is estimated that 65% of mutants associated with classic
FD and 90% of mutants associated with non-classic FD are responsive509.521, therefore, PCT

has considerable therapeutic potential for FD.

One of the main benefits of Migalastat is that it is orally available and more easily managed
in comparison to ERT517. Migalastat also exhibits a broader tissue distribution than the
recombinant enzymes. Of note, Migalastat is able to cross the blood-brain barrier and access
the CNS522, making it more appropriate for patients suffering with neurological disease.
However, structural analysis of a-GAL mutations has revealed that the most disruptive
mutants, associated with severe forms of FD, are on average the least responsive to
treatment with Migalastat52l. The requirement for “responsive” mutants presents one

limitation to the use of PCs for the treatment of FD.

1.5.6.3 Combination Therapy

More recently, adjunctive therapies have been explored in an attempt to improve the
efficacy of FD treatment. Specifically, a combination of ERT and PCT has been
investigateds20. The use of PCs to stabilise the recombinant enzyme administered in ERT
was first investigated for Pompe disease, which results from a deficiency in a-glucosidase
(a-GAA)523, In initial studies it was found that administering the molecular chaperone N-
butyl-deoxynojirimycin (NB-DNJ) with recombinant a-GAA (lysosomal a-glucosidase)
results in improved lysosomal trafficking and cellular activity of r-aGAA compared to ERT
alone523. Subsequently, studies on the combined use of DG] (Migalastat) and r-aGAL
demonstrated a considerable increase in r-aGAL activity in the plasma and skin of FD
patients treated with ERT and PCT compared to ERT alone510.522524, n fact, Migalastat was
shown to stabilise administered r-aGAL against proteolysis and against pH and temperature
dependent denaturation. This improved the circulating half-life of the recombinant enzyme,
leading to enhanced uptake by disease affected tissues and a reduction in the ECso value522.

This suggests that DG] may permit the use of smaller recombinant enzyme doses and/or
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less frequent administration in ERT whilst maintaining the same therapeutic efficacy. Given
the positive clinical effects of combination therapy and the high cost of ERT, the use of PCs

to supplement r-aGAL has become a recent focus point in the pharmaceutical industry.

1.5.6.4 Substrate Reduction Therapy

As highlighted previously, glucosylceramide synthase (GCS) is a key glycosyltransferase in
the biosynthesis of GSLs, including Gb377. Therefore, GCS is a potential therapeutic target
for substrate reduction therapy (SRT) for the treatment of FD and other sphingolipidoses525.
Specifically, inhibition of GCS should block its glycosyltransferase activity and prevent
further synthesis of Gb3. In turn, this should allow any endogenous a-GAL to slowly degrade
accumulated Gb3 and reduce the storage burden526. N-butyldeoxynojirimycin (NB-DN],
Miglustat, Figure 1.12 (a)) was one of the first compounds identified as a GCS inhibitor527.
When fed to knockout mice exhibiting Tay-Sachs527 and Sandhoff diseasel63, NB-DN]
partially corrected the lipid accumulation and disease phenotypes, providing proof of
concept to targeting GCS in SRT. However, the low inhibitory potency of this NB-DN]J limited

its use.

A well-studied and more potent GCS inhibitor is D-threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (PDMP)528-530, PDMP possess three functional groups, the phenyl
group, the fatty acid acylamide group and cyclic amine, Figure 1.20 (a), all of which can be
modified to improve specificity towards GCS331, For example, substitution of the fatty acid
acylamide group for a palmitoyl group and substitution of the morpholino group for a
pyrrolidino function yields a significantly more potent inhibitor (D-t-P4)532, Figure 1.20 (b).
Additional substitution at the phenyl group with hydroxy (D-t-pOH-P4) or ethylenedioxy
groups (D-t-EtDO-P4), Figure 1.20 (c,d), further improves the inhibitory potency,
generating inhibitors that are ~2000 times more potent than PDMP533, Whilst the exact
mode of action of such PDMP inhibitors is poorly understood, mutagenesis studies on
murine GCS have suggested that PDMP may bind to the UDP-glucose binding region of
GCS534, Regardless of the inhibition mechanism, treatment of FD lymphocytes with such
PDMP inhibitors is reported to reduce the levels of GlcCer and Gb3 by up to 70-80%531. In
fact, FD knockout mice treated with D-t-EtDO-P4 exhibited a concentration-dependent
depletion of GlcCer in the liver, spleen and kidneys535 and a reduction in renal and hepatic
Gb3 levelsS3s. Unfortunately, D-t-EtDO-P4 had little effect on the level of GlcCer in the brain
due to its inability to cross the blood-brain barrier53s. Nevertheless, these studies

demonstrated that FD should be amenable to SRT.
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Figure 1.20: Chemical structure of glucosylceramide synthase inhibitors (a) PDMP (b) D-

t-P4 (c) D-t-pOH-P4 and (d) D-t-EtDO-P4.

More recently, Ibiglustat (Genz-682452, Venglustat) has proved a potentially useful GCS
inhibitor for the treatment of FD536, Figure 1.21 (b). Indeed, Ibiglustat has been shown to
prevent the accumulation of Gb3 in cardiomyocytes of FD patients and significantly reduce
tissue levels of Gb3 and lyso-Gb3 in Fabry mice536537. Furthermore, a greater reduction in
glycolipid accumulation has been observed in mice treated with a combination of Ibiglustat
and r-aGAL compared to r-aGAL alone536, suggesting Ibiglustat may be suitable for
combination therapy. This can be rationalised by the different biodistribution of oral
Ibiglustat in comparison to intravenous r-aGAL. Notably, Ibiglustat has a more profound
effect in lowering renal and intestinal Gb3 levels and is able to cross the blood-brain
barrier536. Therefore, Ibiglustat may prove effective in combination with ERT to alleviate

neurological symptoms that cannot be treated by ERT alone.

Lucerastat (N-butyldeoxygalactonojirimycin) is a soluble, low molecular weight iminosugar
inhibitor of GCS538539, which is currently the most promising candidate for the treatment of
FD by SRT, Figure 1.21. Lucerstat has proved a selective inhibitor of GCS at physiologically
relevant pH values, showing no off-target inhibition with other related enzymes, such as
lysosomal glucocerebrosidase (GBA)539540. Importantly, Lucerastat is able to cross the
blood-brain barrier and has been shown to reduce the accumulation of GM2 gangliosides in
the brain of Sandhoff mouse models54! and deplete the storage of Gb3 in the ganglia of Fabry
mice538. Lucerastat was first tested in healthy individuals in a phase 1 clinical trial, which
demonstrated good safety, tolerability and pharmacokinetic properties538. It has also been
tested in a phase 1 open-label exploratory clinical trial with FD patients who were being
treated by ERT54L, In this trial, oral administration of Lucerastat in combination with ERT

resulted in a significant reduction in plasma Gb3 and lyso-Gb3 levels compared to ERT
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alone. Importantly Lucerastat was also well-tolerated by the FD patients54l. A phase 3
double-blind clinical trial is currently underway (NCT03425539) to assess the safety and
efficacy of Lucerastat monotherapy in FD individuals. This study is expected to end in 2022

and holds considerable promise for the development of a reliable SRT for FD.

() (b)
Figure 1.21: Chemical structure of glucosylcermide synthase inhibitors (a) Lucerastat (N-

butyldeoxygalactonojirimycin) (b) Ibiglustat (Genz-682452).

1.5.6.5 Therapies for the Future

As highlighted in section 1.4.8.4, there is considerable interest in developing gene therapies
for LSDs. Perhaps the most appealing aspect of gene therapy is that, in theory, it is a one-
time, curative approach which circumvents the need for lifelong treatment3sl. Indeed,
current therapeutic strategies for FD are incredibly costly, therefore a single gene therapy

treatment may also alleviate the financial burden currently associated with FD therapy.

In a recent 2020 study, 5 male FD patients underwent a stem cell transplant with
hematopoietic cells that were transduced with a lentiviral vector encoding the human «-
GAL enzyme542. The primary aim of this study was to evaluate the safety of stem cell
transplantation and determine whether a-GAL activity could be enhanced for phenotypic
benefit. Promisingly, a-GAL activity was detected 6 days post-transplantation and whilst the
plasma activity decreased over time, it remained above the levels typically associated with
FD over the course of the study (from Jan 2017 to Feb 2020)542. Additionally, all participants
were eligible to discontinue their ERT owing to sufficient a-GAL activity. Unfortunately,
changes in Gb3 and lyso-Gb3 levels were less convincing, nevertheless, these levels
remained generally stable and no significant safety or toxicity events were identified542. This
ground-breaking study highlights the considerable promise lentivirus-mediated gene
therapy may hold for the future of FD therapy. In fact, small scale success such as these

solidify the viability of gene therapy treatments for LSDs and other congenital disorders.

The future of gene therapy for LSDs is uncertain but it is clear that new experimental vectors
with enhanced efficiency and specificity will be required3sl. Additionally, a deeper
understanding of downstream effects on the immune system will be necessary to determine

the safety of such an approach to balance this with the potential benefits3s1
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1.6 Activity-Based Protein Profiling

In order to improve both diagnostic and therapeutic technologies for LSDs, a detailed
understanding of how the activity of certain enzymes influence the disease phenotype is
required. Whilst significant advances have been made in proteomic and genomic
approaches543, the complexity of the human proteome limits the amount of information that
can be obtained from these techniques544. Specifically, genomic and proteomic approaches
attempt to determine the importance of a protein to a given biological process through
changes in protein expression and abundance543. Given protein activities tend to be
regulated by co- and post-translational modifications, protein levels often do not directly
correlate with protein activity543545, therefore, these methods provide limited information
on the impact of protein activity in disease states. Fortunately, the technology of activity-
based protein profiling (ABPP) has expanded rapidly over the past few decades and has
proved indispensable in improving our understanding of the physiological roles of proteins
in health and disease544546. Here, an overview of ABPP will be given; details regarding the
development of ABPs for lysosomal glycosidases and their application in the study of LSDs

will be covered in Chapters 2 and 3.
1.6.1 Overview of Activity-Based Protein Profiling

ABPP offers an attractive approach for the simplification of complex proteomes by allowing
the activity of specific enzymes to be profiled within native cellular environments545547,
Specifically, this approach makes use of small chemical probes which are designed to react
with an active site residue of a target enzyme in a covalent manner to permit labelling of
only catalytically active enzyme545548549, These molecular probes, termed activity-based
probes (ABPs), comprise of three fundamental components; a reactive “warhead” group
which reacts with a catalytic residue of the target enzyme, a recognition element or linker
region which serves as a spacer between the warhead and the tag (but may also improve
the selectivity of the probe) and lastly the reporter group such as a fluorescent tag, affinity

tag, radioisotope or ligation handle545547.550551, Figure 1.22.
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Warhead  Linker Reporter Tag

OH

HOHO

Figure 1.22: (a) Generic activity-based probe structure: reactive warhead (blue), linker
(grey) and reporter tag (red). (b) Example of cyclophellitol-based ABP where the epoxide

constitutes the warhead, the triazole-amide forms the linker and Cy5 tag is the reporter.

Broadly speaking, any enzyme which forms a covalent enzyme-substrate complex during its
catalytic mechanism may be targeted by ABPs547.552, Specifically, this covalent intermediate
can be exploited for the design of ABPs which mimic the substrate and react in a similar
manner with a catalytic residue to form a covalent and irreversible enzyme-ABP complex547.
However, one of the biggest challenges is selecting an appropriate scaffold onto which the
warhead and reporter group is to be installed. Typically, natural substrates or inhibitors
are used as the initial scaffold546.547; the most notable examples being conduritol B epoxide
(CBE)553 and cyclophellitol (CP)554, Figure 1.23 (a,b). These compounds are mechanism-
based B-glucosidase inhibitors which employ an electrophilic epoxide trap to covalently
modify the enzymatic catalytic nucleophile547, Figure 1.23 (c). These inhibitors have been
used as scaffolds for the development of numerous glycosidase ABPs by alterations to the

hydroxyl stereochemistry and functionalisation with suitable reporter tags277.555-557,
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Figure 1.23: Chemical structure ofrﬂ conduritol B epoxide (CBE) and (b) cyclophellitol

(c) Generic inhibition of a mechanism of 3-glycosidase by CBE or cyclophellitol.
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Depending on the purpose of the experiment, a target enzyme may be isolated and purified
by equipping the ABP with an affinity tag or the enzyme may be directly visualised and its
activity profiled using a fluorescent tag549.558559, Alternatively, structural analysis of the ABP
in complex with the enzyme of interest may be performed to guide the development of more
potent and selective probes560-562, Figure 1.24. By selectively labelling only catalytically
active enzyme, ABPP holds advantage over proteomic techniques by permitting the
differentiation between active and non-active enzyme and allowing associations between

enzyme activity and disease phenotypes to be deduced555558563,
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Figure 1.24: General workflow of activity-based protein profiling. Use of activity-based

probes to selectively label active enzymes in complex mixtures.
1.6.2 Applications of Activity-Based Protein Profiling

Initially, ABPP focused on serine and cysteine proteases and hydrolases564565, however,
advances in the development of highly class-specific probes has led to their use in a wider
range of enzyme classes. In fact, ABPs have been developed for glycoside hydrolases546566,
kinases567, phosphatases568, methyltransferases569570 and ubiquitin ligases57t. The
expansion of ABPs to the study of GHs is arguably the most important advance in the field
of ABPP and has permitted the study of many glycosidases, ranging from human lysosomal
enzymes277.555558 to plant biomass degrading enzymes572573. The ability to generate both
broad-spectrum and enzyme specific ABPs for GHs has resulted in ABPP finding
applications in biomedical diagnostics and imaging, inhibitor and target discovery and
biotechnology547. For example, B-glucuronidase ABPs have been used to detect and monitor
the overexpression of heparanase in human tissue574, which has the potential to be used as
a diagnostic tool to track abnormal heparanase regulation in cancer development and
inflammation. Additionally, fluorescent glycosidase ABPs have been utilised for high-

throughput screening of compound libraries to identify novel inhibitors and therapeutic
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compounds>75. Specifically, this approach makes use of fluorescence polarisation ABPP
assays (FluoPol-ABPP) in which fluorescent ABPs are excited with plane polarised light and
the fluorescence emission is monitored>7s. The fluorescence polarisation signal depends on
whether the ABPs are bound to the enzyme, resulting in high signal, or if they are free in
solution, which results in a low signal. Consequently, when an enzyme is incubated with a
mixture of ABPs and potential inhibitors, any compounds which effectively inhibit the
enzyme will reduce ABP binding, leading to a loss in fluorescence polarisation signal and hit
identification575. This approach has already been employed to identify potent inhibitors of
non-lysosomal glucocerebrosidase (GBA2)575. In addition to biomedical applications, ABPP
is becoming increasingly popular in biotechnology, with fruitful applications in the study of

bacterial and fungal secretomes for the identification of biomass degrading enzymess72576,

1.7 This Work

In summary, lysosomal storage disorders are rare but debilitating metabolic disorders
which can be fatal if not detected and treated effectively. Despite advances in the field,
diagnostics and therapeutics for these disorders remain sub-optimal, with many patients
receiving a late diagnosis and treatments which are not best suited to their disease genotype
and phenotype. Improving both diagnostic and therapeutic strategies for these disorders
requires extensive knowledge of the underlying genomic and enzymatic defects and the
interplay of these in controlling disease phenotype. As discussed, ABPP is a rapidly evolving
technology which offers the ability to detect and profile enzymatic activity in vitro, in situ

and in vivo, therefore it is ideally suited to such a problem.

1.7.1 Aims of this Work

In collaboration with Prof. Hermen Overkleeft at Leiden University, the overarching aim of
this work was to aid in the development of activity-based probes (ABPs) designed for
human (-glucocerebrosidase (GBA) and a-galactosidase A (a-GAL), the lysosomal enzymes
which underpin Gaucher disease (GD) and Fabry disease (FD) respectively. Specifically, this
work aimed to use protein x-ray crystallography to analyse these ABPs at the 3D level and

provide structural data to inform the development of more potent and selective compounds.

Through separate collaborations with the Overkleeft Lab (Leiden University) and the
Vocadlo Lab (Simon Fraser University), this work further aimed to expand our structural

approach to the study of novel inhibitors and molecular chaperones for these enzymes.
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Specifically, it was hoped that structure-based optimisation supported by biochemical

methods could be used to develop more potent and selective GBA and a-GAL compounds

for use in applications such as chaperone therapy and in the generation of animal models.

To support such work, a source of active GBA enzyme would be required. Unfortunately, our

supply of commercial GBA (Imiglucerase, Cerezyme®, Sanofi Genzyme) was severely limited

and prior to this work the reliable over production of GBA had only been achieved in

industrial labs by unknown and irreproducible means. Consequently, this work also aimed

to establish an insect-baculoviral expression system for the production of non-clinical GBA.

The aims of this work are summarised as follows:

Structurally and biochemically analyse a range of galacto-configured cyclophellitol
inhibitors developed for human a-GAL and investigate any pharmacological chaperone

potential for FD- Collaboration with Overkleeft Lab (Leiden University) - Chapter 2.

Guide the structure-based development of more potent activity-based probes and

inhibitors for GBA - Collaboration with Overkleeft Lab (Leiden University) - Chapter 3.

Establish a reliable in-house expression system for the production of human GBA to

support continued efforts in developing novel GBA active compounds- Chapter 4.

Structurally investigate a novel class of cyclic allylic carbasugar inhibitors which show
pharmacological chaperone potential towards GBA- Collaboration with Vocadlo Lab

(SFU) - Chapter 5

To date, five publications and one patent have arisen from this work:

1.

R.]. Rowland, Y. Chen, I. Breen, L. Wu, W. Offen, T. ]. Beenakker, Q. Su, A. M. C. H. can den
Nieuwendijk, M. Artola, ]. M. F. G. Aerts, H. S. Overkleeft, G. ]. Davies, Design, Synthesis
and Structural Analysis of Glucocerebrosidase Imaging Agents, Chem. Eur. ]., 2021, 27,
16377-16388.

R.]. Rowland, L. Wu, F. Liu, G. ]. Davies, A baculoviral system for the production of human
B-glucocerebrosidase enables atomic resolution analysis, Acta Cryst. D, 2020, 76, 565-

580.
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3. M. Artola, C. Hedberg, R. ]. Rowland, L. Raich, K. Kytidou, L. Wu, A. Schaaf, M. ]. Ferraz,
G. A. van der Marel, J. D. C. Codée, C. Rovira, J. M. F. G. Aerts, G. ]. Davies and H. S.
Overkleeft, a-D-Gal-cyclophellitol cyclosulfamidate is a Michaelis complex analog that
stabilizes therapeutic lysosomal a-galactosidase A in Fabry disease, Chem. Sci., 2019, 10,
9233-9243.

4. M. Artola, C-L. Kuo, L. T. Lelieveld, R. ]. Rowland, G. A. van der Marel, . D. C. Codée, R. G.
Boot, G.]. Davies, ]. M. F. G. Aerts and H. S. Overkleeft, Functionalized Cyclophellitols Are
Selective Glucocerebrosidase Inhibitors and Induce a Bona Fide Neuropathic Gaucher

Model in Zebrafish, ]. Am. Chem. Soc., 2019, 141, 4214-4218.

5. S. P. Schroder, C. de Boer, N. G. S. McGregor, R. ]. Rowland, O. Moroz, E. Blagova, J.
Reijngoud, M. Arentshorst, D. Osborn, M. D. Morant, E. Abbate, M. A. Stringer, K. B. R. M.
Krogh, L. Raich, C. Rovira, J-G. Berrin, G. P. van Wezel, A. F.]. Ram, B. L. Florea, G. A. van
der Marel, ]. D. C. Codée, K. S. Wilson, L. Wu, G. ]. Davies and H.S. Overkleeft, Dynamic
and Functional Profiling of Xylanase-Degrading Enzymes in Aspergillus Secretomes Using

Activity-Based Probes, ACS Cent. Sci., 2019, 5, 1067-1078.

6. H. S. Overkleeft, G. J. Davies, J]. M. F. G. Aerts, M. Artola, R. ]. Rowland, L. Wu;
Pharmacological Chaperones for Glycosidase Treatment Therapy; W0/2020/046132A1;
2020. Also published as NL2021840.
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Chapter 2:  Inhibitors for «a-Galactosidase A:

Pharmacological Chaperones for Fabry Disease

2.1 Abstract

Fabry disease (FD) is a lysosomal storage disorder caused by inherited deficiencies in
lysosomal a-galactosidase A (a-GAL). Current treatments involve enzyme replacement
therapy and pharmacological chaperone therapy; however, both require an early diagnosis
and a means of monitoring treatment efficacy. In this regard, the Overkleeft lab (Leiden
University) synthesised a range of a-galacto configured cyclophellitol epoxide and aziridine
activity-based probes (ABPs) to profile a-GAL activity in native cellular environments. More
recently, a new class of galacto-configured a-1,6-cyclophellitol cyclosulfate inhibitors were
also developed. Here, the first ever structural analyses of these a-galacto-cyclophellitol

inactivators on the structure of recombinant human a-GAL is reported.

The a-galacto-configured cyclophellitol epoxide and aziridine compounds were shown to
inhibit r-aGAL in a mechanism-based manner, covalently modifying the catalytic
nucleophile through reaction with epoxide or aziridine warhead. Interestingly, the N-acyl
functionalised aziridine inhibited r-aGAL in the same covalent manner; whilst the N-alkyl
analogue bound non-covalently in the active site. This may provide some structural
rationale for the reduced labelling efficiency reported for N-alkyl aziridine ABPs.
Importantly, the co-crystal structure obtained with the cyclosulfate inhibitor, revealed
covalent inhibition of r-aGAL through the anticipated mechanism in which the cyclosulfate
moiety covalently modifies the catalytic nucleophile; demonstrating the potential to expand
the suite of cyclophellitol-based inhibitors by use of alternative electrophilic warheads. In
contrast, the cyclosulfamidate analogue behaves as a Michaelis Complex mimic, binding
non-covalently in the active site of r-aGAL. In preliminary in vitro thermal stability studies,
this cyclosulfamidate inhibitor was found to stabilise r-aGAL against thermal denaturation,
and our collaborators in Leiden later demonstrated a chaperoning effect in situ in various
FD fibroblasts. Therefore, this galacto-configured cyclophellitol cyclosulfamidate inhibitor

may show pharmacological chaperone potential towards a-GAL for the treatment of FD.

*Some of this work is published in (1) M. Artola, C. Hedberg, R.]. Rowland, L. Raich, K. Kytidou, L. W,
A. Schaaf, M. ]. Ferraz, G. A. van der Marel, ]. D. C. Codee, C. Rovira, ]. M. F. G. Aerts, G. ]J. Davies, H. S.
Overkleeft, Chem. Sci,, 2019, 10, 9233-9243 and (2) NL Pat, W020046132A1, 2020.
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2.2 Introduction

2.2.1 a-Galactosidase A

The human enzyme a-galactosidase A (a-GAL, E.C. 3.2.1.22) is a lysosomal glycoside
hydrolase belonging to the GH27 family of retaining a-galactosidases. a-GAL plays a key
role in glycosphingolipid metabolism by catalysing the removal of terminal a-linked
galactosyl moieties from glycoconjugates577.578. Specifically, a-GAL is responsible for
hydrolysing globotriaosylceramide (Gb3), the primary glycosphingolipid which underpins
the pathogenesis of Fabry disease, Figure 2.1.
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Figure 2.1: Hydrolysis of globotriaosylceramide (Gb3) by a.-GAL to yield lactosylceramide

(black) and galactose (red) with retention of ai-anomeric stereochemistry.

a-GAL is encoded by the GLA gene located on the long arm of the X-chromosome (Xq22.1)579.
It is primarily synthesised in the endoplasmic reticulum as a 55 kDa precursor with a 31
amino acid signal sequence that is cleaved during transit through the ER%32580, The
precursor is transferred to the Golgi apparatus where the oligosaccharides undergo
modification by the addition of mannose-6-phosphate (M6P) residues581433, Consequently
the enzyme binds to the M6P receptor and is trafficked to the lysosome via the M6P
pathway138440502, Once in the pre-lysosomal compartment, the acidic pH of the lysosome

induces dissociation of the enzyme from the M6P receptor to form a functional dimer>58o.
2.2.1.1 CAZy Glycoside Hydrolase 27 (GH27) Family

The GH27 family belongs to the GH-D CAZy clan along with 2 other GH families (GH31 and
GH36) which share the characteristic ($/a)s fold. Currently, the GH27 family contains
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enzymes from archaea, bacteria, eukaryote and viruses with known a-galactosidase, o-N-
acetylgalactosaminidase, isomalto-dextranase, -L-arabinopyranosidase and
galactan:galactan galactosyltransferase activity. Perhaps the most notable enzymes of this
family are human a-GAL and a-N-acetylgalactosaminidase, which are associated with Fabry
disease and Schindler disease respectively44l. Members of the GH27 family are exo-acting
enzymes, which cleave terminal a-galactose moieties from the non-reducing end of their
substrates®82, These enzymes are also anomeric-configuration retaining enzymes which

operate through a double-displacement catalytic mechanism577.583,

2212 Catalytic Mechanism

Retention of a-anomeric stereochemistry by GH27 members was first demonstrated in
1999 through proton NMR studies of the hydrolysis of p-nitrophenyl a-galactopyranoside
by an a-galactosidase isolated from the white-rot fungus Phanerochaete chrysosporiumb58s,
The catalytic nucleophile of this enzyme was later identified by enzymatic trapping with
fluorinated glycosides followed by pepsin digestion and mass spectrometry analysis584585,
In the case of human a-GAL, a covalently trapped 2-deoxy-2,2-difluorogalactosyl-enzyme
intermediate revealed the catalytic nucleophile to be Asp170 and the general acid/base
residue to be Asp231. Consequently, a.-GAL employs the Koshland double displacement
mechanism, using catalytic residues Asp170 and Asp231, to hydrolyse its substrates with

retention of a-anomeric stereochemistry, Figure 2.2.
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Figure 2.2: Koshland double-displacement hydrolysis mechanism of retaining a-GAL
which proceeds via a covalent glycosyl-enzyme intermediate. Asp170 is the active site

nucleophile (Nuc) and Asp231 behaves as the general acid/base residue (a/b).

Throughout the double displacement mechanism the sugar substrate undergoes substantial
changes in conformation to satisfy the stereoelectronic and orbital overlap requirements of
glycoside hydrolysis370. In 2010, a set of a.-GAL structures were published including a native

substrate-bound Michaelis complex, a trapped covalent 2-deoxy-2,2-difluorogalactosyl-
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enzyme intermediate and product-bound structure5’7. The conformation adopted by the
sugar substrate in each of these structures provided the first complete analysis of substrate
distortion throughout the enzymatic reaction. According to a Michaelis
complex—>[Transition state]*=>Covalent intermediate reaction coordinate, GH27 enzymes

employ a 4C;>[*H3]#>1S3 conformational itineraryssé, Figure 2.3.
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Figure 2.3: Conformational reaction itinerary of retaining a-galactosidases. Upon binding
in the Michaelis complex the substrate adopts a 4C; conformation to ensure the aglycon
leaving group is axially positioned for in-line nucleophilic attack. On nucleophilic attack, a
high energy transition state is formed in “Hs conformation allowing for partial
oxocarbenium double bond formation between O5 and C1. Subsequently, a covalent

glycosyl-enzyme intermediate in 1S3 conformation is formed.
2213 Structure of Human a-Galactosidase A

X-ray crystallography analysis of GH27 members was initially hindered by the high levels of
protein glycosylation. However, in 2002, the 3D structure of chicken N-
acetylgalactosaminidase (a.-NAGAL) was solved, providing the first ever structure of a GH27
enzyme>87, Subsequently, structures of the rice a-galactosidases88, human a-galactosidase

A4, and fungal Hypocrea jecorina a-galactosidase>8® were solved.

The first x-ray structure of human a-GAL was solved in 2004 (PDB 1R46)440 using a
commercially available recombinant formulation, Replagal ™ (Agalisdase Alfa, Shire Plc).
The structure was solved to 3.25 A by molecular replacement using a homology model from
the crystal structure of chicken N-acetylgalactosaminidase587, which shares 51% sequence
identity587. The refined structure revealed human a-GAL to be a homodimeric glycoprotein,
comprising of two 398-residue monomers+4, Figure 2.4 (a). The two monomers packed
together in the asymmetric unit to form a broad 75 A2 dimer interface formed by 30-
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residues from each monomer, involving loops B1-a1, Bs-0te, B7-07, Bs-cts, B11-B12 and B1s-B16449,
Figure 2.4. Each monomer consisted of two domains; a characteristic ($/a)s TIM domain
and a C-terminal domain comprised of eight antiparallel B-strands arranged in a -
sandwich#40, Figure 2.4. (b). The active site was located at the centre of the TIM barrel
domain which is characteristic of GH-D clan members. Specifically, the active site was
formed by the side chains of 15 residues from loops B1-a1, B2-az, B3-03, Ba-04, Bs-0ts, Be-0ts and
B7-a7. The distance between the two catalytic carboxylate residues (calculated as the
average distance between the four oxygen atoms) was reported to be 7.3 A, which is
considerably longer than the average distance (~4.8 A) observed for retaining a-
glycosidases590. However, members of the GH27 family exhibit some of the largest distances

seen for retaining glycosidases, suggesting the distance between catalytic carboxylate

residues could vary more than originally proposed.
(b)

Figure 2.4: First structure of human a-GAL solved by Garboczi et al. (2004)440. (a) Surface
and ribbon diagram of a-GAL dimer. N-linked glycans illustrated using Glycoblocks591. (b)
Ribbon diagram of a.-GAL monomer with TIM barrel domain I (residues 32-330) depicted
in purple and domain II (residues 331-429) consisting of an eight stranded (3-sandwich

in orange. Figure created in CCP4mg%4 using deposited PDB 1R46 coordinates.

To provide insight into substrate specificity, a crystal structure of a-GAL in complex with o-
galactose was also obtained#40. This structure revealed that a.-GAL makes hydrogen bonding
interactions to each functional group of the a-galactose ligand, demonstrating high
specificity. However, little specificity was observed for the aglycon portion of the substrate

where the active site cleft extends to a broad opening at the dimer interface.

Overall, the known structures of GH27 members are highly conserved, sharing a common
tertiary structure. Indeed, the active sites are extremely well conserved, exhibiting a pocket
shape that is consistent with the exo-mode of action of the GH27 family440587-589, The only
dissimilar residues, which tend to reside in the Bs-as loop, are thought to alter substrate

specificity by defining a binding site for a hydroxyl group or N-acetyl substituent at the C2
84



position of the galactose ring. To date, 21 crystal structures of human o-GAL have been

deposited in the PDB, Table 2.1.

2214 Glycosylation of Human a-Galactosidase A

In 1992, Desnick and co-workers achieved overexpression of human a-GAL in Chinese
Hamster Ovary (CHO) cells592, permitting biochemical analysis of a-GAL glycosylation. The
purified enzyme was treated with a number of glycosidases, including N-glycanase, O-
glycanase and endoglycosidase-F, to reveal that a-GAL is purely N-glycosylated with four
putative N-glycosylation sites (Asn139, Asn192, Asn215 and Asn408). Subsequent studies
involving exoglycosidase digestion and metabolic [3H] mannose radiolabelling, indicated
that only the first three glycosylation sites are occupieds9. The fourth putative (Asn408)
site was shown to be unoccupied, presumably due to the fact that this glycosylation site
contains the amino acid sequence Asn-Pro-Thr, which is not usually recognised by the
carbohydrate attachment machinery. This glycosylation profile was later observed in the
first x-ray structure of human a-GAL, in which each monomer exhibited three occupied N-
linked glycosylation sites at Asn139, Asn192, and Asn215449, Figure 2.5. Further studies into
the glycosylation of human a-GAL revealed that occupancy of the Asn215 site is vital to
enzymatic activity and efficient lysosomal trafficking593. Specifically, site directed
mutagenesis and immunofluorescence studies demonstrated a complete loss of enzymatic
activity on elimination of the Asn215 site in combination with either site 1 (Asn139) or site
2 (Asn192). Furthermore, mutation of the Asn215 site resulted in the synthesis of defective
polypeptides which were localized to the ER and presumably degraded593. In combination
with amino acid sequence analysis, it was concluded that occupation of the Asn215
glycosylation site is required to prevent aggregation of a nearby hydrophobic region,

thereby enhancing enzyme stability, solubility and subsequent lysosomal trafficking593.
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Figure 2.5: Glycosylation profile of first human a-GAL crystal structure (PDB 1R46)440 with
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occupation of Asn139, Asn192 and Asn215 N-glycosylation sites. Figure generated in

Privateer594 using the Glycoblock format591,
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Table 2.1: Information for all human o-GAL structures deposited in the PDB to date. CHO = Chinese Hamster Ovary

PDB Source Drug Name Ligand Res (A)  Reference

1R46 Human  Replagal None 3.25 Garman et al (2004)440

1R47 Human  Replagal a-Galactose 3.45 Garman et al (2004)440

3GXN CHO Fabrazyme® None 3.02 Lieberman et al (2009)595

3GXP  CHO Fabrazyme® «a-Galactose 2.20 Lieberman et al (2009)595

3GXT CHO Fabrazyme® 1-deoxygalactonijirimycin 2.70 Lieberman et al (2009)595

3HG2Z  Insect - None 2.30 Guce et al (2010)577

3HG3  Insect - Melibiose 1.90 Guce et al (2010)577

3HG4 Insect i 2',4’,6'-trinitrophenyl-2-deoxy-2,2-diﬂuoro-a-D- 230 Guce et al (2010)577
galactopyranoside

3HG5 Insect - a-Galactose 2.30 Guce et al (2004)577

3LX9 Insect - N-Acetylgalactosamine (GALNACc) 2.04 Tomasic et al (2004)59%

3LXA  Insect - a-Galactose 3.04 Tomasic et al (2004)59%

3LXB Insect - Glycerol 2.85 Tomasic et al (2004)59%

3LXC Insect - Glycerol 2.35 Tomasic et al (2004)59%

3S5Y CHO Fabrazyme®  1-deoxygalactonijirimycin 2.40 Guce et al (2011)597

3S5Z CHO Fabrazyme®  a-Galactose 2.00 Guce et al (2011)597

3TV8 CHO Fabrazyme® 1-deoxygalactonijirimycin 2.64 Guce et al (2011)597
(2R,35,4R,5S)-N-(4-fluorophenyl)-3,4,5-trihydroxy-2-

ANXS CHO i (hydroxymethyl)piperidine-1-carbothioamide 2.55 Yuetal (2014)2%9

6IBK CHO Fabrazyme® a-galactose configured cyclosulfamidate 1.99 Artola et al (2019)5¢1(This Thesis)

6IBM CHO Fabrazyme® a-galactose configured cyclosulfate 2.07 Artola et al (2019)5¢1 (This Thesis)

6IBR CHO Fabrazyme®  a-galactose configured cyclophellitol epoxide 2.02 Artola et al (2019)5¢1 (This Thesis)

6IBT CHO Fabrazyme® a-galactose configured aziridine 2.04 Artola et al (2019)5¢! (This Thesis)

*Table updated 26/08/21
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2.2.2 Activity-Based Probes Retaining a-Galactosidases

Activity based protein profiling has found application in the study of lysosomal storage
disorders as a unique research tool for investigating the activity of lysosomal enzymes.
Initial efforts focused on the development of inhibitors and activity based probes (ABPs) for
retaining B-glucosidases, such as -glucocerebrosidase which is implicated in Gaucher
disease599-601, The success of the tagged-cyclophellitol 3-glucosidase probes pioneered by
the Overkleeft 1ab556599.600, Jed to the development of ABPs for other glycosidases, namely

for retaining a-galactosidases such as lysosomal a-GALS02.
2.2.2.1 Galacto-Configured Cyclophellitol Activity-Based Probes

To initiate the development of cyclophellitol-based ABPs for retaining a-galactosidases,
Overkleeft and co-workers first synthesised cyclophellitol epoxide and cyclophellitol
aziridine isomers with a-galactopyranose configurations2. These o-galacto-configured
cyclophellitol isomers covalently inhibit retaining «-galactosidases through the
mechanism-based mode of action depicted in Figure 2.6 (a), in which the enzymatic
nucleophile attacks the epoxide or aziridine warhead through trans-diaxial ring opening to
form a covalent enzyme-inhibitor complex. These inhibitors are also thought to benefit from
mimicking the half-chair (*Hz) conformation of the transition state of the retaining o-
galactosidase reaction itinerary. Specifically, this 4Hz conformation places the electrophilic

warhead in line for nucleophilic attack.

The galacto-configured cyclophellitol epoxide was found to be a micromolar inhibitor of o-
GAL (apparent ICso = 13 pM), whilst the aziridine analogue proved to be a more potent
nanomolar inhibitor (apparent ICsp = 40 nM). Subsequently, these galacto-configured
cyclophellitol isomers were used for ABP development by the attachment of suitable
reporter groups at the C6 position of a-galacto-cyclophellitol epoxides or at the aziridine
nitrogen of a-galacto-cyclophellitol aziridiness56558603, Figure 2.6. Of note, N-tagged o-
galacto-cyclophellitol aziridine probes have proved selective, nanomolar inhibitors of a-
GAL, with a 103-104-fold higher potency than the epoxide derivatives (apparent ICso = 2-3
nM for N-tagged aziridines vs ICsp = 13 uM for epoxide)556558. Specifically, fluorescently
tagged N-acyl aziridine ABPs have been used to label endogenous human a-GAL and N-
acetylgalactosaminidase (a-GAL B) activity in wild-type fibroblasts with good specificity
and no cross-reactivity with retaining B-glucosidases556.558. However, the N-acyl moiety
used to introduce functionality is prone to hydrolysis, putting strain on the synthesis,
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purification and handling of these ABPs. Consequently, N-alkyl galacto-cyclophellitols were
synthesised, which have proved more stable in mildly acidic and basic conditions, making
them much easier to synthesise and handle556. Such N-alkyl probes are nanomolar inhibitors
of a-GAL (apparent ICso = 3 nM556) and have been used to directly visualise and profile a-
GAL activity both in vitro and in situ in wild-type fibroblasts556 . Although N-acyl galacto-
configured cyclophellitol aziridine ABPs exhibit a higher labelling efficiency, the improved
stability of N-alkyl aziridines makes them viable ABPs for retaining a-galactosidasessse.
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Figure 2.6: (a) General mode of action of a-galacto-configured cyclophellitol epoxide (X =
0) and aziridine probes (X = NH or NR) for retaining a-galactosidases. (b) a-galacto-
cyclophellitol epoxide functionalised at C6 position (c) N-acyl functionalised and (d) N-

alkyl functionalised a-galacto-cyclophellitol aziridine where R = reporter group.

These tagged galacto-configured cyclophellitol epoxide and aziridine probes offer a
powerful activity-based protein profiling approach to the study of a-GAL in FD because they
provide a route to analysing a-GAL activity within different phenotypic variants of the
disease. These probes also show considerable therapeutic potential, as they may be used to
monitor and evaluate the efficacy of different therapeutic approaches or aid in the screening
of pharmacological chaperones for a-GAL. Consequently, ABPs which target lysosomal

enzymes such as a-GAL are of considerable interest.
2.2.3 Inhibitors for Retaining a-Galactosidases

Specific inhibitors of glycosidases are of interest for a number of different applications,
namely mechanistic studies on the enzymes themselves, control of enzymatic activity, study
of glycoprotein processing and potential therapeutic behaviour. Several active site-directed
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inactivators of glycosidases have been described, which generally consist of a glycoside
containing reactive functionalities such as isothiocyanates, epoxides and a-
halocarbonyls604-606. However, one of the most influential classes of retaining glycosidase

inhibitors are the activated fluoro-glycosides which were pioneered by the Withers Lab.

2.2.3.1 Activated-Fluoroglycosides

2-deoxy-2-fluoro-D-glycosyl fluorides are mechanism-based inhibitors which function by
trapping the enzymatic nucleophile of retaining glycosidases in a covalent fluoroglycosyl
intermediate®07. The mode of action of these inhibitors is based on the general catalytic
mechanism of retaining glycosidases, which hydrolyse their substrates with overall
retention of anomeric stereochemistry6%8. This is achieved through a 2-step double
displacement mechanism in which the glycosidic bond of the substrate is cleaved to form a
covalent glycosyl-enzyme intermediate (glycosylation) which is then hydrolysed in a
second step to complete the enzymatic reaction and free the enzymatic nucleophile
(deglycosylation)¢9, Figure 2.2. Both the glycosylation and deglycosylation steps of this
mechanism proceed via transition states with substantial oxocarbenium ion charactersos,
Therefore, Withers and co-workers suggested that substitution of the C2-hydroxyl
(adjacent to the reaction centre) with an electronegative fluorine atom should destabilize
these transition states and decrease the rates of both glycosylation and deglycosylations?7.
Thus, 2-deoxy2-fluoroglycosides are very slow substrates, but with the inclusion of a
relatively reactive aglycone leaving group, it is possible to increase the glycosylation rate to
permit accumulation of the 2-deoxy-2-fluoroglycosyl enzyme intermediate. Therefore, if the
deglycosylation rate is sufficiently slow then this glycosyl enzyme intermediate will be

“trapped” and inhibit the enzymeé07,

Over the years, the Withers’ lab has demonstrated the success of 2-deoxy-2-fluoro-D-
glycosyl fluorides through the use of differently configured glycosides to inhibit a range of
retaining glucosidases, galactosidases and mannosidasest07.610611, [ndeed, galactosyl
fluorides have been used to identify the catalytic nucleophile of numerous GH27 family
members by the generation of trapped fluoroglycoside intermediates607.610612, [n this
regard, activated 2,2-difluorogalactosides were employed to identify the active site
nucleophile of human a-GAL577 and a-galactosidase from the white rot fungi Phanerochaete
chrysosporium584, whilst 5-fluorogalactosides were used to determine the catalytic
nucleophile of the green coffee bean a-galactosidase5ss, Figure 2.7. In the latter case, the 5-

fluoro-a-D-galactopyranosyl inhibitor was found to inhibit the green coffee beans o-
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galactosidase in a competitive and reversible manner, Figure 2.7 (b). Nevertheless, the
intermediate was sufficiently long lived to allow for proteolysis, isolation and identification
of the labelled peptide through LC-MS585. Although such fluoroglycosides have proved
incredibly useful in elucidating the mechanistic chemistry of various glycosidases, the
hydrolytic susceptibility of fluoroglycosyl-enzyme intermediates renders these inhibitors

unsuitable for certain applications.
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Figure 2.7: Reaction mechanism of a retaining o-galactosidase with (a) 24'6'-
Trinitrophenyl-2-Deoxy-2,2-difluoro-a-galactoside to form a trapped fluoroglycosyl-
enzyme intermediate and (b) 5-fluoro-a-D-galactopyranosyl fluoride to form a covalent

intermediate which is turned over by hydrolysis.
2.2.32 Cyclophellitol-Based Inhibitors

Another important class of covalent a-galactosidase inhibitors is the cyclophellitol derived
compounds. As part of their venture to design and synthesise a diverse suit of ABPs for
retaining a-galactosidases, the Overkleeft lab has produced an impressive range of galacto-
configured cyclophellitol based inhibitors556:558560, Their approach is somewhat derived
from early work by Tong and Ganem who reported a potent galacto-configured cyclic
aziridine-based inactivator which interferes with a-galactosyl hydrolysis by covalent
modification of the catalytic nucleophilleé!3. However, the key nitrogen atom of this
inactivator is part of both the piperidine and the aziridine, rendering it unavailable for
modification, Figure 2.8 (a). In contrast, the galacto-configured cyclophellitol aziridine

inhibitors developed by the Overkleeft group, which also work by covalent modification of
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the catalytic nucleophile, allow the aziridine nitrogen to be functionalisedsss, Figure 2.8 (b).
This has permitted the development of a range of N-functionalised a-galacto-cyclophellitol
aziridine inhibitors for retaining o-galactosidases, with the potential to fine tune the
inhibitory potency and selectivity of such inhibitors by altering the N-functionality556.
Indeed, these N-functionalised inhibitors provided the basis for the galacto-configured

cyclophellitol aziridine ABPs outlined previously in section 2.2.2.
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Figure 2.8: Chemical structure and mechanistic action of (a) the cyclic aziridine based a-

galactosidase inactivator reported by Tong et al.613 and (b) general galacto-configured

cyclophellitol aziridine inhibitor developed by the Overkleeft lab (R = N-acyl/N-alkyl).

Having established a number of a-galacto configured cyclophellitol epoxide and aziridine
inhibitors, the Overkleeft group expanded the range of a-galactosidase inhibitors by
synthesising an a-galacto configured cyclophellitol cyclosulfate56l. This was achieved by
substitution of the a-configured epoxide with an electrophilic cyclosulfate equivalent,
Figure 2.9 (a). Contrary to the transition state mimicking epoxide and aziridine inhibitors,
this cyclosulfate analogue adopts the 4C: conformation, behaving as a Michaelis complex
mimic560561, Such cyclosulfate inhibitor is believed to covalently modify the catalytic
nucleophile of retaining a-galactosidases according to the mechanism depicted in Figure 2.9
(b), in which the cyclic sulfate warhead is ring opened to form a covalent enzyme-inhibitor
complex561, However, prior to this work, no co-crystal structures of this inhibitor were

available to support this mechanism. Nevertheless, initial inhibition studies performed by
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the Overkleeft lab revealed this a-galacto-cyclophellitol cyclosulfate to be a selective and
irreversible inhibitor of human a-GAL, with affinity on par with the analogous cyclophellitol
epoxide (apparent ICso = 25 pM compared to 13 uM for equivalent epoxide)56l. The success
of this cyclosulfate inhibitor demonstrates how the panel of cyclophellitol-based a-GAL

inhibitors may be readily expanded by using alternative electrophilic warheads.
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Figure 2.9: (a) Chemical structure of o-galactose configured cyclosulfate,

cyclosulfamidate and cyclosulfamide compounds. (b) Predicted reaction mechanism of a-

galacto-configured cyclophellitol cyclosulfate inhibitor with a retaining a-galactosidase.
2.2.3.3 Inhibitor for Pharmacological Chaperone Therapy

In light of the considerable therapeutic potential of PCT, it is evident that potent yet
reversible inhibitors of a-GAL are required to expand the repertoire of molecular
chaperones for FD. In this regard, Overkleeft and co-workers hypothesised that substitution
of one or both of the cyclosulfate ring oxygens of the a-galacto-cyclosulfate inhibitor with a
nitrogen atom, should reduce the leaving group capacity and generate reversible a-GAL
inhibitors with potential chaperoning behaviour. Consequently, a-galacto configured
cyclosulfamidate and cyclosulfamide compounds were synthesisedss!, Figure 2.9 (a).
Unfortunately, the cyclosulfamidate compound, in which the nitrogen atom occupied the
position of the anomeric oxygen in the natural substrate, proved inactive against a-GAL and
the cyclosulfamide was found to be a very weak, reversible inhibitor of a-GAL (apparent ICso
= 423 pM). However, the alternative cyclosulfamidate compound, in which the nitrogen
occupies the C1 position, proved to be a rather good reversible a-GAL inhibitor (ICso = 67

uM, Ki = 110 pM)>561, This suite of a-galacto configured cyclosulfate and cyclosulfamidate
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compounds constitute a new generation of a-galactosidase inhibitors, which hold potential
for the development of molecular chaperones for human a-GAL. However, until the work
described in this chapter, there was no structural information on the conformation,

reactivity and binding mode of these compounds.

2.2.4 Research Aims

The aim of this work was to address the lack of structural data on the galacto-configured
cyclophellitol inhibitors designed by the Overkleeft lab. Specifically, this work aimed to
obtain 3D crystal structures of human a-GAL in complex with the classic a-galacto-
configured cyclophellitol epoxide, aziridine and N-functionalised aziridine inhibitors, as
well as the novel a-galacto-configured cyclosulfate and cyclosulfamidate inhibitors, Figure
2.10. It was hoped this work would provide structural insight into the binding and
conformation of these inhibitors to further explore the reported differences in reactivity
and potency. This work also aimed functionally characterise the cyclosulfate and

cyclosulfamidate inhibitors and investigate for potential chaperoning behaviour.
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Figure 2.10: Series of a-galacto-configured cyclophellitol inhibitors investigated for

human a-GAL in this work.
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2.3 Materials and Methods

2.3.1 Crystallisation of Fabrazyme®

Initial crystallisation screening of Fabrazyme® (generously provided by Professor Johannes
Aerts, Leiden University) was carried out using sitting-drop vapour-diffusion, set up using
a Mosquito Crystal liquid handling robot in 96 well plates. Optimisation was performed from
conditions taken from Guce et al. (2009)577 and JCSG D4 with microseeding. A seed stock of
crushed Fabrazyme® crystals was prepared in 0.2 M lithium sulfate, 0.1 M sodium acetate
(pH 4.6) and 30% PEG 8K, according to previously published protocolsé14. Working seed
stocks were prepared at 1, 1:10, 1:100, 1:1000, 1:10000 and 1:100000 dilutions. The well
solution comprised 25% PEG 4K (50%), 0.1 M sodium acetate (pH 4.6) and 0.2 M lithium
sulfate. Crystallization drops consisted of 500 nL Fabrazyme® (20 mg mL-t), 100 nL
microseeding solution and 400 nL well solution. Microseeding was optimised by varying the
seeding concentration, yielding suitable crystals under the conditions: 25% PEG 4K (50%),
0.1 M sodium acetate (pH 4.6) and 0.2 M lithium sulfate and 1:1000 microseeding.

2.31.1 Unliganded Crystal Structure

Unliganded crystals were fished from the crystallisation drops and briefly transferred to an
ethylene glycol (EG) cryoprotectant, containing 25% EG (100 %), 50 % PEG 4K (50%), 0.1
M sodium acetate (pH 4.6) and 0.2 M lithium sulfate, before flash freezing in liquid nitrogen.
Diffraction quality was tested in-house using a Rigaku micromax-007HF x-ray generator in
conjunction with an Actor robotic sample changer. Suitable crystals were sent to the

Diamond Light Source facility for full data collection.
2312 Inhibitor Complex Structures

The lyophilized inhibitors, synthesised by members of the Overkleeftlab, were resuspended
at 20 mM in HEPES buffer (20 mM, pH 7). Mother liquor solutions were prepared (25% PEG
4K (50%), 0.1 M sodium acetate (pH 4.6) and 0.2 M lithium sulfate) and supplemented with
each inhibitor to a final concentration of 4 mM. Unliganded crystals were soaked in the
inhibitor spiked mother liquor solutions for 4 hours before briefly transferring the crystals
to an EG cryoprotectant, containing 25% EG (100 %), 50 % PEG 4K (50%), 0.1 M sodium
acetate (pH 4.6) and 0.2 M lithium sulfate. The cryoprotected crystals were flash frozen in

liquid nitrogen for full data collection.
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2.31.3 Data Collection and Processing

Data for all crystals were collected at the at either the i04 or i03 beamline of the Diamond
Light Source facility. The data were processed using XIA2615616and AIMLESS617.618 data
reduction pipelines through the CCP4i2 software619. All structures were re-indexed to the
appropriate space group (P 32 2 1) and solved by molecular replacement using MOLREP#¢20
with PDB 1R46%40 as the search model. Refinement was performed using REFMACS21,
followed by several rounds of manual model building with COOT622. Idealised coordinate
sets and refinement dictionaries for the inhibitors were generated using JLIGAND623 and
sugar conformations were validated using Privateer5%4. Data collection and refinement
statistics for all the structures discussed in this work are provided in Table 2.2. All crystal

structure figures were generated in CCP4mg94.

2.3.2 Thermal Shift Assays

2.3.2.1 Effect of Inhibitors on Thermal Stability

Reactions containing Fabrazyme® (8.43 uM) and inhibitor (0 uM-1000 pM) were prepared
in PCR tubes in triplicate. Buffer (20mM HEPES, 100 mM NaCl, pH 7.4) was added to give a
reaction volume of 24 pL and a final enzyme concentration of 1 uM. The enzyme and
inhibitor were incubated for 1 hour at room temperature, after which SYPRO orange dye (1
uL, x125) was added. The PCR tubes were immediately placed in a Stratagene Mx3005P
gPCR instrument and the SYPRO orange dye was excited at Aex 517 nm. The resulting
fluorescence signal was monitored at Aem 585 nm as the temperature was ramped from 25-
95 °C at a rate of 2 °C min-l. The fluorescence signal of each sample was measured in

triplicate at each temperature increment.

Initial data analysis was performed using the JTSA software (Bond PS. JTSA. (2017).
http://paulsbond.co.uk/jtsa)é2¢. The averaged fluorescence signal was plotted against
temperature for each inhibitor concentration and the data fitted to a sigmoid-5 function to
yield fluorescence thermal stability curves. The protein melting temperature (Tm) was
determined at each inhibitor concentration from the mid-point of the stability curves. The
change in melting temperature (ATm) was calculated relative to a control with no inhibitor.
Further analysis was performed in Origin graphing software. A plot of change in protein
melting temperature vs inhibitor concentration was constructed and fitted to a 4-parameter
logistic function, allowing the theoretical maximum change in Tm (ATmmax) and the ligand

concentration required to achieve half maximal stabilisation (xo) to be determined.
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2322 Effect of pH on Thermal Stability

The thermal shift “Thermofluor” assay procedure outlined in section 2.3.2.1 was repeated
using Mcllvaine buffer (20 mM Na;HPO4 and 10 mM Citric acid) at pH 4.5, pH 5.5 and pH 7.4
in place of the HEPES/NaCl buffer to determine the effect of pH on thermal stability.

2.3.3 Enzyme Kinetics

4-Methylumbelliferyl-a-D-galactopyranoside (4-MU-aGal) was prepared at 2 mM in
Mcllvaine pH 4.5 buffer and diluted two-fold to 15.6 pM. Aliquots (25 pL) of each substrate
solution were added to a black 96-microwell polystyrene plate in triplicate. Fabrazyme®
was prepared at 40 nM in Mcllvaine pH 4.5 buffer and 25 pL was added to each well of
substrate solution, giving a final enzyme concentration of 20 nM. Activity against 4-MU-aGal
was monitored continuously over 5 minutes at room temperature by measuring the
fluorescence of liberated 4-MU (Aex 360/20 nm, Aem 450/30 nm) using a CLARIOstar
monochromator microplate reader (BMG LabTech). A linear calibration was obtained by
measuring the fluorescence of the 4-MU product (Aex 360/20 nm, Aem 450/30 nm) prepared

at serial dilutions in Mcllvaine pH 4.5 buffer.

All data were processed in Origin graphing software. A calibration curve was constructed
by plotting measured 4-MU fluorescence signal against [4-MU] concentration. The rate of
substrate hydrolysis (V) was determined at each substrate concentration and fitted by non-
linear regression to the Michaelis Menten equation (v = Vimax[S]/(Km + [S])), from which the

maximum rate of reaction (Vmax) and Michaelis constant (Kv) were determined.
2.3.4 Thermal Stability Assay

Fabrazyme® was prepared at 400 nM in kinetics buffer (Mcllvaine pH 4.5, supplemented
with 1% BSA) and added to wells of a black 96-microwell polystyrene plate. Inhibitor was
prepared at 200 uM in kinetics buffer and added to each well containing Fabrazyme® (400
nM) in a 1:1 ratio. The enzyme and inhibitor were mixed and 5 pL was immediately
transferred to 45 pL substrate prepared at 1.11 mM in kinetics buffer (time point 0 min).
The reaction was quenched with 50 pL Na;COs (1M, pH 10.3) after 2 minutes and the
fluorescence signal of liberated 4-MU was measured using a CLARIOstar monochromator
microplate reader (Aex 360 nm, Aey 450 nm). The residual activity was determined relative
to a control using the 4-MU calibration prepared in section 2.3.3. The above procedure was

repeated following incubation with the inhibitor for 120-minutes.
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Table 2.2: Collection and refinement statistics for all r-aGAL crystal structures obtained in this chapter.

Apo 1 2 3 4 5 6 Migalastat
Data collection
Space group P3221 P3:21 P3:21 P3:21 P3:21 P3:21 P3:21 P3:21
Cell dimensions
a,b,c(A) 90.9,90.9, 90.4,90.4, 90.4,90.4, 90.3,90.3, 90.4,90.4, 90.3,90.3, 90.6,90.6, 90.6,90.6,
216.7 216.3 216.6 216.0 215.8 216.0 216.5 216.4
o, By () 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120 90,90, 120 90,90, 120 90,90, 120
Resolution (A) 78.71-1.75 63.48-2.02 63.52-2.04 78.19-1.94 107.89-1.73 78.36-2.07 63.59-1.99 45.12-2.30
(1.78-1.75)* (2.07-2.02) (2.09-2.04) (1.97-1.94) (1.76-1.73) (2.12-2.07) (2.03-1.99) (2.38-2.30)
Rmerge 0.11 (0.94) 0.12 (2.52) 0.13 (2.70) 0.14 (0.98) 0.11 (0.93) 0.12 (2.17) 0.11 (2.18) 0.20 (3.60)
Rpim - 0.034 (0.778) 0.042 (0.844) - - 0.027 (0.669) 0.025 (0.684) -
CCiy2 0.999(0.591) 0.999 (0.822) 0.986 (0.810) 0.997 (0.544) 0.997 (0.664) 0.998 (0.745) 0.999 (0.732) 0.997 (0.616)
1/ol 10.8 (1.6) 11.7 (1.1) 5.6 (0.9) 8.1(1.7) 11.0 (1.8) 9.8 (1.1) 11.5 (1.2) 8.4 (0.7)
Completeness (%)  99.9 (97.0) 100.0 (100.0) 100 (99.9) 100.0 (97.8) 100.0 (99.9) 100.0 (100.0) 100.0 (99.8) 100.0 (100.0)
Redundancy 11.7 (10.6) 12.1 (12.2) 12.3(11.9) 11.9 (12.3) 11.9 (12.2) 12.2 (12.4) 12.2 (11.9) 11.9 (12.1)
Refinement
Resolution (A) 78.71-1.75 63.48-2.02 63.52-2.04 78.19-1.94 107.89-1.73 78.36-2.07 63.59-1.99 45.12-2.30
No. reflections 104048 67994 66147 75849 107192 63129 71432 46243
Rwork / Reree 0.21/0.25 0.19/0.26 0.20/0.26 0.23/0.29 0.20/0.24 0.18/0.24 0.18/0.24 0.23/0.29
No. atoms
Protein 6279 6229 6242 6279 6241 6242 6245 6240
Ligand/ion 274 345 317 293 253 409 402 169
Water 357 233 240 237 345 272 274 51
B-factors (A2)
Protein 36 55 58 46 37 58 60 70
Ligand/ion 65 82 88 74 56 92 91 96
Water 41 57 58 45 42 59 63 53
R.m.s. deviations
Bond lengths (A) 0.012 0.008 0.007 0.010 0.012 0.008 0.008 0.007
Bond angles (°) 1.55 1.54 1.53 1.53 1.63 1.57 1.58 1.59
Ramachandran
Outliers (%) 0.9 1.2 0.8 1.1 0.9 0.9 0.9 2.0
PDB - 6IBR 6IBT - - 6IBM 6IBK -
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2.4 Results and Discussion

2.4.1 Crystallisation and Structure of Fabrazyme®

Firstly, the crystallisation of r-aGAL (Fabrazyme® , a kind gift from Professor Johannes
Aerts, Leiden University) was optimised from a combination of JCSG D4 screening
conditions outlined by Guce et al. (2009)577 using sitting drop vapour diffusion with
microseeding. The final optimised crystallisation conditions were 0.2 M lithium sulfate, 0.1

M sodium acetate pH 4.6 and 25% PEG 4000 with 1:1000 microseeding, Figure 2.11 (a).

(b)

Figure 2.11: (a) Crystals of r-aGAL generated with 1:1000 microseeding (b) Diffraction

images of r-aGAL crystals taken in house at 0° and 90° respectively.

An unliganded structure of r-aGAL was obtained at 1.75 A resolution to reveal a structure
that is essentially identical to that of the previously reported structure (PDB 1R46)440but at
a much higher resolution, Figure 2.12 (a). Specifically, r-aGAL crystallised as a homodimer
in which each monomer consists of two domains: a ($/a)s domain spanning residues 32-
330 and a C-terminal domain spanning residues 332-422, Figure 2.12 (b). The second
domain contains eight antiparallel  strands arranged in a § sandwich that packs against
the ae, a7 and as helices of the first domain. The active site is located in the first domain at
the centre of the B-barrel, Figure 2.12 (b), as expected for a GH-D CAZy clan member.
Additionally, both a-GAL monomers display three N-linked glycosylation sites at residues
Asn139, Asn192 and Asn215. Of note, a high mannose N-glycan (Man;GlcNAcz-Asn) could
be modelled at Asn192 of molecule B, consistent with the importance of this N-glycosylation

site in ensuring lysosomal trafficking of r-aGAL via the M6P pathway.
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(b)

Figure 2.12: (a) Ribbon and surface diagram of r-aGAL (Fabrazyme®) dimer. N-linked
glycans are illustrated in Glycoblock format59l. (b) Each monomer comprises of two
domains: a (/a)s domain (lilac) containing the active site and a C-terminal domain

(orange) comprising of eight antiparallel 3-strands

2.4.2 3D Complexes with Galacto-configured Cyclophellitol Epoxide

and Cyclophellitol Aziridine Inhibitors

Once suitable unliganded crystals of r-aGAL were obtained, ligand-binding studies were

performed with a-galacto configured cyclophellitol epoxide (1) and aziridine (2).
2.4.2.1 Complex with Galacto-configured Cyclophellitol Epoxide Inhibitor

Data for the cyclophellitol epoxide (1) complex were collected at the i04 beamline to a
resolution of 2.02 A and solved to reveal a single molecule of 1 covalently bound to the
catalytic nucleophile (Asp170) of both r-aGAL molecules in the asymmetric unit. The
observed electron density unambiguously shows that the inhibitor has reacted with Asp170
through trans-diaxial ring opening of the epoxide trap to form a covalent enzyme-inhibitor
complex, Figure 2.13 (a). The reacted galacto-configured cyclophellitol ring adopts the 1S3
skew-boat conformation in the covalent complex, which is consistent with the conformation
of the covalent intermediate in the o-galactosidase reaction itinerary, Figure 2.3. The
reacted cyclitol also forms an extensive hydrogen bonding network in the active site,
making hydrogen bonds to Asp92, Asp93, Lys168, Glu203 and the general acid-base residue
Asp231, Figure 2.13 (b). This structure clearly demonstrates that cyclophellitol epoxide (1)
inhibits r-aGAL according to the expected mechanism-based mode of action and with a ring

conformation that is consistent with the known reaction coordinate for a-galactosidases5ge.
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Figure 2.13: (a) 3D active site structure of cyclophellitol epoxide (1) covalently bound to
the catalytic nucleophile (Asp170) of r-a.GAL by trans diaxial ring opening of the epoxide
to generate a covalent enzyme-inhibitor complex in a skew-boat 1S; conformation. 3.
Maximum-likelihood/cA weighted electron density map (2F,-F.) selected for the ligand
and Asp170 contoured to 1.2 (0.22 electrons/A3). (b) Schematic representation of the

hydrogen bonding network of 1 bound covalently to Asp170.
2.4.2.2 Complex with Galacto-configured Cyclophellitol Aziridine Inhibitor

Configurationally isomeric cyclophellitol epoxides and aziridines are often considered
interchangeable, but not equally potent, as inhibitors of retaining glycosidases?3599.600, To
investigate whether this holds true for human aGAL, a co-crystal structure in complex with
cyclophellitol aziridine (2) was obtained for comparison with epoxide (1). The co-crystal
structure was solved to 2.04 A resolution to reveal a single molecule of 2 bound covalently
to the catalytic nucleophile of r-aGAL (Asp170) through the same mechanism observed for
the epoxide (1). Specifically, aziridine warhead covalently modifies the catalytic nucleophile
through trans-diaxial ring opening to form a covalent enzyme-inhibitor complex in the
skew-boat (1S3) conformation, Figure 2.14 (a). The cyclophellitol ring also forms an identical
hydrogen bonding network to that of the epoxide equivalent, Figure 2.14 (b). Therefore, the
identical mode of binding observed for the epoxide and aziridine inhibitors suggests a-
galacto configured cyclophellitol epoxides and aziridines may be used somewhat

interchangeably as a-galactosidase inhibitors.
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Figure 2.14: (a) 3D active site structure of cyclophellitol aziridine (2) covalently bound to
the catalytic nucleophile (Asp170) of r-aGAL by trans diaxial ring opening of the aziridine
warhead to generate a covalent enzyme-inhibitor complex in a skew-boat 1S3 conformation.
Maximume-likelihood/cA weighted electron density map (2F,-F.) selected for the ligand and
Asp170 contoured to 1.2c (0.22 electrons/A3). (b) Schematic representation of the

hydrogen bonding network of 2 bound covalently to Asp170.

2.4.3 3D Complexes with N-acyl and N-alkyl Functionalised Galacto-

configured Cyclophellitol Aziridine Inhibitors

Prior to this work, N-acyl and N-alkyl functionalised cyclophellitol aziridine compounds had
already surfaced as more potent inhibitors of human GBA than the unsubstituted aziridine
equivalent (eg. ICso = 17 nM for N-alkyl cyclophellitol aziridine vs 1Cso = 0.5 pM for
unsubstituted aziridine)599. Consequently, the Overkleeft Lab synthesised a number of N-
functionalised galacto-configured cyclophellitol aziridine inhibitors for a-GAL by making
appropriate changes to the stereochemistry of the cyclophellitol moiety556. Time-course
labelling assays subsequently revealed that N-acyl galacto-cyclophellitol ABPs label a-GAL
more efficiently than the equivalent N-alkyl probes55é. This difference in labelling efficiency
was not observed for the equivalent gluco-configured cyclophellitol aziridine ABPs
developed for GBASS6. Therefore, structural analysis of the N-acyl and N-alkyl galacto-
configured cyclophellitol aziridine inhibitors on the 3D structure of r-aGAL was performed
in this work in hope of providing an explanation for the reduced labelling efficiency of N-

alkyl probes.
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2.1.1.1 Complex with N-acyl Galacto-configured Cyclophellitol Aziridine Inhibitor

Data for the complex with N-acyl galacto-configured cyclophellitol aziridine (3) were
collected at the i04 beamline to 1.94 A. The resulting electron density unambiguously shows
binding of the inhibitor to the catalytic nucleophile of r-aGAL (Asp170) by trans-diaxial ring
opening of the N-acyl aziridine moiety to form a covalent enzyme-inhibitor complex in the
expected skew-boat (1S3) conformation, Figure 2.15. Unfortunately, the electron density for
the N-acyl aziridine was limited to the carbonyl group and subsequent 3 carbon atoms,
Figure 2.15 (a). No electron density for the remaining alkyl chain and azide tag was
observed, likely owing to the high flexibility and subsequent disorder of the alkyl chain.
Nevertheless, the ring opened N-acyl aziridine was modelled extending out towards the
dimer interface. It would be prudent to note, that in contrast to GBA which is reported to
accommodate aziridine N-functionalisation in a distinct active site cleft, aGAL shows
minimal interaction with the carbon chain of the N-acyl group of 3. In fact, the carbon chain
is relatively surface exposed, protruding out from the protein. The only notable interaction
is the formation of a hydrogen bond between the carbonyl oxygen of the N-acyl group and
Cys172. Overall, this structure demonstrates that inhibition of r-aGAL by N-acyl galacto-
configured cyclophellitol aziridine 3 occurs according to the same mechanism as non-

functionalised aziridine 2 to form an almost identical covalent enzyme-inhibitor complex.
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Figure 2.15: (a) 3D activé site structure of N-acyl cyclophellitol aziridine (3) covalently
bound to Asp170 of r-aGAL by trans diaxial ring opening of the aziridine warhead to
generate a covalent enzyme-inhibitor complex in a skew-boat 1S; conformation.
Maximum-likelihood/cA weighted electron density map (2F,-F.) selected for the ligand
and Asp170 contoured to 1.2c (0.26 electrons/A3). (b) Schematic of hydrogen bonding

network of 3 bound to Asp170 in a skew-boat conformation.
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2.4.3.1 Complex with N-alkyl Galacto-configured Cyclophellitol Aziridine Inhibitor

The co-crystal structure obtained with N-alkyl aziridine inhibitor (4) perhaps provides
more insight into the reported difference in potency of N-alkyl and N-acyl ABPs. Indeed, the
N-alkyl inhibitor (4) complex was solved to 1.73 A resolution to reveal a single molecule of
inhibitor 4 bound non-covalently in the active site of both molecules in the asymmetric unit,
Figure 2.16 (a). In contrast to N-acyl analogue (3), this N-alkyl inhibitor did not covalently
modify the catalytic nucleophile of r-aGAL. This was an unanticipated finding because ABP
iterations of 4 have been shown to covalently label r-aGAL, albeit with reduced efficiency
compared to the N-acyl equivalents556. The absence of covalent binding is further mystified
by the fact the galacto-configured cyclophellitol ring adopts the expected transition state
mimicking half-chair (“Hz) conformation and forms an almost identical hydrogen bonding
network to the non-functionalised aziridine inhibitor 2, Figure 2.16 (b). Furthermore, on
inspection of the distance between the aziridine moiety and the two catalytic residues
(Asp170 and Asp231), the aziridine warhead appears readily poised for in-line nucleophilic

attack, providing no insight as to why inhibitor 4 did not covalently inhibit r-a.GAL.
‘ Asp170 (b)

Asp92 Asp93

S

Figure 2.16: (a) 3D active site structure of N-alkyl cyclophellitol aziridine (4) bound non-
covalently in r-aGAL active site adopting the half-chair 4H3; conformation. Insufficient
electron density was observed to model the azide tag. Maximum-likelihood/cA weighted
electron density map (2F,-F.) selected for the ligand contoured to 1.2c (0.30

electrons/A3). (b) Schematic representation of the hydrogen bonding network of 4.

The fact 4 was observed to bind non-covalently in the active site of r-aGAL may provide
some reasoning for the reduced labelling efficiency reported for N-alkyl probes in

comparison to the N-acyl equivalents556. Additionally, this crystal structure also provides a
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rare Michaelis Complex structure of such galacto-configured cyclophellitol inactivators,

showing how they bind in the active site before they react with the catalytic nucleophile.

244 3D Complexes with Galacto-configured Cyclophellitol

Cyclosulfate and Cyclosulfamidate Inhibitors

Following the success of cyclophellitol epoxide and aziridine glycosidase
inhibitors?3556600602 the concept was expanded to other electrophilic warheads such as
cyclic sulfates. Previous work on an a-configured 1,6-cyclophellitol cyclosulfate inhibitor
for retaining a-glucosidases, Figure 2.17 (a), demonstrated that the insertion of an a-
configured 1,2-cis-cyclic sulfate, in place of the epoxide, yields a compound favouring the
chair 4C; conformation560, This conformation mimics that of the Michaelis complex in the
reaction itinerary of a-glucosidases, readily positioning the cyclic sulfate for nucleophilic
attack, rendering this compound a potent a-glucosidase inhibitor560. Subsequent to the a-
glucosidase cyclosulfate inhibitor, a new class of a-galactosidase cyclosulfate and
cyclosulfamidate inhibitors were synthesised by the Overkleeft lab by making appropriate
changes to the stereochemistry of the cyclophellitol moiety, Figure 2.17 (b). The work
discussed in this section aimed to structurally investigate the binding mechanism of these

new inhibitors.

a/b
Figure 2.17: Chemical structure of (a) Gluco-configured a-1,6-cyclophellitol cyclosulfate

(b) Galacto-configured a-1,6-cyclophellitol cyclosulfate inhibitor (5) (c) Galacto-
configured a-1,6-cyclophellitol cyclosulfamidate inhibitor (6). (d) Predicted inhibition

mechanism of the galacto-cyclosulfate inhibitor (5).
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In initial in vitro inhibition assays performed by the Overkleeft group, a-galactosidase
cyclosulfate 5 proved to be a selective, irreversible inhibitor of human a-GAL (ICsp = 25 uM),
with affinity on par with the analogous epoxide inhibitor5¢1. Consequently, this cyclosulfate
inhibitor was expected to inhibit r-aGAL through a similar mechanism observed for the
cyclophellitol epoxide, in which the cyclic sulfate warhead is ring opened to form a covalent

enzyme-inhibitor complex, Figure 2.17 (d).
2.4.4.1 Complex with a-1,6-Cyclophellitol Cyclosulfate Inhibitor

In order to elucidate the inhibition mechanism, a co-crystal structure of r-aGAL in complex
with inhibitor 5 was obtained. The structure was solved to 2.07 A to reveal a single molecule
of 5 covalently bound to the catalytic nucleophile. As anticipated, the inhibitor had reacted
with Asp170 by ring opening of the a-1,6-cis-cyclosulfate warhead to form a covalent
enzyme-inhibitor complex in the skew-boat (1S3) conformation, Figure 2.18 (a). This is
consistent with the conformation of the covalent intermediate of the a-galactosidase
reaction itinerary and with the previous co-crystal structures of the epoxide and aziridine
inhibitors. Additionally, the reacted galacto-configured cyclophellitol ring forms hydrogen
bonds with active site residues Asp92, Asp93, Lys168, Cys172, Glu203, Arg227 and the
general acid-base residue Asp231, Figure 2.18 (b), which is almost identical to that observed

for the epoxide analogue (1) but with additional interactions with Cys172 and Arg227.
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Figure 2.18: (a) 3D active site structure with observed electron density for a-cyclosulfate
inhibitor (5) bound to Asp170 of r-aGAL to yield an enzyme-inhibitor complex adopting
a skew-boat 1S3 conformation. Maximume-likelihood/cA weighted electron density map
(2F,-F.) selected for the ligand and Asp170 contoured to 1.2c (0.21 electrons/A3). (b)

Schematic representation of the hydrogen bonding network of 5.
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This structure clearly shows that cyclosulfate 5 reacts according to the same mechanism-
based mode of action observed for the epoxide and aziridine analogues, providing validity
to the expansion of the Overkleeft probes by the use of alternative electrophilic warheads.
The successful development of this irreversible cyclosulfate inhibitor, sparked interest in
the synthesis of a non-covalent, reversible a-galactosidase inhibitor. Specifically, it was
hoped that non-covalent inhibitors with chaperone potential could be developed.
Consequently, the Overkleeft lab synthesised a cyclosulfamidate analogue (6), Figure 2.17
(c), by substituting the cyclosulfate oxygen at the C1 position of the cyclophellitol ring with
a nitrogen atom. It was proposed that this substitution would reduce the leaving group
capacity and prevent nucleophilic attack at the anomeric position. Preliminary inhibition
assays performed by the Overkleeft lab revealed 6 to be a rather good reversible inhibitor
(ICso = 67 uM, Ki = 110 uM)561, Therefore, a crystal structure of r-aGAL in complex with this

cyclosulfamidate inhibitor (6) was obtained.
2442 Complex with a-1,6-Cyclophellitol Cyclosulfamidate Inhibitor

A co-crystal structure in complex with cyclosulfamidate (6) was solved to 1.99 A resolution
to reveal unambiguous electron density for a single molecule of 6 bound non-covalently in
the active site of r-aGAL, Figure 2.19 (a). It is evident that replacing the C1 cyclosulfate
oxygen with a nitrogen does prevent nucleophilic attack on the galacto-configured
cyclophellitol warhead. As a result, the cyclosulfamidate moiety remains intact and the

inhibitor binds non-covalently in the active site, Figure 2.19.
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Figure 2.19: (a) Observed electron density for cyclosulfamidate (6) bound non-covalently
in the active of r-aGAL, adopting a chair 4C; conformation. Maximum-likelihood/cA
weighted electron density map (2F,-F.) selected for the ligand contoured to 1.2c (0.21

electrons/A3). (b) Schematic representation of hydrogen bonding network of 6.
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On further inspection, it was found that the galacto-configured cyclophellitol ring of
inhibitor 6 forms hydrogen bonds with active site residues Asp92, Asp93, Lys168, Glu203
and the catalytic acid-base residue Asp231, Figure 2.19 (b). Additionally, in contrast to the
skew-boat (1S3) conformation adopted by cyclosulfate 5, this cyclosulfamidate inhibitor
adopts a chair (4C1) conformation, which is the expected conformation for a Michaelis
complex mimic. Indeed, the observed change in ring conformation from 4C; to 1S3 on
covalent modification of the catalytic nucleophile, Figure 2.20 (c), demonstrates how these
inhibitors take advantage of the 4C;>*H3—>1S3 reaction itinerary of o-galactosidases.
Furthermore, this structural analysis suggests that configurational and conformational
mimicry of the Michaelis complex may provide a powerful strategy for the development of

potent, non-covalent inhibitors.

NS

Asp231
(a/b)

Figure 2.20: Overlay of inhibitor 5 (pink) covalently bound to Asp170 in 1S3 conformation
and inhibitor 6 (blue) bound non-covalently in 4C: conformation. Change in ring

conformation from 4C; to 1S3 on covalent modification of the catalytic nucleophile.

2.4.5 Investigating the Effect of a-1,6-Cyclophellitol Cyclosulfate on r-
o.GAL Stability

Recently, a number of the Overkleeft B-glucosidase cyclophellitol ABPs were shown to
stabilise GBA, the lysosomal enzyme associated with Gaucher’s disease, both in vitro and in
situ625, Binding of these covalent ABPs to the enzyme active site resulted in improved GBA
thermal stability and greater resistance to tryptic digestion. This stabilising effect was also
noted in cultured cells, resulting in a marked increase in lysosomal GBA activity in wild type
and mutant cell lines1%8. These cyclophellitol ABPs were proposed to improve the stability
of GBA by stabilising the “correct” enzyme folding and conformations2s. Following this work,
it was postulated that the covalent cyclosulfate inhibitor 5 may exert a stabilising effect on
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r-a.GAL. Therefore, the effect of 5 on the stability of r-aGAL was investigated in this work
using a “ThermoFluor” assay, which is a quick, temperature-based assay used to determine
the effect of varying conditions on protein stability by monitoring changes in protein
melting temperature (Tm)62¢. This approach makes use of fluorescent dyes which bind non-
specifically to the hydrophobic surfaces of proteins. When proteins denature and unfold, the
dye binds to exposed hydrophobic surfaces resulting in the expulsion of water and an
increase in fluorescence. Recording this increase in fluorescence as a function of
temperature yields a fluorescence thermal stability curve, the mid-point of which

corresponds to the Tm of the protein.

2.4.5.1 Thermal Stability Analysis

The effect of the cyclosulfate inhibitor (5) on the thermal stability of r-aGAL was
investigated by incubating Fabrazyme® with varying concentrations of 5 for 1 hour before
adding Sypro Orange dye and monitoring the fluorescence emission as the protein was
denatured by heating. Unfortunately, the resulting thermal shift curves indicate that
inhibitor 5 does not stabilise r-aGAL against thermal denaturation because no shift in the
fluorescence curves or change in protein melting temperature were observed in the

presence of the inhibitor, Figure 2.21 (b).
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Figure 2.21: (a) Thermal stability curves recorded for Fabrazyme® pre-incubated with
various concentrations of cyclosulfate inhibitor (5) for 1-hour at pH 7.4 (b) Melting
temperatures (Tm) of Fabrazyme® in the presence of various concentrations of inhibitor

5. Tm determined from mid-point of the fluorescence stability curve.

To ensure this result was genuine and the inhibitor was still functioning, the inhibitory
activity of cyclosulfate 5 against r-aGAL was investigated. Fabrazyme® (200 nM) was pre-
incubated with 100 pM of inhibitor 5 for at room temperature for 2 hours. The residual
enzymatic activity was subsequently determined through a fluorogenic substrate assay

using 4-methylumbelliferyl-a-D-galactopyranoside (4-MU-a-GAL). A 45% loss in a-GAL
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activity was observed in the presence of inhibitor 5 relative to a control, Figure 2.22,
suggesting that the cyclosulfate compound does inhibit r-aGAL. However, as only 45%
inhibition was observed after 2 hours, the Thermofluor assay was repeated with a 4-hour
pre-incubation period to ensure maximal inhibition. Unfortunately, no thermal stabilisation
of r-aGAL was observed after this extended pre-incubation, confirming that cyclosulfate 5
binds but does not stabilise r-aGAL against thermal denaturation. This was a disappointing
finding, however, there is far more interest in reversible, non-covalent inhibitors with

stabilising behaviour, hence our attention turned to the cyclosulfamidate inhibitor 6.
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Figure 2.22: Inhibition of r-aGAL by inhibitor 5. Residual enzymatic activity of r-aGAL

after 2hr pre-incubation with 100 uM inhibitor 5 showing a 45% drop-in residual activity.
2.4.6 Chaperoning Behaviour of a-1,6-Cyclophellitol Cyclosulfamidate

Currently, the iminosugar 1-deoxygalactonijirimycin (DGJ, Migalastat) is used as a
pharmacological chaperone for the treatment of FD519. Migalastat is known to bind non-
covalently and reversibly to the active site of a-GAL and when co-administered with ERT it
stabilises the enzyme and enhances its intracellular activity522. Following the successful
development of our non-covalent cyclosulfamidate o-galactosidase inhibitor (6), we
pondered whether this reversible inhibitor may also show pharmacological chaperone
potential towards a-GAL. Consequently, the chaperoning behaviour of compound 6 was

investigated through a ThermoFluor assay, as described for inhibitor 5.
2.4.6.1 Thermal Stability Analysis

Fabrazyme® was pre-incubated with various concentrations of inhibitor 6 at pH 7.4 for 1
hour before determining the Fabrazyme® melting temperature through a ThermoFluor
assay (protocol outlined previously). Encouragingly, the resulting thermal stability curves

exhibited a shift to higher temperatures with increasing inhibitor concentration,
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demonstrating an increase in Tm, Figure 2.23. This indicates that the cyclosulfamidate
inhibitor exerts a stabilising effect, protecting Fabrazyme® against thermal denaturation.
In the absence of the inhibitor, the melting temperature of Fabrazyme® was calculated to
be 51.7 °C, however, pre-incubation with 100 pM inhibitor 6 resulted in a 3.2 °C increase in
Tm. Further increasing the inhibitor concentration resulted in a concomitant increase in

Tm, with a 9.1 °C increase observed at 1000 uM inhibitor, Figure 2.23 (b).
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Figure 2.23: Effect of cyclosulfamidate inhibitor (6) on the thermal stability of r-aGAL (a)

Thermal stability curves recorded for Fabrazyme® pre-incubated with various
concentrations of 6 for 1 hour at pH 7.4. The stability curves shift to higher temperature
with increasing inhibitor concentration. (b) Table of Fabrazyme® melting temperatures

(Tm) and the change in Tm (ATm) calculated at each inhibitor concentration.

A plot of the change in protein melting temperature (ATm) vs inhibitor concentration was
constructed and fitted to a 4-parameter logistic function, Figure 2.24. This function is
commonly used in pharmacology to calculate the 1Cso and ECso values of drugs6?7. By fitting
the thermal shift data to a 4-parameter logistic function the theoretical maximum change in
protein melting temperature (ATmmax) and the ligand concentration required to achieve half
maximal stabilisation (xo) could be estimated, Figure 2.24. Consequently, ATmmax and xo
were calculated to be 12.7 + 1.1 °C and 372 + 6 uM respectively. For a small molecular
inhibitor, this theoretical maximum increase in Tm is quite significant, suggesting that
inhibitor 6 stabilises r-aGAL against thermal denaturation. Therefore, unlike the
cyclosulfate analogue (5), the cyclosulfamidate inhibitor may show potential as a novel

pharmacological chaperone for Fabry’s disease.
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Figure 2.24: Plot of ATm versus cyclosulfamidate inhibitor (6) concentration fitted to a 4-

parameter logistic function. ATmmax = 12.7 & 1.1 °C, X0 =372 £ 6 uM. Errors are fitting errors.

24.6.2  Structural Comparison of a-Cyclosulfate and a-Cyclosulfamidate Inhibitors

In an attempt to rationalise the thermal stabilisation of r-aGAL by cyclosulfamidate 6 but
not cyclosulfate 5, the two crystal structures were overlaid to investigate any structural
differences. This structural comparison revealed no significant differences in tertiary
structure or active site, Figure 2.25 (a), suggesting that the stabilisation of WT r-aGAL by
the cyclosulfamidate does not result from the enforcement of a specific protein

conformation.
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Figure 2.25: Overlay of the cyclosulfate inhibitor (5) complex crystal structure (pink)

with the cyclosulfamidate inhibitor (6) complex crystal structure (blue). No significant

difference in (a) tertiary structure or (b) active site structure is observed.

Pharmacological chaperones (PCs) are thought to enhance protein function in a number
of ways, such as inducing thermodynamic stabilisation, enforcing correct protein folding
through template-based induction or provoking changes in the folding-unfolding

kinetics628. Therefore, enforcing a specific protein conformation is not necessarily a
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feature of all PCs, as reported for the current PC Migalastat629. Whilst no considerable
changes in protein conformation were observed in complex with the cyclosulfamidate
inhibitor, it should be noted that this co-crystal structure was obtained with wild-type r-
aGAL, which likely already exists in a stable conformation. Therefore, its possible that the
reported increase in protein melting temperature results from the ability of the
cyclosulfamidate inhibitor to lock-in and stabilise the existing protein fold. Perhaps this
inhibitor would induce changes in protein conformation/folding when complexed to

mutant r-aGAL.
2.4.6.3 Structural Comparison of a-Cyclosulfamidate and Migalastat

To compare the binding of cyclosulfamidate 6 to the binding of Migalastat, a crystal
structure of r-aGAL in complex with Migalastat was obtained at 2.3 A resolution. Following
refinement, sufficient electron density was observed to model a single molecule of
Migalastat bound non-covalently in the active site, Figure 2.26 (a). Migalastat was modelled
in the expected chair 4C; conformation, however, the lower resolution of this structure
renders the ring conformation a little ambiguous. Nevertheless, Migalastat forms an
extensive hydrogen bonding network within the active site; of note is the interaction
between the endocyclic nitrogen atom and the catalytic nucleophile Asp170, Figure 2.26 (b).

Importantly, this structure is consistent with the previously deposited structures of r-aGAL

in complex with Migalastat (PDB 3GXT59, 3S5Y597) but at improved resolution.
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Figure 2.26: (a) 3D active site structure showing the non-covalent binding of Migalastat

in the active site of r-aGAL. Maximum-likelihood /oA weighted electron density map (2F,-
Fo) selected for the ligand contoured to 1.3 o (0.22 electrons/A3). (b) Schematic
representation of hydrogen bonding network of Migalastat. The endo-cyclic nitrogen of

Migalastat is likely protonated, due to the acidic pH of the crystallisation conditions.
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For structural comparison, the Migalastat and cyclosulfamidate co-crystal structures were
overlaid, revealing no substantial differences in tertiary or active site structure of r-aGAL,
Figure 2.27. In fact, all active site residues adopt almost identical conformations, with both
inhibitors binding in a similar non-covalent manner. The only notable difference lies in the
hydrogen bonding network of the two inhibitors, Figure 2.27 (b). Whilst both inhibitors
form hydrogen bonds with Asp92, Asp93, Lys168, Glu203 and Asp231, the cyclosulfamidate
forms a hydrogen bonding interaction with Asp231 through its cyclosulfamidate nitrogen

whereas Migalastat forms a hydrogen bond with Asp170 through the endocyclic nitrogen.

(@ (b)

Lys168
o Aspl70

(Nuc)

Asp9
Asp93

7

Cys172

Glu203

Arg227 D\

Asp231
(a/b)
Figure 2.27: Overlay of Migalastat (purple) and cyclosulfamidate (orange) co-crystal

structures showing similar (a) tertiary structures and (b) active site structures of r-aGAL.

The hydrogen bonding interaction of Migalastat with Asp170 has proved vital not only to
its binding but also to its controlled release when in the lysosome5%7. In a neutral
environment, such as the ER, the endocyclic nitrogen is likely protonated whilst the
carboxyl sidechain of Asp170 is likely deprotonated. This creates a strong ionic interaction
which is thought to underpin the potent binding of Migalastat. On the contrary, under acidic
conditions such as the lysosome, Asp170 is more likely to be protonated, losing the ionic
interaction which weakens the binding and perhaps permits the displacement of Migalastat
from the active site. Therefore, it has been proposed that the chaperoning behaviour of
Migalastat is dependent upon the protonation state of its endocyclic nitrogen and the
catalytic nucleophile. In light of this information, the hydrogen bonding interaction between
the nitrogen of the cyclosulfamidate inhibitor and catalytic acid-base residue may also be
important to the binding and chaperoning behaviour of this cyclosulfamidate inactivator.
Overall, the lack of structural differences between the two structures suggests these
inhibitors may bind and stabilise r-aGAL in a similar manner which does not involve

enforcing a specific protein conformation.
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2.4.6.4 Comparison of the Chaperoning Behaviour of a-Cyclosulfamidate and
Migalastat

Following structural analysis, the chaperoning behaviour of Migalastat was evaluated
through the same ThermoFluor analysis for comparison with cyclosulfamidate 6. The
resulting thermal shift curves showed a dramatic shift to higher temperatures with
increasing Migalastat concentration, Figure 2.28 (a), demonstrating a considerable increase
in Tm. For example, in the presence of 200 uM Migalastat, a 17.4 °C increase in Tm was
observed compared with the 4.6 °C increase for 200 pM 6. Subsequently, a plot of change in
protein melting temperature (ATm) vs Migalastat concentration was constructed, Figure
2.28 (b), to reveal ATmmax and xo values of 30 + 2.2°C and 66 + 33 uM respectively.
Comparing these values with those reported for cyclosulfamidate 6 (12.7 + 1.1 °C and 372
+ 6 uM), suggests that Migalastat is better at binding and stabilising Fabrazyme® against
thermal denaturation. However, the promising in vitro stabilisation of the cyclosulfamidate

inhibitor (6) warranted further investigations into its stabilising effect in situ.
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Figure 2.28: Effect of Migalastat on the thermal stability of r-aGAL (a) Thermal stability
curves recorded for Fabrazyme® pre-incubated with varying concentrations of Migalastat
for 1 hour. (b) Plot of ATm versus Migalastat concentration fitted to a 4-parameter logistic
curve. ATmmax = 30.0 + 2.2 °C and xo = 66 £ 33 uM. Errors given are fitting errors. (c)

Table of Tm and ATm observed at each Migalastat concentration.
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2.4.7 Treatment of FD Fibroblasts with a-Cyclosulfamidate and

Migalastat

All in situ work discussed in this section was performed by researchers at the Overkleeft
Lab (Leiden University) but has been included to provide greater context for the structural

and biochemical work described so far.
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Figure 2.29: In situ stabilising effect of cyclosulfamidate and Migalastat (a) Fibroblasts of
WT, classic Fabry (R301X and D136Y) and variant Fabry (A143T and R112H) were
untreated or incubated with cyclosulfamidate, Migalastat, Fabrazyme®, or a combination
of enzyme and inhibitor for 24 h. The medium was collected and o-GAL activity was
measured in the cell homogenates by a 4-MU-a-gal assay. In all cell lines co-
administration of cyclosulfamidate or Migalastat with Fabrazyme® increased
intracellular a-GAL activity compared Fabrazyme® alone. (b) a-Gal A activity is at least
two times higher in the cell culture medium of lines treated with cyclosulfamidate or
Migalastat. Reported activities are mean * stdev of two biological replicates, each with

two technical replicates. Data and figure supplied by M. Artola (Leiden University).

Fibroblasts from 5 different Fabry cell lines (wild-type, classic Fabry R301X and D136Y, and
variant Fabry A143T and 112H) were treated in situ with inhibitor 6 or Migalastat alone,
Fabrazyme® alone and a combination of Fabrazyme® and inhibitors (6 at 200 uM or
Migalastat at 20 pM), Figure 2.29. The activity of a-GAL in cell lysates and cell culture
medium was then quantified using a fluorogenic substrate assay for each cell line.
Treatment with inhibitor 6 or Migalastat alone for 24 hours had no effect on intra-cellular
a-GAL activity. However, compared to cells treated with Fabrazyme® alone, a notable
increase in intracellular activity was observed in cells treated with a combination of
Fabrazyme® and either inhibitor, Figure 2.29 (a). This increase in intracellular activity was

also accompanied by a 2-fold increase in activity in the cell culture medium, Figure 2.29 (b).
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This suggests that inhibitor 6 binds and stabilises Fabrazyme® in the cell culture medium,
leading to an increase in the amount of active enzyme available for uptake. Subsequently,
this stabilised enzyme is internalised by the cells where the reversible inhibitor dissociates
to enhance the intracellular activity. Interestingly, the stabilising effect of inhibitor 6 was
found to be time dependent, being more pronounced with longer incubation times. In fact,
a-GAL activity was found to be 1.5-2 times higher in fibroblasts treated with a combination
of Fabrazyme® and inhibitor 6 for 4 days than those treated for 24hrs. Importantly, when
co-administered with inhibitor 6 (or Migalastat), similar a-GAL activity and subsequent
correction of toxic metabolites (Gb3 and lyso-Gb3) was achieved using half the
concentration of Fabrazyme® . This demonstrates the synergy between Fabrazyme® and
Migalastat and supports the use of other pharmacological chaperones, such as the
cyclosulfamidate inhibitor 6, in combination therapy with ERT to reduce the amount of
recombinant enzyme required. These cell culture experiments are concordant with the in
vitro ThermoFluor assay results and suggest that cyclosulfamidate inhibitor (6) may behave

as a molecular chaperone for r-aGAL.

2.4.8 Effect of pH on the Chaperoning Behaviour of a-

Cyclosulfamidate and Migalastat

The improved efficacy of combination therapy was recently demonstrated through the co-
administration of Migalastat and Fabrazyme®510. An important advantage of co-
administering ERT with a stabilising pharmacological chaperone (PC) is its potential to be
effective for all Fabry patients independent of their a-GAL mutation. Furthermore, the use
of PCs may allow the recombinant enzyme dose to be reduced (as demonstrated in the cell
culture experiments by our collaborators in Leiden, Figure 2.29) or permit extended
intervals between injections. This has the potential to improve therapeutic efficacy, reduce
side effects and decrease treatment costs. However, the main drawback of Migalastat as a
PC is thatitis reported to stabilise r-aGAL at both neutral and acidic pH522626, This suggests
that Migalastat does not completely dissociate from the enzyme active site when it reaches
the acidic environment of the lysosome, which is detrimental to its chaperoning effect.
Ideally, a PC for r-aGAL should stabilise the enzyme at neutral pH during transit through
the ER but not at acidic pH when it reaches the lysosome. Consequently, the stabilising effect
of the cyclosulfamidate inhibitor was investigated at neutral and acidic pH to determine
whether its chaperoning behaviour is pH dependent. If significantly reduced stabilisation of

r-a.GAL is observed at acidic pH, then this compound may be a superior chaperone.
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2.4.8.1 pH Dependent Stability of r-aGAL

Firstly, the thermal stability of Fabrazyme® was characterised at pH 4.5 and pH 5.5, to
mimic lysosomal pH ranges, and also at pH 7.4 using a Mcllvaine buffer system. Mcllvaine is
a universal buffer composed of citric acid and disodium hydrogen phosphate which can
operate over a pH range of 2-8. Therefore, all ThermoFluor assays could be performed
under the same buffer system. The thermal shift curves obtained for the thermal
denaturation of Fabrazyme® at pH 4.5, 5.5 and 7.4 demonstrate an inherent difference in
thermal stability with varying pH, Figure 2.30 (a). Fabrazyme® appears most stable at pH
5.5, with an average Tm of 62.4 + 1.4 °C, and least stable at pH 7.4 with an average Tm of
52.6 + 0.5 °C, Figure 2.30 (b). This pH dependent thermal stability is consistent with o.-GAL
being a lysosomal enzyme which operates in the acidic environment of the lysosome.
Furthermore, these melting temperatures are concordant with those reported in

literature522.,595,626,
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Figure 2.30: pH dependent thermal stability profile of r-aGAL (a) Thermal stability curves
recorded for Fabrazyme® at pH 4.5, 5.5 and 7.4, demonstrating an inherent difference in
thermal stability at each pH. (b) Calculated Tm of Fabrazyme® at pH 4.5, pH 5.5 and pH

7.4. Values reported as average + the stdev of 4 replicates.

2482 Investigating the pH Dependence of r-aGAL Stabilisation by a-

Cyclosulfamidate

Once the pH dependent thermal stability profile of Fabrazyme® had been established, the
effect of pH on the stabilisation of Fabrazyme® by the cyclosulfamidate inhibitor (6) was
investigated. Fabrazyme® was incubated with varying concentrations of inhibitor 6 at pH
4.5,5.5 and 7.4 for 1 hour before repeating the ThermoFluor assay outlined previously. The
resulting thermal shift curves were used to calculate the Tm of Fabrazyme® at each
inhibitor concentration at each pH, Figure 2.31. The change in Fabrazyme® Tm (ATm) was

then determined relative to a control with no inhibitor.
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Figure 2.31: Thermal shift curves obtained for Fabrazyme® pre-incubated with varying
concentrations of the cyclosulfamidate inhibitor for 1 hour at pH (a) 4.5 (b) 5.5 (c) 7.4.

Larger stabilising effect against thermal denaturation evident at pH 7.4.

For a given inhibitor concentration, a comparison of the average ATm at each pH indicates
that the stabilising effect of inhibitor 6 is greater at neutral pH (pH 7.4) than acidic pH (pH
4.5 and pH 5.5), Figure 2.32 (b). Little difference in the thermal stabilisation of Fabrazyme®
was observed between pH 4.5 and pH 5.5, however, a pronounced increase in stabilisation
was observed at pH 7.4. For example, in the presence of 1000 uM inhibitor 6, the Tm of
Fabrazyme® increased by 7.3 °C and 7.0 °C at pH 4.5 and pH 5.5 respectively, however, a
10.7 °C increase was observed at pH 7.4. Moreover, this greater increase in Tm at neutral
pH was observed consistently across all the inhibitor concentrations, Figure 2.32 (b).
Consequently, a plot of ATm versus cyclosulfamidate concentration was constructed at each
pH and the average fitted to a 4-parameter logistic function, Figure 2.32 (a). From this plot,
ATmmax was calculated to be 9.7 °C + 1.2 °C,9.3°C+ 1.0°Cand 17.4 °C + 4.1 °C at pH 4.5,
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5.5 and 7.4 respectively. These values further demonstrate the enhanced stabilising effect
of inhibitor 6 at neutral pH compared to acidic pH, which is desirable for an r-aGAL
chaperone. However, the fact some stabilisation was observed at acidic pH suggests that 6
may not fully dissociate from the enzyme when it reaches the lysosome, as has been

reported for Migalastat522.626,
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Figure 2.32: (a) Plot of ATm versus cyclosulfamidate inhibitor (6) concentration at pH
4.5, 5.5 and pH 7.4. Average of duplicate experiments fitted to a 4-parameter logistic
curve; pH 4.5 ATmmax =9.7 °C £+ 1.2 °C, pH 5.5 ATmmax = 9.3 °C + 1.0 °C, and pH 7.4 ATmmax
=17.4 °C + 4.1 °C. Errors given are fitting errors (b) Average ATm values calculated for
each concentration of 6 at each pH. Values reported as average + stdev of duplicate

experiments.
2.4.8.3 Investigating the pH Dependence of r-aGAL Stabilisation by Migalastat

For comparison, the effect of pH on the stabilisation of Fabrazyme® by Migalastat was also
investigated, Figure 2.33. Contrary to the literature, Migalastat was shown to stabilise
Fabrazyme® better at neutral pH than acidic pH. For example, in the presence of 1000 pM
Migalastat, the Tm of Fabrazyme® increased by 16.9 °C at pH 4.5, whist a 23.2 °C increase
in Tm was observed at pH 7.4, Figure 2.34. This greater increase in Tm at neutral pH was
observed consistently across the range of Migalastat concentrations tested. Consequently, a
plot of ATm versus Migalastat concentration was constructed at each pH and fitted to a 4-
parameter logistic function, Figure 2.34 (a). At pH 4.5, 5.5 and 7.4 the ATmuax was calculated
tobe21.1°C+4.0°C,22.3°C+ 1.4°Cand 34.5°C + 9.0 °Crespectively. Therefore, in contrast
to the literature which reports no pH dependent stabilisation by Migalastat522626, these
thermal stability results demonstrate that under these experimental conditions Migalastat

stabilises Fabrazyme® better at neutral pH. This discrepancy may arise from the use of
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different buffering systems. During optimisation of the ThermoFluor assay in this work, it
was found that changing the buffer system could affect the extent of stabilisation by both
Migalastat and inhibitor 6. In the literature, a number of different buffers were used,
including HEPES®26, sodium acetate62¢ and sodium phosphate522 buffers, whilst in this work
the Mcllvaine buffer system was used. Furthermore, the thermal shift assays reported in
literature were performed using different buffers at different pH values, suggesting the
the buffer

thermal stability results may have been subject to interference from

componentsé26,
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Figure 2.33: Thermal shift curves obtained for Fabrazyme® pre-incubated with varying

concentrations of Migalastat for 1 hour at (a) pH 4.5 (b) pH 5.5 (c) pH 7.4. Larger

stabilising effect against thermal denaturation evident at pH 7.4.
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A comparison of the ATmm.x values and pH dependent chaperoning profiles of

cyclosulfamidate 6 and Migalastat, Figure 2.34 (c), suggest both compounds stabilise r-

oGAL against thermal denaturation at neutral and acidic pH; but both are more effective

stabilisers at neutral pH. Although the stabilising effect of Migalastat appears more

prominent, Figure 2.34 (c), the cyclosulfamidate inhibitor shows considerable potential as

a PC for FD because it significantly stabilises r-aGAL against thermal denaturation and

exhibits a similar pH dependent profile to that of Migalastat both in vitro and in-situ.
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Figure 2.34: (a) Plot of ATm versus Migalastat concentration at pH 4.5, 5.5 and 7.4.

Average of duplicate experiments fitted to a 4-parameter logistic function; pH 4.5 ATmmax

=21.1°C+ 4.0 °C, pH 5.5 ATmpmax = 22.3 °C + 1.4 °C, and pH 7.4 ATmmax = 34.5 °C + 9.0

°C (b) Average ATm values calculated for each Migalastat concentration at each pH (

stdev of duplicate experiments). (c) Comparative plot of change in protein melting

temperature (ATm) versus inhibitor concentration at pH 4.5, 5.5 and 7.4 for Migalastat

(blue) and cyclosulfamidate inhibitor 6 (pink).
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2.5 Summary

In this work, recombinant human a-galactosidase A (Fabrazyme®) was crystallised and the
binding of a number of a-galacto configured cyclophellitol based inhibitors (developed by
the Overkleeft lab, Leiden University) was investigated through crystallographic studies to

address the lack of structural data on these compounds.

The classic a-galacto configured cyclophellitol epoxide and aziridine compounds were
shown to inhibit r-aGAL by covalent modification of the catalytic nucleophile to form an
enzyme-inhibitor complex in the expected skew-boat (1S;) conformation. The N-acyl
functionalised aziridine inhibitor was also shown to covalently inhibit r-aGAL by the same
mechanism-based mode of action. Surprisingly, the analogous N-alkyl functionalised
aziridine inhibitor was found to bind non-covalently in the active site. Although there is no
obvious reason as to why this N-alkyl functionalised aziridine inhibitor did not covalently
react, this observation may account for the reduced labelling efficiency reported for N-alkyl
galacto-configured cyclophellitol aziridine ABPs in comparison to the N-acyl equivalents.
Additionally, the co-crystal structure obtained with the new galacto-configured cyclosulfate
inhibitor, revealed covalent inhibition of r-aGAL through the anticipated mechanism in
which the cyclosulfate moiety is ring opened to covalently modify the catalytic nucleophile.
This demonstrates the potential to expand the suite of galacto-configured cyclophellitol-

based inhibitors for aGAL by the use of alternative electrophilic warheads.

In contrast to the covalent inhibitors, the novel cyclosulfamidate analogue was found to bind
non-covalently in the active site of r-aGAL adopting the chair (*C;) conformation. In
preliminary thermal stability studies, this inhibitor was shown to stabilise r-aGAL against
thermal denaturation, with a greater stabilising effect at neutral pH. Consequently, our
collaborators in Leiden demonstrated that this inhibitor is capable of increasing r-aGAL
activity in-situ in Fabry Disease (FD) fibroblasts and allow for partial correction of
accumulated toxic metabolites. These results indicate that galacto-configured o-1,6-
cyclophellitol cyclosulfamidate exhibits chaperoning behaviour towards r-aGAL and may
prove valuable in the development of a new class of pharmacological chaperones for the

treatment of FD.
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Chapter 3:  Activity-Based Probes and Inhibitors for
B-Glucocerebrosidase: Generation of Gaucher Animal

Models

3.1 Abstract

Gaucher disease (GD) is the most common lysosomal storage disorder caused by inherited
deficiencies in lysosomal [-glucocerebrosidase (GBA). The development of novel
therapeutic strategies for this disorder has been somewhat limited by the lack of reliable
Gaucher animal models. Such models have previously been generated through chemical
knockdown of GBA activity using the -glucosidase inhibitors conduritol B epoxide (CBE)
and cyclophellitol, however, the broad specificity of these inhibitors has hindered their use.
In this work, a range of C6-functionalised cyclophellitol-based inhibitors and activity-based
probes (ABPs) are structurally investigated as more selective GBA inhibitors for use in
chemical knockdown studies. Structural analysis of a bi-functional cyclophellitol ABP is also

described, highlighting the potential for future ABP and inhibitor development.

Initial crystallographic studies of GBA in complex with C6 fluorescently tagged
cyclophellitol ABPs revealed a hydrophobic pocket at the dimer interface of GBA which is
capable of binding bulky hydrophobic moieties. This hydrophobic cavity appears unique to
GBA, providing a structural basis for the improved selectivity of C6-functionalised
inhibitors. Consequently, new C6-functionalised cyclophellitol inhibitors were synthesised,
which proved to be more potent and selective for GBA than CBE and cyclophellitol.
Structural evaluation of a C6 adamantane-substituted cyclophellitol inhibitor revealed
binding of the adamantyl group to the unique hydrophobic pocket, supporting the concept
that Cé6-functionalisation of cyclophellitol inhibitors improves the potency and selectivity
for GBA by taking advantage of its unique hydrophobic pocket. Consequently, our
collaborators in Leiden were able to use this inhibitor in chemical knockdown studies to

create Dario rerio zebrafish GD models with the potential to explore neuropathic disease.

*Some of the work discussed in this chapter is published in (1) M. Artola, C-L. Kuo, L. T. Lelieveld, R.
]. Rowland, G. A. van der Marel, ]. D. C. Codee, R. G. Boot, G. ]. Davies, ]. M. F. G. Aerts, H. S. Overkleeft,
J. Am. Chem. Soc. 2019, 141, 4214-4218 and (2) R.]. Rowland, Y. Chen, I. Breen, L. Wu, W. Offen, T. J.
Beenakker, A. M. C. H. can den Nieuwendijk, M. Artola, J. M. F. G. Aerts, H. S. Overkleeft, G. ]. Davies,

Chem. Eur. ], 2021, 27, 16377-16388.
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3.2 Introduction

3.2.1 B-Glucocerebrosidase (GBA)

B-Glucocerebrosidase (GBA, EC 3.2.1.45) is a 497 amino acid membrane-associated
lysosomal enzyme belonging to the GH30 family of retaining (-glucosidases630.631. GBA is
primarily responsible catalysing the degradation of glucosylceramide (GlcCer) and
glucosylsphingosine (GlcSph) by hydrolytic cleavage of the terminal -linked glucose unit
from the sphingolipid aglycone!72632, Figure 3.1. Deficiencies in GBA activity, and
subsequent glycolipid accumulation, underpin the lysosomal storage disorder Gaucher
Disease (GD)172173174, Aside from fulfilling a role in lysosomal glycolipid catabolism, GBA
also supports optimal skin function by generating free ceramide which is a key component

of the outer skin633,634,
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Figure 3.1: Hydrolysis of glucosylceramide into ceramide and glucose by GBA. Terminal

B-linked glucose moiety is cleaved with retention of -anomeric stereochemistry.

GBA is encoded by the GBA1 gene, a 7.5 kb gene located on chromosome 1q21185. nitially,
GBA is synthesised in the endoplasmic reticulum (ER) as a 58 kDa polypeptide with a 2 kDa
secretory signal sequence®3s. This signalling peptide is cleaved during transit through the
ER membrane where the protein is co-translationally glycosylated to produce a 63 kDa
high-mannose precursor185635234, This precursor is subsequently transferred to the Golgi
body apparatus where the oligosaccharides undergo further modification to yield mature
GBA as a 56 kDa complex-type glycoprotein85635234, Unlike many other lysosomal enzymes,
GBA is not phosphorylated and does not contain mannose-6-phosphate residues for
trafficking to the lysosome via the M6P pathway40. Instead, transport of nascent GBA to the
lysosome is mediated by the lysosomal membrane protein LIMP-2287.140309, To achieve

maximal activity, the 80 amino acid activator protein, Saposin C, is also required92.
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3.2.1.1 CAZy Glycoside Hydrolase 30 (GH30) Family

The GH30 family belongs to the GH-A CAZy clan along with 24 other GH families sharing the
characteristic (8/a)s TIM barrel fold and C-terminal active site636. Following work by StJohn
et al. (2010)637 on the phylogenetic analysis of GH5 family members, a number of GH5
subfamilies, including endo-B-galactanase, xylanase and glucuronoxylan xylan hydrolase
enzymes, were reassigned to the GH30 family based on sequence and structural similarities.
Currently, the GH30 family comprises of 9 subfamilies containing enzymes from bacteria
and eukaryotes with known endo-f3-1,4-xylanase, B-glucosidase, B-glucuronidase, -
xylosidase, B-fucosidase, glucosylceramidase, [3-1,6-glucanase, glucuronoarabinoxylan
endo-B-1,4-xylanase and endo-§3-1,6-galactanase activity. Of all the GH30 enzymes, human
GBA is the most studied, likely resulting from its pathogenic involvement in GD. Members
of the GH30 family are anomeric configuration-retaining enzymes which operate through a

double-displacement catalytic mechanism, Figure 3.2.

3212 Catalytic Mechanism

Although retention of B-stereochemistry by GH30 family members has not been formally
demonstrated through NMR analysis, covalent trapping of GBA with a 2-deoxy-2-fluoro-f3-
D-glucopyranosyl fluoride inhibitor unambiguously demonstrated the retaining nature of
this family of enzymesé!l. Initially, the catalytic nucleophile of GBA was incorrectly
identified as Asp443 through inhibition studies with 3H-labelled bromo-conduritol B
epoxide (Br-CBE)¢38. However, in a later study, trapping of the enzyme with a 2,4-
dinitrophenyl-3-D-2-deoxy-2-fluoroglucopyranoside (2,4,DNP-2F-Glc) inhibitor revealed
Glu340 to be the true catalytic nucleophileéll. The catalytic acid-base residue was later

identified as Glu235 through site directed mutagenesiss3°.

Glu235 (a/b) Glu235 (a/b)
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Figure 3.2: Koshland double-displacement mechanism of GBA using Glu340 as the
catalytic nucleophile (Nuc) and Glu235 as the general acid/base residue (a/b).
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Throughout the double displacement mechanism, the carbohydrate substrate undergoes
substantial changes in conformation to satisfy orbital overlap and stereochemical
requirements. According to a Michaelis complex = [Transition State]* - Covalent
intermediate reaction coordinate, GH30 enzymes employ a 1S3 - 4Hs* -4C; conformational
itinerary>69, Figure 3.3. Upon binding to the enzyme, the substrate adopts a 1S3 conformation
to ensure the aglycon leaving group is axially positioned for in-line nucleophilic attacks560.
On nucleophilic attack, a high energy transition state is formed in a 4Hz conformation which
is stabilised by lone-pair delocalisation over the partial 05-C1 double bond560640,

Subsequently, a covalent glycosyl-enzyme intermediate is formed in a 4C1 conformation>560.
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Figure 3.3: The Michaelis complex = [Transition State]* - Covalent intermediate

itinerary of GH30 B-glucosidases following 1S3 = [¢H3]* = 4C; conformations.
3.2.1.3 Structure of Human GBA

In 2003, the Sussman group solved the first ever structure of human GBA to 2.0 A (PDB
10GS)641 using a mercury heavy atom derivative of the recombinant enzyme Cerezyme®
(Sanofi Genzyme, USA). To aid crystallisation, Cerezyme® was treated with N-glycosidase F

to remove the oligosaccharides before crystallising using hanging-drop vapour diffusion641.

The refined x-ray structure revealed human GBA to be a homodimeric glycoprotein which,
following removal of the 40-amino acid signalling sequence, consists of two 497-residue
monomersé4!, Figure 3.4 (a). Each monomer comprised of three non-contiguous domains; a
three-stranded anti-parallel B-sheet domain flanked by a perpendicular amino-terminal
strand and loop, an immunoglobulin-like (Ig) domain consisting of two closely associated
[-sheets, and a characteristic ($/a)s TIM barrel domain, Figure 3.4 (b). The active site was
located at the centre of the B-barrel, demonstrating that Asp443, which was originally
proposed as the catalytic nucleophile, cannot be directly involved in catalysis because it is

located within the immunoglobulin like domain far away from the active site. The average
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distance between the two catalytic carboxylate residues of the catalytic dyad was estimated
to be ~5.2 A, which is consistent with the average distance (~5.3 A) observed for retaining

B- glucosidases>82:59%,

Figure 3.4: First structure of GBA solved by the Sussman groupé41. (a) Surface and ribbon
diagram of GBA dimer with a single N-glycosylation site at Asn19. (b) Ribbon diagram of
GBA monomer with a three-stranded anti-parallel [-sheet domain (green), an
immunoglobulin like domain (blue) and a (3/a)s TIM barrel domain shown (yellow). N-
linked glycans are illustrated using Glycoblocks591. Figure created in CCP4mg%4 using

deposited 10GS PDB coordinates.

Several polar residues have been identified in and around the active site which stabilise the
active site and hold the substrate in place through an extensive hydrogen bonding
networks368. Indeed, most active site residues are reportedly sensitive to ligand binding and
are capable of adopting multiple conformations depending on the substrate bounds42.
Additionally, numerous aromatic residues (Phe128, Trp179, Tyr244, Phe246, Tyr313,
Trp381 and Phe397) were found to line one side of the active site pocket, potentially
controlling substrate recognition and specificity. Further to this, substrate docking studies
with the natural GlcCer substrate, revealed that only the glucose moiety can be
accommodated in the active-site pockett4l. The binding of the fatty acid portion remains
poorly understood, however, the fatty acid chains are thought to project out from GBA and
embed into the lipid bi-layer or interact with the activator protein, saposin C (SapC)¢4L. This
is supported by the identification of a ring of hydrophobic residues around the active-site

entrance which may facilitate interactions of GBA with the lysosomal membrane or SapCé41.
128



This first structure of GBA was partially deglycosylated, exhibiting a single N-linked
glycosylation site at Asn19¢41, However, a crystal structure of fully glycosylated Cerezyme®
(PDB 2]J25) was later obtained and the protein structure was found to be virtually identical,
alleviating concerns that partial deglycosylation might alter the 3D structure of GBAS43.
Interestingly, structural alignment of this Cerezyme® crystal structure with that of xylanase
(PDB 1NOF)644, a bacterial GH reassigned to the GH30 family, shows a high level of similarity
between the active-site structures, Figure 3.5. Specifically, this alignment yields nine
identical residues and two similar residues within 5 A of the catalytic dyads; Glu340 and
Glu235 for Cerezyme® and Glu253 and Glu165 for xylanase. This structural comparison not
only supports the reassignment of xylanase from the GH5 family to the GH30 family but also

demonstrates the structural similarity observed across GH30 family members.
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Figure 3.5: Structural alignment of the active sites of Cerezyme® (PDB 2]25)643 in green
and bacterial xylanase (PDB 1NOF)644 in yellow. The nine identical active site residues
which occupy almost identical conformations are displayed, showing high

correspondence between the two active sites. Figure created in CCP4mg%+.

Since the first structure of GBA obtained in 2003, numerous structures of GBA in complex
with a variety of covalent and non-covalent ligands have been reported, with 41 crystal

structures of human GBA deposited in the PDB to date, Table 3.1.

3.2.14 N-Glycosylation of GBA

In an initial composition study, Takasaki et al. (1984)305 characterised the oligosaccharide
composition of human placental GBA, revealing N-linked high mannose-type
oligosaccharides and a series of complex-type triantennary and biantennary
oligosaccharides. In contrast to most other lysosomal enzymes, GBA was shown to exhibit

incomplete outer chains, with no phosphorylation or mannose-6-phosphate residues3°s.
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This observation led to the hypothesis that GBA is transported to the lysosome via a M6P

independent pathway, which was later identified to be mediated by LIMP-2287,140309,

Five potential N-glycosylation sites have been identified for GBA (Asn19, Asn59, Asn146,
Asn270 and Asn462) all of which are conserved between the human and murine enzymesé45.
However, only the first four N-glycosylation sites are thought to be occupiedé46. Although
post-synthesis modification of the N-glycan composition has little effect on the stability or
activity of GBA¢7, inhibiting initial glycan synthesis by expressing human cDNA in bacterial
systems (or using tunicamycin-treated insect cells), results in the generation of catalytically
inactive enzyme forms647. This demonstrates that the glycosylation of GBA is essential for
the synthesis and maintenance of a catalytically active conformer. In particular, occupancy
of the Asn19 glycosylation site has proved vital for the production of catalytically-active
GBA by facilitating co-translational folding of the enzyme during synthesis648219,
Additionally, molecular dynamic simulations have shown that occupancy of the Asn19
glycosylation site lowers the root-mean-squared deviation (RMSD) of the catalytic residues
Glu340 and Glu235, bringing them closer together and potentially stabilising the catalytic
dyadsé4°. In contrast, the other four glycosylation sites are thought to aid proteolytic stability

but are not essential for catalytic activitys6s.

In light of these glycosylation requirements, it became apparent that GBA cannot be
produced in prokaryotic systems and more complex eukaryotic expression systems which
retain all the necessary post-translational modifications are required647.650. For example,
Cerezyme®®, one commercially available form of recombinant GBA (rGBA), is expressed
in a Chinese hamster ovary cell line (CHO)313. Whilst the resultant rGBA is catalytically
active, further glycosylation modifications are required to ensure the enzyme is internalised
by macrophages when administered to GD patients in enzyme replacement therapy (ERT).
Specifically, Cerezyme® is sequentially deglycosylated with a range of enzymes to yield high
mannose-terminated N-glycans320651652, Although Cerezyme® exhibits five potential N-
glycosylation sites?19, a crystal structure of fully glycosylated Cerezyme® (PDB 2]25)
revealed that only three of the N-glycosylation sites, Asn19, Asn59 and Asnl146, were
occupieds43. This structure also showed that all the glycosylation sites are adjacent to empty
cavities in the crystal, thus allowing placement of the glycans in these spaces without

generating steric clashes that would hinder crystallisationé43.
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Table 3.1: Information for all the human GBA structures deposited in the PDB to date. CHO = Chinese hamster ovary, Baculo = Baculovirus expression

PDB Source Drug Name Ligand Res (A) Reference

10GS  CHO Cerezyme® None 2.00 Dvir et al. (2003)¢41

1Y7Vv. CHO Cerezyme® Conduritol-B-epoxide 2.40 Premkumar et al. (2005)653

2F61 CHO Cerezyme® None 2.50 Liou et al. (2005)¢54

2]25 CHO Cerezyme® None 2.90 Brumshtein et al. (2006)643

2NSX  CHO Cerezyme® Isofagomine 2.11 Lieberman et al. (2007)368

2NTO0  CHO Cerezyme® Glycerol 1.79 Lieberman et al. (2007)368

2NT1  CHO Cerezyme® None 2.30 Lieberman et al. (2007)368

2V3D  Plant Taliglucerase  N-butyl-deoxynojirimycin 1.96 Brumshtein et al. (2007)¢55

2V3E Plant Taliglucerase ~ N-nonyl-deoxynojirimycin 2.00 Brumshtein et al. (2007)655

2V3F Plant Taliglucerase ~ None 1.95 Shaaltiel et al. (2007)323

2VTO Plant Taliglucerase =~ Conduritol-B-epoxide 2.15 Kacher et al. (2008)65¢

2WCG  Plant Taliglucerase  N-octyl(cyclic guanidine)-nojirimycin 2.30 Brumshtein et al. (2009)657

2WKL Human  Velaglucerase  None 2.70 Brumshtein et al. (2010)320

2XWD CHO Cerezyme® 5-N,6-0-[N’-(n-octyl)iminomethylidene]nojirimycin 2.66 Brumshtein et al. (2011)¢58

2XWE CHO Cerezyme® 5-N,6-S-[N’-(n-octyl)iminomethylidene]-6-thionojirimycin ~ 2.31 Brumshtein et al. (2011)658

3GXD CHO Cerezyme® None 2.50 Lieberman et al. (2009)59

3GXF CHO Cerezyme® Isofagomine 2.40 Lieberman et al. (2009)59

3GXI CHO Cerezyme® None 1.84 Lieberman et al. (2009)59

3GXM CHO Cerezyme® None 2.20 Lieberman et al. (2009)59

3KEO Baculo - None 2.70 Wei et al. (2011)65°

3KEH Baculo - None 2.80 Wei et al. (2011)65°

3RIL CHO Cerezyme® (3S,4R,5R,6S)-azepane-3,4,5,6-tetrol 2.40 Orwig et al. (2011)660

3RIK CHO Cerezyme® (3S,4R,5R,6S)-1-(2-hydroxyethyl)azepane-3,4,5,6-tetrol 2.48 Orwig et al. (2011)660

5LVX Human - Quinazoline modulator 2.20 Zheng et al. (2018)061

6MOZ CHO Cerezyme® Pyrrolidine triazole iminosugar 2.10 M-Bailen et al. (2019)662

6Q1P  CHO Pharmacological chaperone norIMX8 1.80 Santana et al (to be published)
6Q1N  CHO Pharmacological chaperone IMX8 2.53 Santana et al (to be published)
6Q6K  CHO Cerezyme® Cy5 tagged cyclophellitol activity-based probe 1.92 Artola et al. (2019)5¢2 (This Thesis)
6Q6L  CHO Cerezyme® Adamantyl cyclophellitol inhibitor 1.81 Artola et al. (2019)562 (This Thesis)
6Q6N  CHO Cerezyme® Biphenyl cyclophellitol inhibitor 1.63 Artola et al. (2019)5¢2 (This Thesis)
6TJK CHO Cerezyme® None 1.56 Rowland et al. (2020)¢¢3 (This Thesis)
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6T]]
6TJQ
6TN1
6YTP
6YTR
6YV3
6YUT
6Z39

6731
7NWV

Baculo
Baculo
Baculo
CHO
CHO
CHO
CHO
CHO

Baculo
Baculo

Cerezyme®
Cerezyme®
Cerezyme®
Cerezyme®
Cerezyme®

Bis-tris-propane
2-deoxy-2-fluoro-B-D-glucopyranosyl fluoride

None

Azide tagged cyclophellitol epoxide

Cyclophellitol Aziridine

Galacto-configured cyclophellitol aziridine

N-acyl functionalised cyclophellitol aziridine
BODIPY-tagged cyclophellitol and N-acyl cyclophellitol
aziridine

Bi-functional cyclophellitol aziridine activity-based probe
BODIPY-tagged cyclophellitol activity-based probe

1.59
1.41
0.98
1.70
1.70
1.80
1.76
1.70

1.80
1.86

Rowland et al. (2020)¢¢3 (This Thesis)
Rowland et al. (2020)¢¢3 (This Thesis)
Rowland et al. (2020)¢¢3 (This Thesis)
Rowland et al. (2021)¢64
Rowland et al. (2021)¢¢4 (This Thesis)
Rowland et al. (2021)¢64
Rowland et al. (2021)¢64
Rowland et al. (2021)¢¢4 (This Thesis)

Rowland et al. (2021)¢¢4 (This Thesis)
To be published (This Thesis)

*Table updated 26/08/21
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3.2.2 Activity-Based Probes and Inhibitors for B-Glucosidases

3221 Quinone Methide Probes

In early work, activity-based probes (ABPs) making use of quinone methide chemistry were
developed to trap and label a variety of B-glucosidases552. Such probes typically comprised a
glucose recognition head, a hydroxy-benzylic fluoride moiety, a linker and a biotin reporter
groups52, Figure 3.6. These quinone methide probes function through a rather convoluted
mechanism in which the glycosidic bond between the glucose and hydroxy-benzylic fluoride
moiety is cleaved by the target enzyme, leading to 1,6-elimination of the fluoride group and the
generation of a reactive quinone methide intermediate5s2. This intermediate then traps a
nearby nucleophile of the target enzyme, resulting in labelling of the enzyme with a biotin group
which can be used to isolate, detect and enrich the protein of interest552. These probes appeared
to be effective in labelling purified glycosidases but cross-reactivity with other glycosidases was
observed in complex mixtures552. This was attributed to the indiscriminate and diffuse nature
of the quinone methide group which is released upon probe hydrolysis. Therefore, ABPs with

greater selectivity and specificity were desired.
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Figure 3.6: General reaction mechanism of quinone methide ABP with retaining a (-
glycosidase. Glucose moiety binds to the enzyme and is hydrolysed to release fluoride and
reactive quinone methide intermediate which reacts with a nearby enzymatic nucleophile to

label the target enzyme.
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3222 Fluoroglycoside Inhibitors and ABPs

In 1988, Withers and co-workers reported a novel class of mechanism-based inhibitors for
retaining glycosidases. These inhibitors were based on the 2-deoxy-2-fluoroglycoside scaffold,
which reacts with the catalytic nucleophile of retaining glycosidases to form a long-lived
covalent intermediate that accumulates due to the destabilising effect of the fluorine atom on
deglycosylationt07.665, Further development resulted in the generation of probes with
radioactive 18F reporter tags or a C6 azide tags for two step labelling with phosphine reporter
groups, Figure 3.7. These probes permitted the visualisation of retaining B-glucosidases in
complex mixtures, with two-step ABPP being successfully utilised for the detection of (3-

glucosidases in cell lysates®¢s.
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Figure 3.7: Two-step activity-based labelling of a generic -glucosidase with azide equipped
fluoroglycoside inhibitor and phosphine reporter group through the bioorthogonal

Staudinger-Bertozzi ligation reaction.

More recently, the Withers lab reported the development of a new class of fluorosugar
glycosidase inactivators, which bear tuneable phosphorous-based leaving groupséss, Figure 3.8.
These inactivators react with GBA over 4000-time faster than the parent 2-deoxy-2-fluoro-[3-
D-glucosyl fluoride and have the potential to incorporate lipid-like substituents at the
phosphate head to mimic the ceramide portion of the natural substrate®¢é, In a similar fashion
to the Withers’ fluoroglycosides, Hekmat and colleagues also developed a fluorosugar-based
probe equipped with a biotin tag via a cleavable disulfide linkerés?. This probe was used to
isolate and profile a number of retaining 3-glycosidases, leading to the discovery of a new 3-

1,4-glycanase from the soil bacterium Cellulomonas fimié67. However, a potential disadvantage
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of 2-deoxy-2-fluoroglycoside ABPs is that the enzyme-inhibitor complex is slowly hydrolysed,
with reported lifetimes ranging from seconds to months585668, Nevertheless, 2-deoxy-2-
fluoroglucosidase probes have been successfully converted into probes for other glycosidases,

including galactosidases®65, hexosaminidases®68, xylanases and cellulases576.

OH (?/KO OH o /1

0
o\(oO O\]/O

Figure 3.8: Inactivation of GBA by phosphorous bearing 2-deoxy-2-fluoro-3-D-glucoside

where R1/Rz = 0-alkyl or O-benzyl substituents.
3223 Conduritol B Epoxide and Cyclophellitol-Based Inhibitors and ABPs

As discussed in Chapter 1 (section 1.6.1), conduritol B epoxide (CBE) and cyclophellitol are
irreversible mechanism-based (-glucosidases inhibitors which covalently react with the
catalytic nucleophile of a target enzyme through trans-diaxial ring opening of the electrophilic
epoxide trap669. This results in the formation of a covalent enzyme-inhibitor complex which,
unlike the fluoroglycoside-enzyme intermediate, cannot be hydrolysed. By equipping CBE with
various reporter groups, this inhibitor has been used to study the activity of wild-type and
mutant GBA670.653, However, the poor selectivity of CBE results in off-target inhibition of other
glycosidases, specifically the related class of a-glucosidases. In contrast, cyclophellitol is a more
potent and selective mechanism-based inhibitor of retaining (-glucosidases owing to its
differing C5 substituenté6®. CBE features a hydroxy group at the C5 position, whilst
cyclophellitol possesses a hydroxymethylene moiety. This change in C5 substituent disrupts the
symmetry of the molecule and appears to considerably enhance the potency and specificity of
cyclophellitol towards retaining 3-glucosidasesss9. In light of this, Overkleeft and co-workers
developed a number of cyclophellitol-based ABPs by incorporation of fluorescent reporter
groups and ligation handles at the C6 position of the cyclophellitol moiety¢%9, Figure 3.9 (a). For
example, substitution of the C6 hydroxyl with an azide ligation handle results in a potent
inhibitor which was used to profile GBA activity through two step labelling using copper(I)-
catalysed azide-alkyne cycloadditions00.601, Interestingly, direct instalment of a BODIPY

fluorophore at the Cé6-position of the cyclophellitol moiety resulted in a one-step ABP which
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labelled human GBA with a much higher potency than the two-step azide ABP%. These
“Overkleeft” probes have proved superior to CBE probes and have since been used to directly
visualise GBA activity in vitro in cultured cells and in vivo in mice600555, Applications of these
cyclophellitol ABPs in monitoring and evaluating treatment efficacy for GD have also been

demonstrateds00.

Following the success of the cyclophellitol based ABPs, Overkleeft and co-workers expanded
their panel of B-glucosidase ABPs by substituting the epoxide warhead with an aziridine
functionality559599, Figure 3.9 (b). These aziridine ABPs have proved more potent -glucosidase
inhibitors than the equivalent epoxides and have been used to selectively label multiple -
glucosidases, including GBA and GBA25%. A considerable advantage of the cyclophellitol
aziridine ABPs is they permit additional functionalisation of the probe by substitution at the
aziridine nitrogen549, allowing the potency and specificity of the probes to be fine-tuned for
different glucosidases. Subsequently, a number of N-acyl and N-alkyl functionalised
cyclophellitol aziridine ABPs were synthesised599.55, Figure 3.9 (c, d), which proved to be
nanomolar inhibitors of GBA in vitro and in situ556. However, the N-acyl aziridine ABPs were

prone to hydrolysis and more difficult to synthesise and handle than the N-alkyl analogues5%°.

o)
R R OH JK/R OH R
o) NH N N
HO HO HO HO
OH OH OH OH
(@) (b) (©

(d)
Co/ko

| ©o o
R XH R = BODIPY red
X OH BODYIP green
) g ——HO Cy5
HO g HO
OH X=0orNH

g I
Figure 3.9: Chemical salcture of (a) C6 functionalised cyclophellitol epoxide ABP (b) C6

functionalised cyclophellitol aziridine ABP (c) N-acyl aziridine ABP (d) N-alkyl aziridine ABP.

(e) General reaction mechanism of cyclophellitol based ABP with a retaining [3-glucosidase.

The discussed cyclophellitol epoxide and aziridine ABPs function by taking advantage of the (3-
glucosidase conformational reaction itinerary>560. Specifically, the cyclophellitol moiety of these

ABPs adopts the transition state mimicking half-chair (*Hs) conformation, which ensures that
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the epoxide or aziridine warhead is readily positioned for nucleophilic attack when ABP binds
to the enzyme active site560556, Figure 3.9 (e). Following covalent modification of the catalytic
nucleophile, the cyclophellitol ring adopts the chair 4C; conformation, mimicking the
conformation of the covalent intermediate in the [(-glucosidase reaction itinerarys’L.

Consequently, these ABPs behave as covalent mechanism-based inactivators.

3.2.3 Animal Models for Gaucher Disease

It has long been appreciated that animal models are extremely important tools in studying
disease pathogenesis, diagnosis and treatment. In the case of GD, mice are commonly used to
generate Gaucher models because the nucleotide and corresponding amino acid sequence of
murine GBA is > 80 % identical to the human proteiné45. However, the generation of viable

Gaucher animal models has proved challenging, Table 3.2.

The first non-genetic mouse model for GD was generated in 1975 through a chemical-
knockdown approach using CBES$72. In this seminal work, Kanfer et al. treated mice with CBE
through daily intravenous injection®72. Following 3-weeks of treatment, the tissue and plasma
activity of GBA was reduced by 93% with a concomitant accumulation of GlcCer in the spleen,
liver and brainé72. This chemically-induced model was further enhanced by injecting mice with
a combination of CBE and GlcCer, which resulted in increased glycolipid burdené73. This
optimised model was subsequently used to demonstrate the success of gene therapy in
restoring GlcCer levels in liver macrophages674. Interestingly, neurological manifestations could
also be induced by increasing the CBE dosage and frequency of administration67s. However,
these neurological symptoms were not reversed upon removal of CBE and the mice died within
weeks of the last injection®75. The irreversibility of these neurological manifestations suggested
that neurological disease may not be reversible in humans, further emphasising the importance
of early diagnosis and therapeutic intervention. Unfortunately, the broad specificity of CBE has

since limited its use in the generation of GD animal models through chemical knockdown.

3.2.3.1 Genetic Models

The first genetic mouse model of GD was generated in 1992 using a genetic knockdown
strategy with a null allele¢76. This model mimicked the GD2 phenotype with significantly

reduced GBA activity and accumulation of GlcCer in the liver, spleen, brain and lungs. However,

137



these mice died during the neonatal period due to skin permeability issuest76677, severely
restricting their use. Nevertheless, these models provided some insight into the skin
phenotypes associated with GD2 and indicated that defects in epidermal biochemistry could

be used to discriminated between GD2 and GD3 patientss7s.

An alternative approach utilising single insertion mutagenesis has also been used to generate
Gaucher mouse models678. Specifically, mice with the RecNcil (L444P/A456P) mutation and
mice homozygous for the L444P mutation have been produced through this mutagenesis
approaché79. Both models exhibited reduced GBA activity in the liver, brain and skin but died
soon after birth due to compromised skin functioné7. Although the RecNcil model was
sufficiently long lived to investigation the role of GBA in skin function¢8?, the lethality of these
models limited their applications. However, in 2002, the Proia group generated longer lived
L444P homozygous mice by crossing L444P heterozygous mice with heterozygous genetic
knock-out mice lacking the gene for glucosylceramide synthase (GCS)¢8l. These models
exhibited some GD manifestations and survived beyond the neonatal periodé8l. However, no
accumulation of GlcCer was detected and a number of GD features were not observedsst.
Nevertheless, this model did provide some insight into the involvement of the immune system

in GD pathophysiology and was also used in initial PCT studies3¢s.

Mice with other missense mutations, namely V294L, D409H and D409V, have also been
generated¢78. These models had considerably improved lifetimes with residual GBA activity 4-
10% of the normal range. However, no considerable phenotypic abnormalities were
observeds78682, Surprisingly, generating a model homozygous for the N370S mutation proved
incredibly challenging. Whilst this is a relatively mild mutant in humans, mouse models with
this mutation typically died within 24 hours of birth due to skin defects82. Interestingly, no
relationship between skin phenotype and GBA activity could be deduced, suggesting that mice
and humans degrade GlcCer in the skin differently. In fact, a number of mouse strains have
resulted in phenotypes which are not analogous to those seen in GD patients with the same
mutations®78, This highlights the importance of environmental factors and other modifiers in
determining phenotype. Nevertheless, these mutant mice have been used to test various

experimental treatments, such as L-type calcium channel blockers to enhance GBA foldings8s.

In an alternative strategy, mice carrying GBAI point mutations were crossed with mice

carrying null alleles to generate mice with significantly reduced GBA activity. These mice
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experienced  significant GlcCer accumulation and extreme phenotypic responsesssz.
Consequently, these models proved incredibly useful in studying therapeutic approaches, such

as adeno-associated viral (AAV) mediated gene therapy®84 and SRT348357,

In 2006, the first conditional GD mouse model was generated through genetic knock-out of the
GBA1 gene using Cre-LoxP recombination3?. Cre-LoxP combination is a site-specific
recombinase technology which makes use of Cre recombinase to perform deletions, insertions
translocations or inversions at specific DNA sites dictated by the loxP site85. This approach has
generated viable and long-lived GD mouse models390 which have been used to assess the
therapeutic benefits of bone marrow transplantation and gene therapying in treating the
skeletal symptoms associated with GDé78. A similar Cre-LoxP system has also been used to
generate mice exhibiting more severe visceral phenotypes264 and neuronal mouse models
exhibiting rapidly-progressive neurological disease¢sé. In fact, this was the first mouse model
to recapitulate the neurological aspects of GD, providing a basis for investigations into the
underlying pathological mechanism and experimental treatmentsé’8. A number of other
conditional neuronal mouse models have since been established to study the progression of

neurological manifestations and altered macrophage marker expression687.688,

More recently, Jackson et al. (2019)¢8° developed a novel neuronopathic GD model from an
existing GD model. The original D409V homozygous model yields mice with mild neurological
symptoms which better represent GD1. In an effort to increase the severity of the neurological
symptoms, GBA activity in the CNS of D409V homozygous mice was reduced by administering
adeno-associated virus encoding a microRNA against GBA1 (AAV- miR-GBA)¢89. This microRNA
is a small non-coding RNA molecule which prevents translation of GBA by binding to the
messenger RNA6%. The administration of AAV-miR-GBA was shown to cause progressive
neurological manifestations, which typically occurred at ~ 10 weeks of age. These mice were
viable for up to 36 weeks which, in combination with the progressive nature of neurological
symptoms, allowed for pre-symptomatic, early stage and late stage administration of
therapeutics689. Typical neurological symptoms included neurological impairment, motor
dysfunction, inflammation, hyperactivity and ataxia. Furthermore, these symptoms could be
prevented in the pre-symptomatic stage by administering miRNA resistant GBA, demonstrating
that the neuropathological effects are due to miRNA induced GBA reduction68d. More

importantly, these neurological manifestations are consistent with those observed in
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neuronopathic GD3 pateints689. It is hoped the slow progression of neurological disease and

increased lifespan of these mice will render them suitable for therapeutic testing.

3.2.3.2 Non-Murine Models

Whilst mouse models remain the most common animal model, two non-murine GD models have
been described. The first was an Australian Sydney Silky dog which exhibited reduced GBA
activity, increased GlcCer levels and neurological manifestations691692, The second non-mouse
model was a naturally occurring neuronal GD sheep®93. Mutation analysis revealed the presence
of two homozygous missense mutations, making this sheep the first neuronal GD model to

result from spontaneous mutation®9%.

Although significant progress has been made in the development of GD animal models,
considerable work is still required to ensure such models can faithfully recapitulate the human
disease. Ideally, animal models should have long enough life spans to demonstrate differing

disease states and severity, whilst permitting the evaluation of various therapeutic strategies.

Table 3.2: Timeline and summary of Gaucher disease murine models discussed in this work.

Year Generation Method Genotype Application

1975 Chemical knockdown with CBE®672 - Efficacy of gene therapy

1992  Genetic knockout with null allele¢76 GBA+ Investigate skin pathology

1998 Point mutation®679 RecNcil, Investigate skin pathology

2002 Point mutation cross with null allele®8!  1.444P/1.444P  Therapeutic evaluation

2003 Point mutation®82 V394L Testing therapeutic options
D409H Testing therapeutic options
D409V Testing therapeutic options

2003  Point Mutation682 N370S -

2006 Conditional knockout Cre-LoxP39° - Evaluate gene therapy

2007 Conditional knockout68e - Investigate neuropathology

2008 Conditional knockoutt75 - -

2010 Conditional knockout Mx1-Cre-LoxP26% - Testing therapeutic options

2019 AAV-mediated miRNA interference®® D409V/D409V Investigate neuropathology

3.2.33 Potential for PD Models

It should be noted that certain mutant GBAI models are also of interest as models for PD.
Specifically, the D409V mutant has been identified as a particularly useful mutant for PD
because it exhibits drastically reduced GBA activity which is thought to contribute to the

accumulation and aggregation of a-synuclein694695. However, most of the D409V models
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described previously are not widely accessible to the wider research community. Consequently,
the Michael ]. Fox Foundation for Parkinson’s Disease (M]FF), founded in 2000, has sponsored
the  development and  distribution of a wide range of PD tools

(https://www.michaeljfox.org/research-tools-catalog)6%, including the generation of a new

GBA1 D409V knockout model which is widely available through The Jackson Laboratory

repository (www.jax.org/strain/019106).

3.2.4 Inhibitors for Chemical Knockdown Animal Models

There is considerable demand for more potent and selective GBA inhibitors for GD research. In
particular, highly specific GBA inhibitors are required for the generation of GD animal models
through chemical knockdown. As highlighted previously, chemical knockdown approaches
using CBE and cyclophellitol have yielded unreliable models with poor viability. Such problems
are thought to be a consequence of the low specificity of these inhibitors which leads to off-
target inhibition of other glycosidases. Specifically, cyclophellitol inhibits GBA and non-
lysosomal glucosylceramidase (GBA2) with approximately equal efficiency?77, whilst CBE
exhibits off target inhibition with lysosomal a-glucosidase (GAA)¢97, GBA26%98 and lysosomal 3-
glucuronidase (GUSB)6%.

Although the Overkleeft cyclophellitol-based ABPs can induce changes in the system at hand
when covalently bound, it has been proposed that these ABPs and their equivalent inhibitors
may be suitable for the generation of GD animal models through chemical knockdown. This
strategy has traditionally employed CBE to inhibit endogenous GBA and induce GD
manifestations. However, given that cyclophellitol is a more potent and selective (3-glucosidase
inhibitor, it is hoped that cyclophellitol-based inhibitors will be more reliable for the generation
of GD animal models. Indeed, following primary studies within the Davies group, which
indicated that the presence of bulky hydrophobic tags at the C6 position of cyclophellitol ABPs
drastically improves their specificity for GBA5%, we questioned whether cyclophellitols bearing
hydrophobic moieties at the C6-position would be suitable inhibitors for generating chemical
knockdown Gaucher animal models. This hypothesis was further incentivised by reports from
the Vocadlo lab (Simon Fraser University) on a range of fluorogenic substrates, featuring
fluorophores at C6 of B-glucoside, which proved to be very selective GBA substrates in situ700.
Therefore, the Overkleeft lab synthesised a number of Cé6-substituted cyclophellitols as

potentially more selective GBA inhibitors for use in chemical knockdown studies.
141



3.2.5 Research Aims

This work aimed to structurally analyse a number of C6-functionalised cyclophellitol-based
compounds, Figure 3.10, which were synthesised by the Overkleeft lab as more potent GBA
inhibitors for use in chemical knockdown studies. Specifically, this work sought to establish
how GBA is able to structurally accommodate bulky C6-substituents and how this may be
exploited for the development of more selective inhibitors. In addition, this work also aimed to
structurally evaluate a bi-functionalised aziridine ABP, which was synthesised by the
Overkleeft lab following the hypothesis that bi-functionalised ABPs may exhibit enhanced

potency for GBA in comparison to the C6-functionalised cyclophellitol analogues.

7 R=R1
8 R=R2
9 R=R3
10 R=R4

_&7
N OH /#\/\O
> . R3=$N | O
HO HO N
11 R=R1
S O
Ru - g_N\/\’/\/\
N=N

Figure 3.10: Chemical structure of cyclophellitol based ABPs (7, 8 and 11) and inhibitors (9

and 10) investigated in this work.
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3.3 Materials and Methods

3.3.1 Crystallisation of Cerezyme®

Prior to crystallisation, Cerezyme® (a kind gift from Professor Johannes Aerts, Leiden
University) was deglycosylated with PNGase F (New England Biolabs (NEB)) for 5 days at room
temperature (performed by Liang Wu (University of York)). Crystallisation screening was
performed using hanging drop vapour diffusion based on conditions outlined by Dvir et al.
(2003)641. Crystals of rGBA were obtained using a 1:1 (v/v) ratio of Cerezyme® (1uL, 9.1 mg mL-
1) and well solution comprised of 1.1 M ammonium sulfate, 0.1 M sodium acetate, 0.04 M

potassium chloride and 0.19 M guanidine hydrochloride.
3.31.1 Unliganded Crystal Structure

Unliganded crystals were fished from the crystallisation drops and briefly transferred to 2ZM
lithium sulfate cryoprotectant containing 0.1 M sodium acetate buffer (pH 4.6), 0.04 M
potassium chloride and 0.17 M guanidine hydrochloride. Crystals were flash frozen in liquid
nitrogen prior to in-house diffraction testing using a Rigaku micromax-007HF X-ray generator
in conjunction with an Actor robotic sample changer. Suitable crystals were sent to the

Diamond Light Source facility for full data collection.
3312 Complexes with C6-functionalised ABPs (7) and Inhibitors (9, 10) and

Each inhibitor was prepared at 20 mM in HEPES buffer (20 mM, pH 7.4) and diluted to 2mM (in
mother liquor comprising 1.5 M ammonium sulfate, 0.125 M sodium acetate (pH 4.6), 0.05 M
potassium chloride and 0.19 M guanidine hydrochloride. Unliganded crystals were soaked in
the inhibitor spiked mother liquor solutions for 4 hours before transferring to a lithium sulfate

cryo-protectant and freezing in liquid nitrogen for data collection.
3.3.13 Complex with BODIPY-ABP (8) and Bi-functionalised ABP (11)

Each ABP was prepared at 20mM in 100 % DMSO before diluting to 2 mM in mother liquor
containing 0.2 M sodium sulfate, 0.25 M HEPES pH 7.0, 14% (v/v) PEG 3350 and a final DMSO
concentration of 10%. Unliganded recombinant GBA crystals (prepared in Chapter 4) were

briefly soaked in the ABP spiked mother liquor solution and fished from the drop as soon as
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crystal damage from the high DMSO concentration became apparent. The crystals were then

transferred to an ethylene glycol cryoprotectant (25%) before flash freezing in liquid nitrogen
3314 Data Processing and Structure Determination

Data for the unliganded crystal were collected at the 103 beamline whilst data for the co-crystal
complexes were collected at the i04_1 (7), i04 (8, 11) and i24 (9, 10) beamlines. For all
structures, data were processed using the XIA2615616 and AIMLESS617.618 data reduction
pipelines through the CCP4i2 software619. The unliganded and C6-functionalised inhibitor
complex structures were solved by molecular replacement using MOLREP$20 with the previous
GBA PDB (2NTO0) as the homologous search model. The bi-functional ABP complex structure
was solved by molecular replacement using PDB 6TJK. For all structures, refinement was
performed using REFMACS2t followed by several rounds of manual model building with
COO0Ts22 Idealised coordinate sets and refinement dictionaries for the ligands were generated
using JLIGANDS23 and sugar conformations were validated using Privateers94. Data collection

and refinement statistics for all structures discussed in this chapter can be found in Table 3.3.
3.3.2 In-Solution Fluorescence Labelling

3.3.2.1 Time dependent labelling

Cerezyme®was prepared at 200 nM in 150 mM Mcllvaine buffer pH 5.2 (with 0.1 % (v/v) Triton
X-100 and 0.2 % (w/v) sodium taurocholate) and incubated at 37 °C with 200 nM 7. A 5 pL
sample was taken at 10, 20, 30 and 60 min and denatured with Laemmli dye (3x) by heating at

95 °C for 5 minutes.
3.32.2 Concentration dependent labelling

GBA produced in an insect-baculovirus expression systeméé3 (see chapter 4) was diluted to
200 nM in 150 mM Mcllvaine buffer pH 5.2 (with 0.1 % (v/v) Triton X-100 and 0.2 % (w/v)
sodium taurocholate) and ABP 7 was added to 150, 100, 50, 10, 1, 0.1, 0.01 or 0.001 nM in a
reaction volume of 10 pL. The reactions were incubated at 37 °C for 30 mins and then denatured

with Laemmli (x3) sample buffer at 95 °C for 5 minutes.

All ABPP samples were resolved by electrophoresis on a 10% SDS-PAGE gel and scanned on

fluorescence using an Amersham Typhoon 5 Imager (GE Healthcare) with Agx 635 ; A gm 665 nm.
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Table 3.3: Data collection and refinement statistics for all rGBA crystal structures discussed in this chapter. BEVS = insect-baculovirus expression

Apo 7 8 9 10 11
Protein Source Cerezyme® Cerezyme® BEVS Cerezyme® Cerezyme® BEVS
Data collection *Chapter 4 *Chapter 4
Space group C222 C222 P12:1 C222 C222 P12:1
Cell dimensions
a,b,c(A) 110.1,285.8,91.9 110.6,2859,92.3 52.9,1584,68.2 1104,6285.2,91.9 110.2,285.1,92.0 53.1,76.7,68.0
By () 90, 90, 90 90, 90, 90 90, 102,90 90, 90, 90 90, 90, 90 90, 102,90
Resolution (A) 77.43-1.71 77.52-1.92 158.42-1.86 72.13-1.63 71.98-1.81 76.67-1.80
(1.74-1.71)* (1.95-1.92) (1.89-1.86) (1.66-1.63) (1.84-1.81) (1.80-1.84)
Rmerge 0.115 (2.226) 0.161 (1.623) 0.119 (0.843) 0.101 (1.609) 0.132 (1.661) 0.207 (2.351)
Rpim 0.046 (0.873) 0.064 (0.647) 0.049 (0.345) 0.047 (0.735) 0.061 (0.757) 0.084 (0.971)
1/al 9.34 (0.98) 6.5 (1.1) 9.1 (2.0) 8.8 (1.1) 7.7 (1.0) 6.7 (0.8)
CCyy2 0.998 (0.693) 0.990 (0.707) 0.996 (0.859) 0.989 (0.476) 0.989 (0.529) 0.995 (0.393)
Completeness (%) 91.9 (98.0) 99.9 (99.8) 100 (100) 99.9 (98.8) 100.0 (98.7) 100 (100)
Redundancy 7.9 (8.1) 8.3(8.1) 6.9 (7.0) 6.49 (6.50) 6.53 (6.58) 7.0 (6.8)
Refinement
Resolution (A) 77.43-1.71 77.52-1.92 158.42-1.86 72.13-1.63 71.98-1.81 76.67-1.80
No. reflections 156023 925691 627714 1167262 859243 348887
Rwork / Riree 0.20/0.23 0.18/0.22 0.18/0.23 0.18/0.21 0.18/0.21 0.18/0.19
No. atoms
Protein 7911 7939 7920 7870 7960 3972
Ligand/ion 234 354 384 273 334 193
Water 655 699 744 966 936 340
B-factors (A2)
Protein 34 39 25 26 28 26
Ligand/ion 69 65 46 52 55 48
Water 42 47 35 39 39 37
R.m.s. deviations
Bond lengths (A) 0.010 0.009 0.009 0.012 0.010 0.005
Bond angles (°) 1.59 1.60 1.56 1.67 1.63 1.39
Ramachandran Plot
Favourable regions (%) 94.8 94.5 95.1 94.7 94.6 96.4
Allowed regions (%) 4.3 4.3 4.0 4.2 4.3 3.3
PDB code 6T]J] 6Q6K 7NWV 6Q6N 6Q6L 6731
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3.4 Results and Discussion

3.4.1 Crystallisation and Structure of Cerezyme®

Crystallisation of rGBA (Cerezyme®, a kind gift from Professor Johannes Aerts, Leiden
University) was optimised from conditions outlined by Dvir et al. (2003)64! using hanging drop

vapour diffusion, Figure 3.11.
(@)

(b)

Figure 3.11: (a) Crystals of rGBA grown under optimised conditions. (b) Diffraction images

of rGBA crystals taken in house at 0° and 90° respectively.

Following crystallisation, an unliganded rGBA structure was obtained at 1.71 A and the
structure was solved to reveal a homo-dimeric glycoprotein comprising of two 497-residue
monomers, Figure 3.12 (a). Each GBA monomer comprised of the expected three non-
contiguous domains, Figure 3.12 (b). Domain I consists of a three-stranded anti-parallel -
sheets which tightly interact with a number of a-helices from domain III. Domain II is formed
of two [-sheets associated in an immunoglobulin-like fold and domain III comprises a (3/a)s

TIM barrel, with the active site located at the centre of the (3-barrel.

As previously highlighted, the glycosylation of rGBA is vital to its activity and trafficking313:335,
however, rGBA was deglycosylated with EndoH in this work to aid crystallisation. Despite this,
two N-linked glycosylation sites were observed at Asn19 and Asn146 in both molecules of the
crystallographic dimer. A single N-acetylglucosamine (NAG) residue could be modelled at

Asn146, whilst two NAG residues were modelled at Asn19. Of note, occupation of the Asn19 N-
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glycosylation site has proved crucial to GBA activity. Overall, this unliganded structure of rGBA
is consistent with the initial Cerezyme® structure (PDB 10GS) deposited by Dvir et al. (2003)641

but at a higher resolution and with an additional occupied N-glycosylation site at Asn146.

(b)

Figure 3.12: Crystal structure of recombinant GBA. (a) Surface and ribbon diagram of rGBA
dimer (b) Ribbon diagram of rtGBA monomer comprising of three domains; Domain I consists
of an anti-parallel B-sheet (teal), Domain II consists of two [-sheets forming an
immunoglobulin-like fold (yellow) and Domain III comprises a ($/a)s TIM barrel containing

the catalytic active site (lilac). N-linked glycans illustrated using Glycoblock format591.,

3.4.2 3D Complexes with Fluorescently Tagged Cyclophellitol Activity-
Based Probes

Cyclophellitol epoxides and aziridines offer a powerful activity-based probe approach to the
study of B-glucosidase activities. In the case of GBA, attachment of bulky hydrophobic
substituents at the C6 position of the cyclophellitol unit has proved beneficial for GBA
inhibition, yielding inhibitors and ABPs with nanomolar affinity compared to the high
nanomolar-micromolar affinity observed for unsubstituted equivalents5%. Moreover, the
presence of bulky C6-groups appears detrimental to the inhibition of other retaining (-
glucosidases. Consequently, C6-substituted cyclophellitols have proved very potent GBA

inhibitors with considerably enhanced selectivity for GBA in situ, in vitro and in vivo555.600,

Previous structural studies performed within the Davies group on a C6-functionalised
cyclophellitol ABP (8), indicated that GBA may be able to accommodate hydrophobic
substituents in a large cavity at the dimer interface562. This may provide some structural
rationale for the improved potency and selectivity of C6-functionalised cyclophellitols.

Therefore, to investigate this further, structural analysis of rGBA in complex with a C6 Cy5-
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functionalised cyclophellitol-based ABP (7) was performed in this work. Data for the Cy5-
functionalised ABP (7) complex were solved 1.92 A resolution to reveal a single molecule of 7
bound covalently in the active site of both rGBA molecules in the crystallographic dimer, Figure
3.13. Specifically, clear electron density was observed for reacted ABP 7 bound to the catalytic
nucleophile (Glu340) through trans-diaxial ring opening of the epoxide warhead to form a
covalent enzyme complex in the 4C; chair conformation, Figure 3.13 (a). This conformation is
consistent with the covalent intermediate in the retaining B-glucosidase conformational
reaction itinerary, Figure 3.3. Additionally, the reacted cyclophellitol moiety of ABP 7 forms an
extensive hydrogen bonding network in the active site, making hydrogen bonds with Asp127,
Trp179, Asn234 and Trp381. In contrast, the C6-triazole linker and subsequent amide group
bind through predominantly hydrophobic interactions in a broad hydrophobic active site cleft
formed by Tyr244, Phe246 and Tyr313. These residues were highlighted in the first crystal

structure of Cerezyme® as being important to the formation of the active site pocket641.

Tyr313

Glu235

(a/b) Glu235

(a/b)

Figure 3.13 (a) 3D active site structure of ABP 7 covalently bound to the catalytic nucleophile
(Glu340) of rGBA by trans-diaxial ring opening of the epoxide trap to form a covalent complex
in 4C; conformation. (b) Electron density for Cy5 fluorophore (pink) of ABP 7 bound in a
hydrophobic pocket at the dimer interface. Fluorophore lies close to the molecule of 7 bound
in chain A. Maximum-likelihood/cA weighted electron density map (2F,-F.) selected for the
ligand and Glu340 contoured to 1 ¢ (0.29 electrons/A3).
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Unfortunately, no electron density was observed for the butyl chain that links the triazole group
to the Cy5 fluorescent tag, Figure 3.13 (b), likely due to disorder of the alkyl chain or probe
decomposition. However, unambiguous electron density for a complete Cy5 tag was observed
close to the ABP molecule bound in the active site of chain A, Figure 3.13 (b). Specifically, the
Cy5 fluorophore lies at the dimer interface in a hydrophobic pocket formed by residues Leu241,
Tyr244, Pro245, Phe246 and Tyr313. It is important to note that due to the lack of electron
density between the triazole linker and Cy5 tag, it is not possible to determine if the fluorophore
observed at the dimer interface belongs to the ABP molecule bound in the active site of chain A,
chain B or if it is from a separate decomposed ABP molecule. However, on inspecting the
distance between the extended amide group of the probe bound in chain A and the fluorescent
tag, itis conceivable that these two components are linked by a butyl chain. Nevertheless, there
is no electron density to support this, and it is possible that the fluorophore comes from a third,

decomposed ABP molecule.

Binding of the Cy5 tag of ABP 7 at the dimer interface of rGBA is consistent with a co-crystal
structure of a BODIPY-tagged ABP (8) which had been reported previously in Davies group. In
this previous study, crystals of rGBA were accidentally exposed to a BODIPY functionalised
cyclophellitol probe following pre-incubation with a cyclophellitol aziridine inhibitor. In the
resulting co-complex, the N-acyl aziridine inhibitor bound covalently to the catalytic
nucleophile, whilst the BODIPY ABP was observed in the hydrophobic pocket at the dimer
interface, Figure 3.14. Whilst the binding of this BODIPY ABP could be considered artefactual,
it is notable that very simply torsional rotation of the linker allows the linker and the
cyclophellitol to be placed in the active centre channel, putting the epoxide warhead in perfect
super-position with the trapped aziridine without any movement of the BODIPY group itself. In
combination with the Cy5-functionalised ABP 7 co-crystal complex reported in this work, these
structures suggest that GBA can accommodate bulky, hydrophobic substituents in a
hydrophobic pocket at the dimer interface, which presents as a genuine allosteric binding site,

Figure 3.14 (b).
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Trp381
Figure 3.14: Co-complex of rGBA with an N-acyl cyclophellitol aziridine and a BODIPY-tagged
cyclophellitol ABP (8). Data obtained by Dr Imogen Breen prior to this PhD. (a) Observed
electron density for N-acyl cyclophellitol aziridine (grey) bound to the catalytic nucleophile
(Glu340) of rGBA and for the intact BODIPY-tagged ABP 8 (orange) bound at the dimer
interface. Maximum-likelihood /A weighted electron density map (2F,-F.) for the ligand and
Glu340 contoured to 1 ¢ (0.29 electrons/A3). (b) Ribbon and surface diagram demonstrating
the binding of fluorescently tagged ABPs at the dimer interface: Cy5 fluorophore of ABP 7 in

pink and BODIPY fluorophore of ABP 8 in orange.
34.2.1 BODIPY-functionalised cyclophellitol ABP (8)

To verify that binding of the BODIPY tag was not artefactual, a co-crystal structure of ABP 8
alone was obtained 1.86 A resolution. The resulting co-crystal complex revealed clear electron
density for the reacted cyclophellitol moiety of ABP 8 bound covalently to the catalytic
nucleophile of GBA through classical trans-diaxial ring opening of the epoxide trap.
Importantly, there was sufficient electron density to model the full, intact molecule of ABP 8
bound in molecule A of the rGBA dimer, Figure 3.15 (a). Specifically, the C6-triazole linker and
subsequent 4-carbon alkyl chain was modelled through a broad active site cleft, formed by
Tyr244, Pro245, Phe246, Tyr313 and Asn396, which extends towards the dimer interface,
Figure 3.15 (b). Indeed, the BODIPY tag of ABP 8 is ‘sandwiched’ at the dimer interface between
residues Leu241, Leu314, Phe316, Phe347 and Trp348 of chain A and residues Leu241, Leu314,

Phe316 and Leu317 of chain B, which is consistent with the binding of the C6-substituent of 7.
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(a) (

§u241 B)

Leu314

Figure 3.15: (a) Active site structure of ABP 8 bound to the catalytic nucleophile (Glu340) of
rGBA. The Cé6-triazole linker and alkyl chain extend through an active site cleft towards the
dimer interface where the BODIPY tag binds (b) Ribbon diagram of rGBA dimer highlighting
the binding of the BODIPY-tag of ABP 8 (orange) in a hydrophobic cavity at the dimer
interface. (c) Electron density for ABP 8 bound to Glu340 (yellow) in both chains of the GBA
dimer, showing the C6-substituent of both ABP molecules extending towards the dimer

interface. Maximum-likelihood /A weighted electron density map (2F,-F.) for the ligand and

Glu340 contoured to 0.8 .

It should also be noted that the triazole linker of the molecule of 8 bound in the active site of
chain B also extends towards the dimer interface; however, the density for the alkyl chain is
less clear and only one BODIPY tagged could be modelled at the dimer interface, Figure 3.15 (c).
This poor electron density may result from disorder of the alkyl chain or probe decomposition.
Nevertheless, in combination with the co-crystal structure of Cy5 tagged ABP 7, this complex
provides further evidence for a unique binding mode of this hydrophobic binding cavity. More

recently, this allosteric site has been exploited for the binding of a novel class of pyrrozo-
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pyrazine activators with chaperoning behaviour?7é, indicating this binding site may hold

promise for the development of GBA active compounds with therapeutic potential.

To further investigate the importance of this hydrophobic binding site at the dimer interface, a
quick comparative structural study against related 3-glucosidases was performed to reveal that
this hydrophobic pocket is unique to GBA. It appears other (3-glucosidases do not exhibit this

hydrophobic cavity, so are less able to accommodate large C6-substituents..

(b)

Figure 3.16: Accommodation of C6-derivatised ligands in GBA and TxGH116 (a) Overlay of
bacterial TxGH116 structure (PDB 5NCX575, active site residues in lavender, aziridine inhibitor
in yellow) with structure of GBA in complex with 7 (ABP in grey). Clear “inwards” orientation
of the C6 hydroxyl of the TXGH116 aziridine ligand, resulting from interactions with Arg786
and Glu777. (b) Partial electrostatic surface of TxGH116 overlaid with the ligand coordinates
for ABP 7 (grey) bound to GBA, indicating potential steric clashes with the C6 substituent of 7
pink). Narrow hydrophobic pocket of TxGH116 highlighted by dashed yellow line.

In fact, superposition of the co-crystal structure of rGBA in complex ABP 7 with a structure of
bacterial -glucosidase TxGH116 (Thermoanaerobacterium xylanolyticum, PDB 5NCX575),
which is a close homologue of human GBA2701, demonstrates that the C6-functionalised ABP
would not be readily accommodated, Figure 3.16. When 7 is superimposed into the active site
of TxGH116, the C6 position points upwards and away from the hydrophobic pocket of the
enzyme, which is considerably more narrow and less hydrophobic than that observed in GBA,
Figure 3.16 (b). In contrast, the C6 position of the aziridine ligand already bound in the active
site of TxGH116 points inwards and towards the narrow hydrophobic pocket, presumably as a
result of interactions with Arg786 and Glu777, Figure 3.16 (a). Additionally, Asp593

considerably restricts the space available for the C6-substituent. A combination of all these
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factors likely hinders the binding of C6-functionalised cyclophellitols to the human GBA2
homologue TxGH116, thus allowing sufficient discrimination between GBA and GBAZ2 to be
achieved”0l, Therefore, the attachment of bulky hydrophobic moieties at the C6-position of
cyclophellitol appears to impart improved selectivity for GBA by taking advantage of this

hydrophobic pocket.
3.4.2.2 In-Solution Fluorescence Labelling

Subsequent to structural analysis, activity-based labelling of rGBA by ABP 7 was investigated
through a time-course labelling experiment and through a ABP titration experiment to estimate
the in-gel detection limit of this probe. The resulting samples were separated by SDS-PAGE and

the fluorescently labelled protein was identified by fluorescent readout of the slab gel.
(a) (b)
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r-GBA 428+ 0.5 0.030 +0.002 0.003 +0.000
rGBA2 101+ 20 0.030 +0.003 41.2+10.1
r-GAA 1900 + 192 >100 >100

Figure 3.17: Time course labelling of rGBA (200 nM) by ABP 7 (200 nM) demonstrating a drop
in labelling over time. (b) Concentration dependent labelling of rGBA by ABP 7 showing gel
detection limit of 0.1 nM ABP 7. D = Denatured sample (c) Apparent in vitro ICso values against

GBA, GBA2 and GAA (ICso data supplied by M. Artola - University of Leiden)56z.

Interestingly, labelling of rGBA reached saturation within 10 minutes, with a drop in labelling
observed thereafter, Figure 3.17 (a). This was a surprising observation, as labelling was
expected to be irreversible and accumulative over time. However, these results suggests that
this ABP reversibly inhibits GBA and is slowly hydrolysed by the catalytic machinery of the
enzyme. This behaviour should be considered when performing future experiments with this

probe. Nevertheless, this ABP has proved incredibly potent for GBA in vitro (ICsp ~3 nM),
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showing concentration dependent labelling with a detection limit of 0.1 nM ABP 7 by SDS-PAGE,
Figure 3.17 (b). Additionally, this probe has proved more potent than both CBE (ICso ~5 pM)
and cyclophellitol (ICso ~30 nM), with considerably improved selectivity for GBA over other
glucosidases, including GBA2 (non-lysosomal glucosylceramide) and GAA (lysosomal -
glucosidase), Figure 3.17 (c). These apparent ICso values demonstrate the increased potency
and selectivity of Cé-functionalised cyclophellitols for GBA, which likely results from their

ability to bind to the hydrophobic allosteric binding site of at the dimer interface of GBA.
3.4.3 Structure-Based Development of C6-Substituted Cyclophellitols

The potential to generate more selective cyclophellitol-based GBA inactivators by
functionalisation of the C6 hydroxyl holds considerable promise for improving the application
of such compounds in the study of GD. Notably, access to more selective ABPs will permit
improved labelling and monitoring of active GBA, which may benefit applications in diagnostic
and therapeutic contexts. In regard to the study of GD pathogenesis and treatment, there is an
urgent demand for appropriate GD animal models which link impaired GBA function to GD.
Numerous murine GD models have been generated through a chemical knockdown strategy in
which CBE and cyclophellitol were used to irreversibly inhibit endogenous GBA and induce GD
phenotypes’02678, However, the poor selectivity of these inhibitors has hindered their use in the
generation of reliable Gaucher animal models. In light of the improved potency and selectivity
of Cé6-functionalised cyclophellitol ABPs, we postulated that Cé6-functionalised cyclophellitol-
based inhibitors may be more suitable inhibitors for the generation of viable GD animal models
through a chemical knockdown strategy. Subsequently, the Overkleeft lab synthesised a range
of C6-functionalised cyclophellitols, including a C6-biphenyl substituted cyclophellitol (9) and
a C6-adamantly substituted cyclophellitol (10), Figure 3.10, as potentially more selective GBA
inhibitors562. Herein, the conformation and reactivity of these inhibitors was structurally

evaluated on the 3D structure of GBA to further investigate the binding of the C6 substituents.
34.3.1 3D Complex Structure with C6 Biphenyl-Substituted Inhibitor

Initially, a co-crystal structure of rGBA in complex with the biphenyl-cyclophellitol inhibitor (9)

was obtained in hopes of analysing the binding of the hydrophobic biphenyl group. Data for this

complex were refined to 1.63 A resolution to reveal a single molecule of 9 bound covalently to

the catalytic nucleophile of both GBA molecules in the asymmetric unit, Figure 3.18. The reacted
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cyclophellitol moiety was found to adopt the 4C; chair conformation, forming hydrogen bonds
with active site residues Asp127, Trp179, Asn234, Trp381 and Asn396. Whilst the Cé6-triazole
linker could be modelled, there was insufficient electron density to model the biphenyl-
substituent. Given the rigid and planar nature of the biphenyl substituent, the absence of
electron density most likely reflects decomposition of the inhibitor rather than significant
disorder, however, the reason for decomposition is unknown. Despite demonstrating the
expected mechanism-based mode of inhibition, this structure provides no information on the
binding of the C6-biphenyl substituent. Therefore, structural analysis of rGBA in complex with
the adamantly-cyclophellitol inhibitor was performed in an effort to elucidate the binding mode

of the C6-adamantyl substituent.
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Figure 3.18: (a) 3D active site structure of inhibitor 9 covalently bound to the catalytic

NH

nucleophile (Glu340) of rGBA in a 4C; chair conformation. Only the cyclophellitol moiety and
triazole linker could be modelled. Maximum-likelihood/cA weighted electron density map
(2F,-F.) for the ligand and Glu340 contoured to 1o (0.22 electrons/A3). (b) Schematic of the

hydrogen bond network of 9 in the active site of GBA.
3432 3D Complex Structure with C6 Adamantyl-Substituted Inhibitor

Data for the C6-adamantyl inhibitor (10) co-crystal complex were collected to 1.81 A
resolution and solved by molecular replacement to reveal a single molecule of 10 bound
covalently in the active site of both rGBA molecules in the asymmetric unit. Specifically,
unambiguous electron density was observed for the ring-opened cyclophellitol species bound

covalently to the catalytic nucleophile, Figure 3.19. Importantly, sufficient electron density for

155



the triazole moiety, ether linker and adamantane substituent was observed, allowing the full
inhibitor to be modelled in both molecules, Figure 3.19. The triazole linker binds to the broad
active site cleft formed by Tyr313, Phe246 and Trp348, which was reported to accommodate
the triazole linker of ABP 7. Additionally, the adamantane group was modelled to bind in the
hydrophobic cavity at the dimer interface of rGBA, which is consistent with the binding of the
Cy5-tag of ABP 7, Figure 3.20. Indeed, the triazole linker of both ABP 7 and inhibitor 10 were
modelled in almost identical conformations, with the Cy5 tag and adamantane groups binding

in a similar region of the hydrophobic pocket at the dimer interface, Figure 3.20.

(b)

@ Trp348

Figure 3.19: 3D active site structure showing covalent binding of inhibitor 10 in the active
site of (a) chain B and (b) chain A, demonstrating a change in orientation of the adamantly
substituent (likely owing to binding through predominantly hydrophobic interactions).
Maximume-likelihood/cA weighted electron density map (2F,-F) for the ligand and Glu340

contoured to 1 o (0.21 electrons/A3).

Interestingly, the linker and adamantane moiety of inhibitor 10 were observed to bind in
slightly different orientations in each molecule of GBA in the dimer, likely resulting from
binding via predominantly hydrophobic interactions. Of note, is the “upward” extension of the
adamantyl substituent in chain A, Figure 3.19 (b). Additionally, a change in the orientation of
Tyr313 was observed, with Tyr313 adopting a “downward” conformation in chain B,
presumably as a result of the alternative conformation of the C6-adamantane group. Moreover,

this change in Tyr313 conformation results in the formation of an additional hydrogen bond
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with the ring opened epoxide, Figure 3.19 (a). It is clear from this crystal structure that the
previously identified hydrophobic cavity at the dimer interface, which is absent in related (-
glucosidases, is capable of accommodating a variety of hydrophobic substituents. This provides
a structural basis for the inhibitory preference of GBA and the improved potency of Cé6-

functionalised inhibitors.

Figure 3.20: Ribbon and surface diagram of rGBA in complex with 10 showing the binding of

the adamantyl group (green surface) to a similar region of the hydrophobic pocket occupied
by the Cy5 tag (pink surface) of ABP 7. Overlay shows the active site residues of the biphenyl
complex (residues in grey, inhibitor in green) superimpose with the active site residues of
the ABP 7 complex (residues in pale pink, ABP in pink), including residues Tyr313, Phe246

and Trp348 which form the hydrophobic cavity that accommodates the C6-triazole linker.

34.3.3 Inhibitory Potency and Selectivity of C6-functionalised Cyclophellitol Inhibitors

Following structural investigations, the in vitro inhibitory activity of the C6-functionalised
cyclophellitol inhibitors was evaluated by our collaborators at Leiden University562. The
inhibitors were incubated with rGBA and two major off-target glycosidases; human GBAZ2 and
human GAA. Following incubation, the residual enzymatic activity was determined through
fluorogenic substrate assays. Both 9 and 10 were shown to be nanomolar inhibitors of rGBA,
being 4000-times and 200-times more selective than CBE respectively. More importantly, both

inhibitors were inactive towards GBA2 and rGAA (ICso > 100 pM)562, Table 3.4.It is evident from
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the ICso values that both C6-functionalised cyclophellitol inhibitors 9 and 10 exhibit improved
potency and selectivity for GBA than CBE and cyclophellitol. In combination with the structural
information uncovered in this work, these values further support the concept that Cé6-
functionalised cyclophellitols benefit from enhanced GBA potency and selectivity as a result of

their ability to bind to the unique hydrophobic binding cavity of GBA.

Table 3.4: Apparent ICso values for in vitro inhibition of recombinant GBA, GBA2 and GAA by
CBE, cyclophellitol (CP), 8 and 9. Error ranges depict stdev from biological triplicates. Data

supplied by M. Artola (University of Leiden)s562.

ICs0 / uM
In vitro CBE CP 9 10
rGBA 4.28+ 0.5 0.030 £ 0.002 0.001 £ 0.000 0.001 £ 0.000
rGBA2 101 + 20 0.030 £+ 0.003 >100 >100
rGAA 1900 + 192 >100 >100 >100

3.4.4 3D Complex with Bi-functional Cyclophellitol Aziridine Activity-
Based Probe

In previous work by the Overkleeft lab, N-functionalised cyclophellitol aziridines proved to be
more potent GBA inhibitors than the analogous un-functionalised aziridiness56. In combination
with the enhanced potency and selectivity of the C6-functionalised inhibitors analysed in this
work, it was hypothesised that bi-functional cyclophellitol aziridine probes, which are
functionalised at the C6-position and the aziridine nitrogen, may exhibit further improvements
in potency and selectivity. Consequently, the Overkleeft lab synthesised a bi-functional
cyclophellitol aziridine ABP (11), which is substituted at the C6-position with a Cy5 tag and
substituted at the aziridine nitrogen with an octyl chain, Figure 3.10. It was hoped this ABP
would be the most potent cyclophellitol-based GBA inhibitor to date. Unfortunately, in primary
in vitro studies, this bi-functional ABP was found to label GBA with efficiency on par with uni-
functionalised APB 7 (apparent ICs of 3.2 nM for ABP 7 vs 53 nM for ABP 11), suggesting that
bi-functional probes do not benefit from improved potency. Although this was a disappointing
finding, structural analysis of ABP 11 in complex with rGBA (produced in the insect-baculovirus

expression vector system described in Chapter 4) was performed to elucidate its binding mode.

Initially, structural analysis of the bi-functional probe was hindered by its low solubility,

requiring a minimum of 10% DMSO in the crystal drop to ensure the probe was sufficiently
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dissolved. This put the crystals under significant strain, nevertheless, a suitable co-crystal
structure was eventually obtained. It would be prudent to note that this poor solubility may

also be a limiting factor in the labelling efficiency of ABP 11.
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Figure 3.21: (a) 3D active site structure of ABP 11 covalently bound to Glu340 of rGBA

forming a covalent complex in 4C; conformation. The ring opened N-alkyl aziridine extends
through a narrow active site pocket formed by residues Tyr313, GIn384 and Lys346.
Insufficient density was observed to model the Cé6-alkyl linker and Cy5 tag. Maximum-
likelihood/cA weighted electron density map (2F,-F¢) for the ligand and Glu340 contoured
to 1 ¢ (0.22 electrons/A3). (b) Schematic of the hydrogen bonding network of ABP 11.

Data for the bi-functional ABP (11) complex were solved to 1.80 A resolution and to reveal a
single molecule of 11 bound covalently to the catalytic nucleophile of rGBA, Figure 3.21. The
reacted cyclophellitol adopts the expected 4Ci chair conformation and forms hydrogen bonds
with a number of active site residues including Asp127, Trp179, Asn234 and Trp381.
Importantly, sufficient electron density for the ring opened N-alkyl aziridine warhead was
observed, allowing the first 6 carbons of the octyl chain to be modelled. This was sufficient to
establish binding of the alkyl chain to a narrow active site pocket formed by residues Tyr313,
Lys346 and GIn284. Specifically, the alkyl chain extends through this cleft towards the surface
of the protein, which may reflect the binding of the fatty acid portion of the natural GlcCer
substrate which is thought to project out from the protein and interact with the lipid bilayer.
Whilst clear electron density was observed for the Cé6-triazole linker and subsequent amide

group, the Cy5 tag of ABP 11 could not be modelled. This likely results from decomposition of
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the probe. Nevertheless, when overlayed with the Cy5-functionalised ABP (7) co-crystal
structure, it is apparent that the triazole linker of ABP 11 binds in a similar conformation in
the same active site cleft formed by Trp348, Phe246 and Tyr313, Figure 3.22 (a). This cleft
extends towards the broader hydrophobic allosteric site at the dimer interface where the Cy5

tag of ABP 7 was observed to bind, Figure 3.22 (b).
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Figure 3.22: (a) Overlay of 11 co-crystal structure (ABP in teal, active site residues in grey)

and 7 co-crystal structure (ABP in pink, active site residues in light pink). Triazole linkers of
both ABPs adopt similar conformations and occupy the same hydrophobic pocket formed by
Trp348, Phe246 and Tyr313. (b) Surface diagram showing superposition of 11 into active
site of ABP 7 structure, exposing how the N-alkyl aziridine (teal) is accommodated in a

separate, narrow and less hydrophobic pocket which extends towards the protein surface.

Despite demonstrating that the 06- and aziridine nitrogen substituents of ABP 11 are
structurally exclusive and are accommodated in two unique active site clefts of GBA, ABP 11
exhibits no further improvements in potency or selectivity compared to the uni-functionalised
equivalents. Nevertheless, this bi-functional ABP is a nanomolar inhibitor of GBA, which

provides future opportunities for ABP development through both the C6- and aziridine nitrogen

Given no improvements in selectivity or potency were observed for the bi-functional ABP, our
focussed turned back to the C6 uni-functionalized cyclophellitols. Specifically, our collaborators

at Leiden University investigated the C6-functionalised cyclophellitol inhibitors 9 and 10 for
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use in chemical knockdown studies to generate Gaucher models in zebrafish. All animal model
experiments discussed in the following section were performed by researchers at Leiden

University; however, they have been included for completeness.
3.4.5 Chemical Knockdown of GBA Activity in Zebrafish

Firstly, in vivo GBA inhibition was investigated in Dario rerio zebrafish embryos by incubation
with inhibitors 9 or 10 for 5 days, after which enzyme selectivity analysis was performed using
appropriate ABPs for GBA, GBA2 and GAAS562. Quantification of the ABP labelled bands revealed
both inhibitors to be 4,000-fold more potent than CBE, with in vivo apparent ICso values of 4-10
nM, Table 3.5. Furthermore, improved selectivity for GBA was observed; at 0.1-10 uM of 9 or
10, labelling of rGBA with broad-spectrum retaining (-glucosidase ABPs was abolished, whilst
labelling of GBA2, GAA, ER a-glucosidase (GANAB) and lysosomal 3-glucuronidase (GUSB) was
unaffected, Figure 3.23. Interestingly, a 10-30-fold increase in glucosylsphingosine (GlcSph)
levels was also observed, strongly indicating efficient in vivo inhibition of GBA was achieved
with subsequent accumulation of GlcCer and GlcSph. Comparatively, CBE was required at

1,000-10,000-fold higher concentrations to achieve similar a similar elevation in GlcSph levels.

Table 3.5: Apparent [Cso values for in vivo GBA inhibition in 5-day treated zebrafish embryos

with CBE, cyclophellitol, 8 and 9. Data supplied by M. Artola (University of Leiden)562

ICs50 / nm
In vivo CBE CP 9 10
rGBA 44.1 x 104 83 5.85 + 2.44 394+ 1.2
rGBA2 8.9 x 104 59 >104 >104
rGAA 9.55 x 104 > 105 >104 >104

Lastly, the brain permeability of inhibitor 10 was investigated as its ability to cross the blood
brain barrier is vital for the generation of neuropathic GD models. Consequently, adult
zebrafish were administered with DMSO as controls, BODIPY-functionalised ABP 12 or
inhibitor 10 via food intake, Figure 3.23. After 16 hours, brains and other organs were isolated,
homogenised and analysed using a range of -glucosidase ABPs to visualise residual GBA
activity. ABPP of the brain homogenates revealed considerable GBA activity in the control and
ABP 12 treated fish, but no labelling of GBA was observed in fish treated with inhibitor 10562,
Figure 3.23. This indicates that inhibitor 10 is able to cross the blood brain barrier and
abrogate GBA activity in the brain. Additionally, labelling by a broad-spectrum ABP revealed

that GBAZ2 is not a target of 10, Figure 3.23, demonstrating selective inhibition of GBA
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Figure 3.23: In vivo action of inhibitors 9 and 10 (a) Increase in GlcSph levels in zebrafish

embryos treated for 5 days with inhibitors 9, 10 or CBE. (b) In vivo targets of inhibitor 10 in
brains of adult zebrafish as visualised by competitive ABPP using GBA selective ABP 7 or
broad-spectrum ABP 13. In vivo inhibition profile of ABP 12 used for comparison.
Visualisation of labelled GBA by fluorescent readout, showing selective inhibition of GBA by

10. Data supplied by L. Lelieveld (Leiden University).

These results demonstrate that C6-functionalisation of cyclophellitol-based inactivators yields
potent and selective GBA inhibitors. In particular, the adamantane- and biphenyl-functionalised
cyclophellitol inactivators are selective, nanomolar inhibitors of GBA both in vitro and in vivo.
Given the growing demand for viable GD animal models to aid in the study of GD
pathophysiology, these C6-functionalised inhibitors are superior to both CBE and cyclophellitol
for generating GBA deficient zebrafish models through chemical knockdown. Moreover, owing
to their improved selectivity, potency and ability to cross the blood-brain barrier, these
inhibitors also offer a route to generating neuropathic GD models which have previously been

very difficult to obtain without compromising animal model viability.
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3.5 Summary

Tagged cyclophellitols offer a powerful activity-based protein profiling approach to the
visualisation and quantification of specific enzymatic activities. Here, the design and structural
analysis of range of cyclophellitol epoxide and aziridine activity-based probes (ABPs) and

inhibitors for human -glucocerebrosidase (GBA) is described.

Initial crystallographic studies of GBA in complex with a Cy5-functionalised cyclophellitol ABP,
exposed a hydrophobic pocket at the dimer interface of GBA which can accommodate large
hydrophobic moieties. This hydrophobic cavity was found to be unique to GBA, providing a
structural basis for the improved selectivity of C6-functionalised inhibitors and ABPs. This
structural information subsequently informed the design of new C6-functionalised
cyclophellitol inhibitors, including a C6 biphenyl- and C6 adamantly-substituted cyclophellitol,
which we hoped would offer more potent and selective inhibition of GBA. Structural analysis of
the adamantane inhibitor revealed binding of the adamantyl group to the same hydrophobic
pocket occupied by the Cy5 tag of the cyclophellitol ABP, providing further evidence for a
recognition or binding role of this hydrophobic pocket. Importantly, both C6-functionalised
cyclophellitols were found to be potent, nanomolar inhibitors of GBA, with considerably
improved selectivity compared to CBE and cyclophellitol. Therefore, this work suggests that
attachment of bulky hydrophobic moieties at the C6-position of cyclophellitol imparts

improved selectivity for GBA by taking advantage of its unique hydrophobic cavity.

To investigate the in vivo inhibitory activity of the C6-functionalised inhibitors, our
collaborators at Leiden University performed chemical knockdown studies in Dario rerio
zebrafish embryos. Of note, the adamantane-substituted inhibitor was shown to be 4000-fold
more potent that CBE, with considerably improved selectivity for GBA. Additionally, treatment
with this inhibitor results in a 10-30-fold increase in glucosylsphingosine levels in vivo,
demonstrating effective GBA inhibition. Furthermore, this inhibitor selectively blocked GBA
activity in the brain of adult zebra fish, demonstrating the ability to cross the blood-brain
barrier. Therefore, this C6-adamantyl substituted cyclophellitol presents as a superior inhibitor
to both CBE and cyclophellitol for generating GBA deficient zebrafish models with the potential

to investigate neuropathic Gaucher disease.
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Chapter 4:  Insect-Baculoviral Expression of

Recombinant Human -Glucocerebrosidase

4.1 Abstract

The lysosomal glycoside hydrolase, 3-glucocerebrosidase (GBA) catalyses the hydrolysis of
glycosphingolipids. Inherited mutations in the GBA1 gene cause defects and deficiencies in GBA
activity, which subsequently lead to the lysosomal storage disorder Gaucher disease (GD). More
recently, associations between GBA1 mutations and Parkinson disease have also been
identified. Consequently, GBA is of considerable clinical and academic interest, with continuous
advances in the development of inhibitors, chaperones and activity-based probes. Development
of novel GBA active compounds requires a source of functional protein, however, due to the lack
of reliable expression systems for GBA, the majority of non-clinical structural and mechanistic
studies on this enzyme today rely on expired enzyme replacement therapy (ERT) formulations.
Such formulations are incredibly costly and often difficult to obtain in adequate supply,

typically requiring material transfer agreements.

Herein, the production of active non-clinical GBA in insect cells using the baculovirus
expression vector system is described. This formulation exhibits comparable activity and
biophysical properties to ERT preparations and is readily crystallised for x-ray crystallography
studies. Indeed, 3D crystal structures of this formulation in complex with a number of GBA
active compounds were obtained, including a co-crystal complex with the glucoside inactivator
2,4-dinitrophenyl-2-deoxy-2-fluoro-f-D-glucopyranoside, demonstrating the utility of this GBA
formulation for ligand-binding studies. Furthermore, a previously unseen crystal form of GBA
was obtained which diffracted to give a 0.98 A unliganded structure, the highest resolution

structure of this protein deposited to date.

In light of the purity, stability and biochemical properties of this GBA formulation, the
production protocol described here should circumvent the need for ERT formulations and

provide a source of non-clinical GBA for biochemical and structural studies within GD research.

*Some of the work discussed in this chapter is published in R. ]. Rowland, L. Wu, F. Liu, G. J. Davies, Acta
Cryst, 2020, D76, 565-580.
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4.2 Introduction

4.2.1 Importance of B-Glucocerebrosidase (GBA)

As discussed in Chapters 1 and 3, B-Glucocerebrosidase (GBA, EC 3.2.1.45) is a membrane-
associated lysosomal glycoside hydrolase which is primarily responsible for catalysing the
degradation of glucosylceramide (GlcCer)172. Inherited deficiencies in GBA activity cause an
accumulation of GlcCer within cells throughout the body, subsequently leading to the most
common lysosomal storage disorder Gaucher Disease (GD)174219. GD can severely impact
patients’ lives with multi-organ disease manifestations and premature death18d. The
considerable variation in disease phenotypes and lack of reliable genotype-phenotype
relationships often hinder the diagnosis and treatment of GD. This is further complicated by the
large number and rarity of GD causing GBAI mutations149.232274, More recently, mutations in the
GBA1 gene have also been identified as the highest known genetic risk factor for Parkinson
disease245355, Consequently, GBA is of considerable clinical and academic interest, with
continuous advances in the development of inhibitors277.562703704  chaperones”05-708 and
activity-based probes557.560.562704 to study this enzyme in disease pathogenesis. However, the
development of new GD diagnostics, therapeutics and GBA active compounds requires a source

of functional protein for biochemical and structural analyses.
4.2.2 Natural Sources of GBA

Identification of defective GBA function as the biochemical basis of GD initiated studies into the
purification and characterisation of human GBA174. This proved challenging due to the relatively
low abundance of the protein in natural sources, its tendency to adhere to membranes and its
intrinsic glycan heterogeneity29°. However, in seminal work by Pentchev et al. (1973)2%9, GBA
was purified from placental tissue by ammonium sulfate fractionation, gel filtration and weak
cation exchange chromatography. The poor stability of GBA proved to be the biggest challenge,
requiring the presence of detergents to keep the protein stable during purification.
Nevertheless, GBA was purified to homogeneity with a typical yield of 330 pg from 1.7 kg of
fresh placental tissue299. Whilst this yield was low and the ability to scale up was limited, there
was sufficient protein for characterisation of enzymatic activity, protein stability and
glycosylation. Furthermore, this work provided a strong basis for the development of enzyme
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replacement therapy (ERT). Specifically, the ERT formulation Ceredase® was developed from
this work following improvements to the purification procedure and modification of protein
glycosylation799. However, the thousands of metric tonnes of human placenta required to
support Ceredase® production imposed significant practicality and cost issues309.709,
Consequently, there was a strong incentive to develop recombinant strategies for GBA

production.

4.2.3 Recombinant Sources of GBA

Given the post-translational glycosylation required to ensure proper folding, GBA cannot be
produced in prokaryotic systemsé47. Consequently, eukaryotic systems with the necessary post-
translational modification capabilities must be employed. This is exemplified by existing ERT

expression systems for clinical GBA (see Chapter 1 section 1.4.8.1).

4.2.3.1 Clinical Expression Systems

In light of the therapeutic potential of ERT, the Genzyme Corporation (Sanofi Genzyme, USA)
developed Cerezyme®, a mannose-terminated recombinant GBA formulation produced in a
Chinese hamster ovary cell line (CH0)309312, Cerezyme® has been used as an ERT formulation
for the treatment of GD since 1994 and remains the most prominent ERTs to date312. Alternative
recombinant formulations include Velaglucerase alfa (Vpriv®, Shire HGT Inc, USA) produced
by specific gene activation in a HT-1080 cell line320322 and Taliglucerase alfa (Elelyso®, Pfizer,
USA) expressed in carrot-root cells.323325328, As discussed in Chapter 1, these formulations
have proved safe and effective for the treatment of GD, demonstrating the ability to improve

and even reverse GD manifestations313. However, these formulations are incredibly costly331.

4.2.3.2 Non-Clinical Expression Systems

In addition to the ERT expression platforms, production of non-clinical GBA has been attempted
in mammalian systems such murine cells’10 and COS-1 cells7!!, plant systems including the
Arabidopsis thaliana plant326 and glycoengineered Nicotiana benthamiana plants712, as well as
Pichia pastoris’13 and insect-baculoviral expression vector systems650.714715 In regard to the
production of non-clinical human GBA in mammalian systems, early work by Grabowski et al.
(1989)711 made a considerable breakthrough by successfully producing GBA in COS-1 cells,

derived from monkey kidney tissue711. Whilst the GBA produced was active against the
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artificial substrate 4-MU-glucopyranoside, analysis of the oligosaccharide composition
revealed that the post-translational glycosylation profile of GBA in COS-1 cells differs
significantly from that found in human fibroblasts?1t. This work highlighted the importance of
protein glycosylation and the impact of altered post-translational oligosaccharide processing
in different expression hosts. Later, Febrega et al. (2002)71° employed recombinant
retroviruses encoding wild-type GBA and E235A and E340A mutant proteins to produce active
and inactive GBA in murine cells710, Whilst no protein purification was performed, this work
revealed that both mutants are catalytically inactive despite being correctly processed and
sorted to the lysosome?10. This suggested an important role for Glu235 in the catalytic
mechanism, but not in the protein folding and processing, which supported previous computer-

based predictions concerning the role of Glu235 as the putative general acid-base residue.

In light of the success of Velaglucerase alfa, a number of studies have investigated various plant
systems for recombinant GBA production, including Arabidopsis thaliana32s, rice suspension
culture?16 and Nicotiana benthamiana’12717, Indeed, plant-based expression platforms have
many advantages for the production of pharmaceutical recombinant proteins, including low
cultivation costs, scale-up potential, ability for complex protein production with post-
translational modifications, and a low risk of contamination by human pathogens718. However,
one of the major challenges of using plants for the production of human glycoproteins is
preventing the biosynthesis of plant N-glycans, such as 3-1,2-xylose and a-1,3-fucose, which

can induce an immunogenic response in humans?19.

A number of strategies have been developed to reduce plant-specific N-glycan maturation. Of
note, He et al. (2012)326 reported a unique system for the production of active human GBA in
seeds of the Arabidopsis thaliana complex-glycan-deficient (cgl) mutant326. This mutant is
deficient in N-acetylglucosaminyl transferase I, which is responsible for adding N-
acetylglucosamine (GlcNAc) to trimmed N-glycans?20. Therefore, this mutant is unable to
transfer GIcNAc to N-glycans which in turn prevents the addition of immunogenic 3-1,2-xylose
and a-1,3-fucose units. Specifically, this approach made use of Agrobacterium-mediated gene
transfer to transform the cgl mutant seeds and permit expression of the human GBA1 gene32s.
The resulting recombinant protein was found to accumulate in the apoplast and was
subsequently purified in a 3-step procedure to reveal a variety of glycoforms. Importantly, this

recombinant formulation exhibited similar kinetic parameters and thermal stability to the
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commercial product Cerezyme®. However, some xylose and fucose containing glycans were
detected which required further purification, and no information on post-purification yield was

provided32e,

Soon after this work, an alternative approach to reduce the presence of plant specific N-glycans
was reported by Limkul et al. (2016)712. In this work, RNA interference (RNAi) was used to
down-regulate endogenous N-acetylglucosaminyl transferase 1 activity in Nicotiana
Benthamian to generate a glycoengineered mutant. This glycoengineered N. benthamiana plant
was then cross-pollinated with a GBA-expressing plant for the production of human GBA712.
Using this approach, a considerable reduction in plant specific N-glycans was achieved, with the
result that > 90% of the total N-glycans were of high mannose type. Although the resulting GBA
formulation had a lower cellular activity compared to Cerezyme®, this plant derived
formulation was taken up by macrophages during in vivo studies’12. Most recently, Uthailik et
al. (2021)721 employed this glycoengineered N. benthamiana mutant to produce recombinant
GBA with mannosidic-type N-glycans using Agrobacterium-mediated transient expression721.
The resulting recombinant GBA was found to have comparable activity to mammalian derived
GBA and was shown to exhibit mannosidic-type N-glycan structures without plant-specific N-
glycans721. Moreover, compared to the stable expression reported by Limkul et al. (2016)712,
this transient expression system was reported to provide ~2.3-fold higher crude GBA activity,
which was attributed to the fact that Agrobacterium-mediated transient expression is often
more efficient than that of stable expression by gene integration?21. Nevertheless, a purified
GBA yield was not provided, and such a system remains poorly accessible to the wider research

community. Consequently, a robust plant expressions system for GBA is yet to be established.

Given the involvement of GBA in GD and other pathologies, there is a pressing need for a reliable
and affordable source of recombinant GBA to meet research demands. However, the diversity
in non-clinical expression systems and the lack of information on protein purity and yield,
demonstrates the current lack of consensus on a robust and economical platform for non-
clinical GBA production. One platform with considerable potential is the insect-baculovirus

expression system.
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4.2.4 Baculoviral Expression Vector Systems (BEVS)

4.2.4.1 Baculoviruses

Baculoviruses, of the Baculoviridae family, are the most prominent viruses known to affect the
insect population?22. Specifically, baculoviruses are a diverse group of double-stranded,
circular, super-coiled DNA viruses, typically 80-180 kb in size723, encased in a rod-shaped
capsid724-726, These are arthropod specific viruses, with no known homologues in any other
organism including plants, fungi and bacteria’2?. Nevertheless, a high degree of diversity in the

genome size, organisation and content has been observed728-730,

Initial interest in baculoviruses was driven by the threat posed to the silk industry through
inflicting various diseases in silkworms (Bombyx mori)731.732, In the mid 1800s, the presence of
highly refractive, polyhedron shaped occlusion bodies were identified in disease affected
insects using light microscopy?26. However, it wasn’t until the late 1940s that rod-shaped virus
particles, called virions, were unambiguously demonstrated using electron microscopy?733.
Subsequently, two types of baculoviruses were identified: nucleopolyhedroviruses (NPVs)
which produce polyhedral occlusion bodies in the nucleus, and granuloviruses (GVs) which
form ovicylindrical (granular) occlusion bodies found in infected cells following rupture of the
nuclear membrane”34735, In the case of NPVs, multiple virions are embedded in large occlusion
bodies, whereas GVs produce smaller occlusion bodies typically containing a single virion736737,
Of note, NPVs are the causative agents of nuclear polyhedrosis disease in the silkworm, which

remains incredibly detrimental to the silk production industry today731.738,
4.24.2 Baculovirus Infection and Replication

An unusual behaviour of baculoviruses is their ability to produce two distinct types of
enveloped virus during their life cycle?23727; occlusion-derived viruses (ODV) which are
encapsulated in a crystalline protein matrix and are responsible for host-to-host transmission,
and budded viruses (BV) which are single nucleocapsids released from infected cells and are

responsible for systemic cell-to-cell transmission?23, Figure 4.1.

Typically, naturally occurring in vivo infection occurs when an insect feeds on a plant
contaminated with occluded virus. The ingested virus is then transported to the mid-gut of the

host where the polyhedrin protein matrix dissolves to release ODV723739, In the early phase of
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the baculoviral life cycle, ODV fuse to the epithelial cell membrane of the host intestine,
penetrate the host cells through the endosomal system and are transported to the nucleus
where the expression of early viral genes is initiated and host gene expression is
terminated?35740.741, [n the late phase, genes which code for viral DNA replication and virus
assembly are expressed, resulting in the production of BV which egress from the nucleus to
spread the infection systematically from cell-to-cell740741721, During budding from the cell, BV
acquire an envelope which is decorated at one end with the glycoprotein gp64742. This
glycoprotein is a homotrimeric protein that mediates fusion of the virus with the host
endosomal membrane to permit cell entry739742743, In the very late phase of viral replication,
the polyhedrin’44 and p10745 genes, which control the expression of viral proteins, are
expressed?23. Lastly ODV are produced in the nucleus of infected cells by encapsulating multiple
viral nucleocapsids in a large, polyhedrin matrix to form occlusion bodies. During cell lysis,
these occlusion bodies are released into the environment to initiate a new infection cycle in a

new host723, Figure 4.1.
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Figure 4.1: Infection and replication cycle of a generic NPV in Lepidoptera hosts. The primary
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infection is described by events 1-6 and the secondary infection is described by stages 7-11.
OV = occluded virus, ODV = occlusion derived virus, BV = budded virus. Figure created in

BioRender (www.app.biorender.com).
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4.2.4.3 Applications of Baculoviruses

Baculoviruses exhibit a very narrow host range, typically limited to a few related insect
species?30. Owing to this high degree of host specificity, baculoviruses have proved beneficial in
a number of applications. For example, baculoviruses have been employed as insecticides for
controlling pests in agriculture and forestrys>é. In a similar vein, baculovirus genes that encode
for enzymes which target the intestinal membrane of insects have been used to generate
transgenic, insect-resistant plants748. Baculoviruses have also proved extremely useful lab
tools, with several commercially available baculoviral vectors being employed in antiviral and
cancer gene therapies’49, drug screening?’9 and vaccine production751752, Additionally,
baculoviruses have played a pivotal role in the overexpression of eukaryotic proteins753-75,
Indeed, the insect-baculovirus expression system was recently used to successfully produce
four version of the SARS-CoV-2 (COVID-19) spike protein as potential vaccination targets7s7,

demonstrating the adaptability of BEVS to novel and highly desirable therapeutic targets.
4.2.4.4 Recombinant Baculoviruses for Protein Expression

Historically, eukaryotic proteins have proved incredibly difficult to recombinantly produce due
to their large size and requirements for post-translational processing?5. Of note, glycosylation
and phosphorylation are vital to the stability and biological activity of most eukaryotic
proteins, however, these processes are not typically supported by a prokaryotic host755.
Considerable effort has been devoted to improving bacterial systems for eukaryotic expression
through modification of E.coli host strains’58, however, the production of most eukaryotic

proteins still requires a eukaryotic host; this is especially true for pharmaceutical proteins.

The use of baculovirus expression vectors was first described in the early 1980s and has since
proved useful for the production of many recombinant eukaryotic proteins in insect cells759-
762, The major difference between the naturally occurring in vivo infection and the in vitro
infection for recombinant protein production, is that the naturally occurring polyhedrin gene
within the baculovirus genome is replaced with a foreign gene of interest’63. In the very late
phase of in vivo viral replication, the polyhedrin gene is expressed to produce large amounts of
polyhedrin protein which is required to package virions into occlusion bodies”26. However, the
polyhedrin protein is not required for recombinant in vitro infection because viral infection is

propagated in cell culture by budded virions764. Therefore, the polyhedrin gene can be replaced
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with a foreign gene of interest which is subsequently put under control of the strong
polyhedrin promoter?55762. This promoter drives efficient, high-level expression of the
recombinant protein which is then processed, modified and targeted to the appropriate
cellular location?¢62. Additionally, baculoviruses arrest most host gene transcription, thereby

prioritizing viral gene expression76s.

The Autographa californica multiple nucleopolyhedrovirus (AcMNPV), originally isolated from
the alfafa looper (A. californica), was the first baculovirus to be fully sequenced?¢é. In contrast
to most baculoviruses, AcMNPYV is able to infect around 30 species from the Lepidoptera order
and has become the most studied baculovirus for recombinant production763.767-769. AcMNPV is
a particularly advantageous baculoviral vector because it's genome contains multiple non-
essential regions into which foreign DNA can be effectively inserted?66. Additionally, its
polyhedrin/p10 genes provide very strong promoters which direct transcription of
recombinant genes744745762, In fact, the first reports of baculoviral systems for the production
of recombinant proteins used AcMNPV derived vectors to produce human f-interferon?70 and
E.coli B-galactosidase’?! in Spodoptera frugiperda (Sf9) cells. These studies marked the
emergence of the baculovirus expression vector system (BEVS), which has advanced
considerably in the last 30-40 years, as reviewed extensively by van Oers et al. (2015)772 and

more recently by Gorda et al (2021)765.
4.2.4.5 Production of Recombinant Baculoviruses

Traditionally, recombinant baculovirus was generated in a two-step procedure, involving
cloning the foreign gene into a transfer vector and then inserting this into the baculovirus
genome by homologous recombination in insect cells?73. This approach was limited by the low
yield of recombinant virus and the requirement for multiple rounds of plaque purification?70,
However, in 1993, the generation of recombinant baculovirus was drastically simplified by the
engineering of the baculoviral genome into an artificial bacterial chromosome known as a
bacmid’¢5774, The bacmid can be maintained and replicated in bacterial cells (e.g. DH10{),
allowing for the production and amplification of recombinant bacmids in E. coli’65. In this
approach, the gene of interest is cloned into a transfer vector which is then transformed into a
DH10B E.coli strain containing the baculovirus shuttle vector to generate the recombinant
bacmid?74. Nowadays, there are numerous commercial kits available to facilitate recombinant

bacmid production in bacterial cells, including the Bac-to- Bac® Baculovirus Expression System
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(Thermo Fisher Scientific), flashBAC (Oxford Expression Technologies), the BaculoDirect™
Baculovirus Expression System (Thermo Fisher Scientific) and BaculoGold™ (BD
Biosciences)765775, Of note, the Bac-to-Bac® system uses the Tn7 transposition method which
involves transferring the foreign gene of interest from a mini-Tn7 transposase site in the
transfer plasmid to the Tn7 transposase site in the baculovirus shuttle vector using a
transposase enzyme’¢5. More recently, BEVS has seen the introduction of the MultiBac
system755, which allows for the synthesis of multi-subunit protein complexes using a single

baculoviral vector76s,

4.2.4.6 Insect-Baculoviral Expression Systems

Since the isolation of the first insect cell line in the early 1960s776, over 500 insect cell lines have
become available?’75777. Nowadays, the Lepidopteran cell lines derived from Spodoptera
frugiperda (Sf21 and Sf9 ) and Trichoplusia ni (High Five, BTI-Tn-5BI-4) are commonplace in
BEVS754756778779, however, Diptera cell lines from Drosophila melanogaster (S2) are becoming
increasingly popular?7s. Other less common host cell lines include Bm5 derived from Bombyx
mori, Tn368 obtained from Trichoplusia ni and Ea88 isolated from Estigmene acrea; however,

the utility of these lines has been limited by their poor growth in suspension culture?so.

One advantage of insect cells is their ability perform post-translational modifications’st,
namely glycosylation and phosphorylation, which is vital to the stability and activity of many
human glycoproteins’82. However, it should be noted that insect cells generally exhibit less
complex N-glycosylation profiles than mammals?75783, Figure 4.2. Insect N-glycans are typically
mannose terminated, whilst mammalian N-glycans exhibit terminal sialic acid residues and
show more antennal diversity?775784, Additionally, insect N-glycans are decorated with core a-
1,3-fucose units which can be immunogenic to humans784785, Several strategies have been
developed to address the issues of incompatible N-glycosylation in insect cell expression
systems?”75, and such approaches have led to the creation of insect cell lines that express genes
for the enzymes required to produce mammalian glycosylation patterns786787. Nevertheless,
these systems remain in their infancy and most proteins produced in BEVS are limited to
preclinical research’8. However, the high levels of recombinant gene expression, ease of
maintenance and scale up759788, ability to perform post-translational modifications and
inherent safety?55, means the insect-baculovirus expression system has become one of the most

versatile systems for recombinant protein production?65780,
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Figure 4.2: Mammalian and insect cell N-glycan profiles demonstrating the truncated nature
of insect cell glycosylation with core a-1,3-fucosylation. N-glycans constructed in

GlycanBuilder789 (https://sugarbind.expasy.org/builder) using Glycoblock format591.
4.2.5 Baculoviral Expression Systems for GBA

4.2.5.1 Insect-Baculoviral Expression Systems for GBA

Previous studies on the use of BEVS platforms for GBA production have shown some success,
albeit with inconsistent results regarding protein quantity and quality. Early work by Martin et
al. (1988)714 using the AcMNPV vector demonstrated successful GBA expression in Sf9 cells,
with 40% of the recombinant product being secreted into the medium. The protein was only
partially purified and just 15-40% of the original protein was recovered. Nevertheless, this
study demonstrated that human GBA can be produced in BEVS, and this was later supported by
another investigation in which secretion of active GBA from Sf9 cells was achieved?90.
Conversely, other studies reported minimal secretion of GBA from Sf9 cells using the same
AcMNPV vector and promotert48711 and subsequent investigations demonstrated that
recombinantly produced GBA can be stored intracellularly rather than being secreted?91.
However, no purification or biochemical analysis of the recombinant protein from cell

homogenates was performed.

More recently, Sinclair et al. (2006)¢50 employed the Orgyia pseudotsugata multi-capsid
nucleopolyhedrovirus (OpNPV) for GBA production in Sf9 cells to investigate the effect of the
full-length and shortened native signal sequences on GBA secretion. The full length signalling
construct was reported to produce 30% more enzymatic activity than the shortened construct
but both resulted in secretion of GBA into the media®50. In the same year, wild-type GBA and the
N370S GD causing mutant were expressed in High Five (Hi5) cells by Sawkar et al. (2006)715,

allowing the stability, pH sensitivity, cellular localisation and chaperone mediated stabilisation
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of the mutant to be studied¢59. Despite this success, little information on the expression system
was provided (likely owing to the fact this work was done in collaboration with Sanofi
Genzyme) and no information on protein yield were reported. Therefore, in the absence of a
reliable expression platform for non-clinical GBA, there is considerable ongoing reliance on
expired ERT formulations for biochemical, mechanistic and structural studies. Indeed, prior to
this work, the Davies group was dependent on expired Cerezyme® samples for structural
studies. Unfortunately, these ERT formulations are incredibly costly and often only obtainable

in limited supply under a Material Transfer Agreement (MTA).

4.2.6 Research Aims

To support our long-standing interest in the development of inhibitors and activity-based
probes for GBA, this work aimed to establish a reliable insect-baculoviral expression vector
system (BEVS) for the production of recombinant human GBA. Specifically, this work sought to
utilise a Bac-to-Bac® approach to develop an AcMNPV-derived baculoviral expression system
using Trichoplusia ni (High Five, Hi5) cells as the expression host. This work further aimed to
generate recombinant GBA suitable for crystallography studies to permit structural analyses

with novel GBA active compounds.
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4.3 Materials and Methods

4.3.1 GBA1 Constructs

Several GBA1 constructs were produced to find a construct suitable for effective GBA
production, purification and crystallisation. Initially, an N-terminally Hiss-tagged construct was
generated, followed by several constructs containing successively long glycine linkers to make
the TEV cleavage site more accessible. A non-tagged construct was also generated, Figure 4.3.

Details of the required primers and backbones can be found in Appendix 1.

@ GBA1 NHis:
GBAL_1G:
GBA1_2G:
GBA1_3G: TEV |- GGG - GBA1 |
GBA1_4G: TEV | GGGG [ GBAT |

GBA1_NoTag: MelittinSS
(b

Construct GBA1 Source Fomard Re_verse Backbone
Plasmid Primer Primer
GBA1_NHis  pGEn1-GBA P262 P387 B24
GBA1_1G pOMNI-GBA1_NHis  F1G P387 B24
GBA1_2G pOMNI-GBA1_NHis F2G P387 B24
GBA1_3G pOMNI-GBA1_NHis  F3G P387 B24
GBA1_4G pOMNI-GBA1_NHis  F4G P387 B24
GBA1_NoTag pOMNI-GBA1 NHis _ FCHis P387 B41

Figure 4.3: (a) GBA1 constructs produced in this study, where MelittinSS represents the
honeybee melittin signal sequence, HisTag depicts a hex-histidine affinity tag, TEV indicates
a Tobacco Etch Virus cleavage site, GBAI represents the N-terminally truncated GBA1 gene
and G indicates a glycine linker. (b) Table of backbones, primers and source plasmids

required for each construct. Details of these can be found in Appendix 1.
4.3.2 Generation of Recombinant Transfer Plasmids Encoding GBA1

4.3.2.1 Obtaining the GBA1 Gene

The N-terminally truncated GBA1 gene was initially subcloned from the pGEn1-GBA plasmid

(DNASU Clone ID: HsCD00413213792), Figure 4.4, obtained from the Glycoenzyme repository
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(http://glycoenzymes.ccrc.uga.edu/) using Phusion® (New England Biolabs) polymerase
chain reaction (PCR) with forward primer P262 and reverse primer P387, Figure 4.3 (b), to
introduce a His¢-tag at the N-terminus. The pGEn1-GBA template was mixed with Phusion HF
buffer (1x), d-NTPs (0.2 mM), P262 (0.5 pM), P387 (0.5 uM) and Phusion DNA polymerase
enzyme (2U) in a 100 pL reaction. The thermocycling conditions used for Phusion PCR are
summarised in Table 4.1. Successful amplification was confirmed by running the PCR product
on an agarose gel (1%) with SYBR Safe DNA gel stain (0.1x). The insert was gel extracted using
the QIAquick Gel Extraction Kit (50) according to the manufacturers protocol and analysed by
sanger sequencing to confirm the presence of the human GBA1 gene, HisTag and TEV cleavage
site. This insert was used to generate the GBA1_NHis construct only.
M13 fwd AmpR promoter

(a) T7 promoter |
AmpR

bGH poly(A) signal
[Factor Xa site|
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© attBl
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Figure 4.4: (a) GBA-pGEn1-DEST plasmid (DNASU Clone ID: HsCD00413213792), containing
the N-term truncated GBA1 gene. (b) p-OMNI B24 backbone required for SLIC Maps

generated in SnapGene Viewer.

Table 4.1: Thermocycling conditions employed for Phusion PCR

Stage Temperature /°C  Duration /s  Number of cycles
Initial Denaturation 98 30 1
Denaturation 98 10 32
Annealing 68.7 45 32
Extension 72 420 32
Final Extension 72 600 1
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4.3.2.2 Generating GBA1_NHis Transfer Plasmid by Sequence and Ligation Independent
Cloning (SLIC)

The GBA1 insert obtained from the pGEN1-GBA plasmid (1 ng pL-1) was treated with T4 DNA
polymerase (0.5 U) in the presence of BSA (0.1 mg mL-1) for 30 minutes at room temperature.
The reaction was halted by adding d-cNTP (1 mM). The linearised B24 pOMNI backbone
containing the honeybee melittin signal sequence, Figure 4.4 (b), was obtained by restriction
digest of an existing pOMNI plasmid using HindIII-HF and Xmal (New England Biolabs). The
original pOMNI vector, containing the Tn7 transposon sequences (Tn7L and Tn7R), was kindly
provided to the York Structural Biology Laboratory by the Berger Lab (University of Bristol).
The linearised pOMNI backbone was subsequently treated with T4 DNA polymerase as
described above. All DNA fragments were analysed on an agarose gel (1%) and purified by gel

extraction using the QIAquick Gel Extraction Kit (Qiagen).

The insert (1.0 ng pL-1) and backbone (1.5 ng pL-1) were subsequently treated together with
RecA (2 ng pL-1), in the presence of RecA buffer (1x) and ATP (1 mM), for 1 hour at 37 °C. The
RecA treated GBA1 insert and B24 backbone were incubated with DH5a E. coli cells on ice for
30 minutes before transformation by heat shock at 42 °C for 45 seconds. The cells were
incubated at 37 °C for 1-hour, Super Optimal Broth medium supplemented with 20 mM glucose
(SOC medium) (300 pL) was added and the cells were plated on Luria-Bertani broth (LB) agar
plates containing gentamicin (15 pug mlt). The plates were incubated overnight at 37 °C.
Individual colonies were re-streaked and incubated overnight at 37 °C. An overnight 5 mL LB
culture containing gentamicin (15 pg ml-1) was grown and the plasmid DNA was extracted and
purified using a QIAprep Spin Miniprep Kit (Qiagen, 250) according to the manufacturers

protocol.

4.3.2.3 Verification GBA1_NHis Transfer plasmid

To confirm the desired transfer plasmid had been formed, colony PCR was performed on each
re-streaked colony using forward primer 5’-CAGCAGCGAAGTCGCCATAAC-3’ (P51) and reverse
primer 5’-CAGCCGGATCTTCTAGGCTC-3’ (P52) to amplify the GBA1 gene. The re-streaked
colonies were transferred to 100 pL of ultra-pure water and boiled at 95 °C for 5 minutes. A 20
uL PCR reaction was prepared for each colony containing P51 (0.5 uM), P52 (0.5 uM), d-NTPs
(0.2 mM), Phusion HF buffer (1x), Phusion enzyme (2 U) and colony DNA (1 pL). The reactions
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were subjected to the thermocycling conditions outlined in Table 4.1. The PCR products were

analysed on an agarose gel (1%) with SYBR Safe DNA gel stain (0.1x).

To further verify the transfer plasmid, HindllI restriction digest was performed. According to
computer simulated digest using ApE plasmid editor, treatment with HindIII should yield two
fragments; one of ~1.6 kb containing the full GBAI1 gene and a second fragment of ~6.1 kb
containing the rest of the plasmid. The purified GBA1_NHis plasmid DNA (~1 pg) was treated
with HindIII-HF (10 U) and CutSmart buffer (1x) for 2 hours at 37 °C. The digested material was
analysed on an agarose gel (1%) with SYBR Safe DNA gel stain (0.1x) to confirm the correct
construct was formed. Additionally, the purified GBA1_NHis plasmid was diluted to 72 ng pL-1

in ultrapure water (30 pL) and confirmed by Sanger sequencing using P51 and P52.

4.3.2.4 Generating GBA1_1G, GBA1_2G, GBA1_3G, GBA1_4G and GBA1_NoTag Transfer
Plasmid by SLIC

To obtain the desired GBA1 insert for the remaining constructs, the GBA1 gene was copied and
amplified from the pOMNI-GBA1-NHis transfer plasmid by Phusion® PCR using the primers
listed in Figure 4.3 (b) to introduce the desired modification. The pOMNI-GBA1_NHis template
was mixed with Phusion HF buffer (1x), d-NTPs (0.2 mM), Phusion DNA polymerase enzyme
(2U) and the appropriate forward and reverse primers (0.5 pM) in a 100 pL reaction. The
thermocycling conditions used for Phusion PCR are summarised in Table 4.1. Successful
amplification was confirmed by analysing the PCR products on an agarose gel (1%) with
SYBRSafe DNA gel stain (0.1x). The GBAI inserts were gel extracted using the QIAquick Gel

Extraction Kit (50) according to the manufacturers protocol.

The GBAI inserts (1 ng pL-1) were treated with T4 DNA polymerase (0.5 U) as described
previously and diluted with water to 5 ng puL-1. The relevant backbones (5 ng uL-1), Figure 4.3
(b), were supplied by Liang Wu (University of York) pre-treated with T4 DNA polymerase. The
GBA1 inserts (1.0 ng pL-1) and relevant backbones (1.5 ng pL-1) were subsequently treated
together with RecA (2 ng pL-1) as described previously. Following RecA treatment, the
backbones and inserts were incubated with ONESHOT Top10 E. coli cells on ice for 20 minutes
before transformation by heat shock at 42 °C for 45 seconds. The cells were incubated at 37 °C
for 1 hour, SOC medium (300 pL) was added and the cells were plated on LB Agar plates with

gentamicin (15 pL mL-1). The plates were incubated overnight at 37 °C and individual colonies
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were re-streaked before preparing overnight 5 mL LB cultures supplemented with gentamicin
(15 pg mL-1). The resulting transfer plasmids were extracted and purified from the overnight
cultures using a QIAprep Spin Miniprep Kit (Qiagen, 250) according to the manufacturers
protocol. These transfer plasmids were verified by colony PCR, HindIIl digest and Sanger

sequence as outlined for the GBA1_NHis construct.
4.3.3 Generation of Recombinant DH10EMBacY Bacmids Encoding GBA1

The DH10EMBacY E. coli strain was generously provided by the Berger Lab (University of
Bristol). The DH10EMBacY contains the EMBacY baculovirus shuttle vector (bacmid
bMON14272) with a mini-attTn7 target site, a tetracycline resistant helper plasmid
(pPMON7124) encoding the transposase enzyme, a yellow fluorescent protein (YFP) reporter

gene, the LacZa gene and a kanamycin resistance selection marker.

Recombinant bacmid for each construct was produced using the Tn7 transposition method in
DH10EMBacY754756 (Geneva Biotech). Briefly, purified transfer plasmid DNA was transformed
into DH10EMBacY cells by electroporation at 1.8 kV. SOC medium was added immediately and
the cells were incubated for 4 hours at 37 °C before blue/white screening on LB agar plates
containing kanamycin (50 pg mL-1), gentamicin (15 pg mL-1), tetracycline (15 pg mL-1), IPTG (1
mM) and x-Gal (1x). The plates were incubated for 2 days at 37 °C until blue and white colonies
could be identified. Successful white colonies were re-streaked and confirmed by Phusion®
colony PCR. Colony PCR reactions were prepared containing forward primer 5'-
CCCAGTCACGACGTTGTAAAACG-3’ (P55) (0.5 uM), reverse primer 5’-
AGCGGATAACAATTTCACACAGG-3’ (P56) (0.5 uM), d-NTPs (0.2 mM), Phusion HF buffer (1x),
DMSO (3 %), Phusion enzyme (2 U) and boiled colony DNA (1 pL). The reactions were subjected
to the same thermocycling conditions outlined in Table 4.1. The PCR products were analysed
on an agarose gel (1%) with SYBR Safe DNA gel stain (0.1x). Successful colonies were grown in
10 mL LB overnight cultures containing kanamycin (50 pg mL-1), gentamicin (15 pg mL-1) and
tetracycline (15 pg mL-1). The recombinant bacmids were isolated and purified from the LB
cultures using the Pure Link™ HiPure Plasmid DNA Purification Kit (Invitrogen) and verified by
Phusion® PCR using forward primer P51 and P52 to amplify the GBA gene, and P55 and P56 to

amplify across the Tn7 insertion site.
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4.3.4 Generation of Recombinant Baculovirus Encoding GBA1

4.3.4.1 General Notes

All tissues culture experiments were conducted in a laminar flow hood with an air flow of ~
0.75 m s-1. The flow hood was irradiated with UV light for 10 minutes before and after use. The
hood was wiped with 70% ethanol and ChemGene™ disinfectant before and after use.

Incubation of cell cultures was performed at 28 °C and 87 rpm.
4.3.4.2 Transfection of Sf9 cells and Production of Recombinant Baculovirus

Recombinant baculovirus was generated and amplified in Sf9 cells (clonal isolate of Spodoptera
frugiperda Sf21 cells (IPLB-Sf21-AE)) purchased from Invitrogen. Adherent Sf9 cells were
grown at 28 °C for 2 days in 60 mL Insect-XPRESS™ protein free media (Lonza Bioscience)
supplemented with 2% fetal bovine serum (FBS). At log phase growth, 2 mL of suspension Sf9
cells were seeded into each well of a 6-well tissue culture plate at a density of 0.45 x 106 cells
mL-1 and allowed to settle for 10 minutes in a humidified incubator at 28 °C. 180 pL of a
transfection mix containing Insect-XPRESS media (1.05 mL), recombinant bacmid DNA (~ 100
ug) and FuGENE HD (Promega)793 transfection agent (31.5 pL.) was added dropwise to each well
and the cells were incubated in a static humidified incubator at 28 °C until ~ 95 % baculoviral
transduction was achieved, as indicated by expression of the EMBacY YFP marker gene. The
supernatant was collected by centrifugation at 200 g for 5 minutes and FBS (0.2 mL) was added
to yield the viral P1 stock. A 50 mL culture of S cells was prepared at 1 x 10¢ cells mL-1 in
Insect-XPRESS media and infected with 1 mL of viral P1 stock. The culture was incubated at 28
°C with shaking at 87 rpm until 95 % transfection was achieved. The supernatant was collected

by centrifugation at 200 g for 5 minutes and FBS (1 mL) was added to yield the viral P2 stock.
4.3.5 Expression of Recombinant Human GBA in High Five Cells

4.3.5.1 Test Expression

An adherent High Five™ cell line (Hi5, BTI-Tn-5B1-4, Invitrogen) was prepared in a 60 mL
culture in Express Five™ Serum Free Media supplemented with 20 mM L-Glutamine (Thermo
Fischer Life Technologies Ltd). The culture was incubated at 28 °C and 87 rpm for ~24 hours.
Once critical cell density (> 2 x 106 cells mL-1) was reached, the culture was split back and
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prepared at ~1-2 x 106 cells mL-! in 50 mL. Baculovirus P2 stock (500 uL, prepared in section
4.3.4) encoding human GBA1 was added and the cultures were incubated at 28 °C and 87 rpm
until YFP fluorescence was observed in 95% of the cells (~2-3 days). The supernatant was
harvested by centrifugation at 400 g for 15 min at 4°C. DTT and PMSF were added to achieve a

final concentration of 1 mM and 0.1 mM respectively.

4.3.5.2 Full Scale Expression

An adherent High Five™ cell line (BTI-Tn-5B1-4, Invitrogen) was prepared in a 60 mL culture
in Express Five™ Serum Free Media supplemented with 20 mM L-Glutamine (Thermo Fischer
Life Technologies Ltd). The culture was incubated at 28 °C and 87 rpm for ~24 hours. Once
critical cell density (> 2 x 106 cells mL-1) was reached, the culture was successively passaged to
100 mL, 600 mL, 1.8 L and 3.6 L in Express Five™ Serum Free Media. The 3.6 L culture (~1-2 x
106 cells mL-1) was prepared in 6 X 600 mL cultures and infected with 750 pL of baculovirus P2
stock (prepared in section 4.3.4). The cultures were incubated at 28 °C and 87 rpm until 95%
transfection was achieved, as indicated by YFP fluorescence. The supernatant was harvested by
centrifugation at 200 g for 15 min at 4°C, followed by further clearing of debris by centrifugation
at 4000 g for 60 min at 4°C. DTT and PMSF were added to a final concentration of 1 mM and 0.1

mM respectively.

4.3.6 Purification of Recombinant Human GBA

4.3.6.1 Purification of Tagged Constructs

Immobilised Metal Affinity Chromatography (HisTrap Purification): For all his¢-tagged
constructs, initial purification was performed using a 5 mL HisTrap Excel HP column (GE
Healthcare). The HisTrap column was equilibrated with high imidazole buffer B (20 mM Tris,
500 mM NaCl 1 M imidazole pH 8.0, 0.05% N-dodecyl-B-D-maltoside (DDM)) followed by
equilibration with low imidazole buffer A (20 mM Tris, 500 mM NaCl, 20 mM imidazole pH 8.0,
0.05% DDM) before the cell culture medium was loaded. The column was eluted in a buffer
gradient from 0% to 100% buffer B over 20 CVs. The column was then run in 100% buffer B for
a further 5 CVs. The eluate was collected as 1.6 mL fractions and all fractions with an Azso
response were analysed by SDS-PAGE. Fractions which appeared to contain the GBA protein

(~60 kDa) were pooled and subjected to further purification.
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Cation Exchange Chromatography (CatlEX): Fractions pooled from HisTrap purification
were diluted 15-fold in buffer A (20 mM MES, pH 6.0) to lower the salt concentration and adjust
the pH to blow the estimated PI of the protein (PI = 6.9). The diluted fractions were purified
through cation exchange chromatography using a 1 mL HiTrap SP (sulfopropyl) HP cation
exchange column (GE Healthcare) or with a higher resolution 1 mL RESOURCE S cation
exchange column. The column was washed with high salt buffer B (20 mM MES, 1.5 M Nac(l,
0.05% DDM, pH 6.0) and equilibrated in low salt buffer A (20 mM MES, 0.05% DDM, pH 6.0).
The sample was loaded onto the column and eluted over a linear gradient from 0% to 100%
buffer B over 20-40 CVs. The column was then run in 100% buffer B for a further 5 CVs. The
eluate was collected in 1.6 mL and all fractions with an Azs response were analysed by SDS-

PAGE. Fractions containing GBA protein were pooled and subjected to further purification.

Size exclusion Chromatography (SEC): Fractions containing GBA were pooled and
concentrated to 2 mL using a 30 kDa molecular weight cut-off centrifugal filter (VivaSpin™ 20).
A S75 or S200 Superdex size exclusion column (GE Healthcare) was equilibrated in SEC buffer
20 mM MES, 200 mM NacCl, 0.05% DDM pH 6.5) and the sample was manually injected. The
sample was eluted in SEC buffer for 1.5 CVs and collected in 1.6 mL fractions in a 96 well plate.
All fraction with an Azgo response were analysed by SDS-PAGE. Fractions containing GBA were
pooled and buffer exchanged by a second round of SEC using a buffer without DDM detergent
(20 mM MES, 200 mM NacCl, pH 6.5). Following buffer exchange, the pooled fraction containing
GBA were concentrated to ~10 mg mL-! using a 30 kDa Vivaspin concentrator. Typical yields of

3-4 mg (0.83-1.1 mg L1 of culture media).

TEV Protease Treatment: For the His-tagged proteins, the protein fractions pooled from the
first round of HisTrap purification were treated with AcTEV protease (1000 U pL-1) in the
presence of DTT (1 mM). A negative control without AcTEV and a positive control containing
10x AcTEV were prepared. The reaction and controls were incubated over night at room

temperature and were analysed by SDS-PAGE

4.3.6.2 Purification of Non-tagged Construct

In the case of the non-tagged protein, the conditioned supernatant (~ 3.6 L) was concentrated
to ~1 L using a KrosFlo® Research Ili Tangential Flow Filtration (TFF) System with a 30 kDa

mPES hollow fibre filter module prior to purification. The tagless protein was purified using a
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procedure previously described by Sawkar et al. (2006)715, with the addition of a size-exclusion

step to yield pure protein suitable for crystallisation.

Hydrophobic Interaction Chromatography: rGBA was extracted from the concentrated
media by hydrophobic interaction chromatography using a TOYOPEARL Butyl-650C column
(Tosoh Bioscience). The column was pre-equilibrated with 1.5 CV Buffer A (20 mM NaOAc, 150
mM NacCl, pH 5.0) before loading of the cell culture media. The protein was isocratically eluted
into 100% Buffer B (20 mM NaOAc, 150 mM NaCl, 50% (v/v) ethylene glycol, pH 5.0) over 5
CVs and collected as 1.6 mL fractions. All fractions with an Azsoresponse were analysed by SDS-

PAGE. Fractions containing GBA protein were pooled.

Cation Exchange Chromatography (CatIEX): The fractions pooled from HIC were diluted 3-
fold in deionised water and purified by cation-exchange chromatography using a HiTrap
Heparin Sepharose FF column (GE Healthcare). The column was pre-equilibrated in Buffer A
(20 mM NaOAc, 50 mM NaCl, 20% (v/v) ethylene glycol, pH 5.0) before the sample was loaded.
The protein was eluted with a linear gradient from 0-100% Buffer B (20 mM NaOAc, 1 M Na(l,
20% (v/v) ethylene glycol, pH 5.0) over 20 CV. All fractions with an Azgo response were analysed
by SDS-PAGE. Fractions containing GBA protein were pooled and diluted 15-fold in 20%
ethylene glycol and further purified by weak cation-exchange with a HiTrap CM Sepharose FF
column (GE Healthcare). The column was pre-equilibrated with Buffer A (30 mM Na Citrate,
0.01% Tween-80, pH 5.7) before the sample was loaded. The protein was eluted in a linear
gradient over 20 CV into 100% Buffer B (55 mM Na Citrate, 0.01% Tween-80, pH 6.3) and

collected in 1.6 mL fractions. All fractions with an Azgo response were analysed by SDS-PAGE.

Size exclusion Chromatography (SEC): GBA containing fractions were pooled, concentrated
to ~1.5 mL using a 30 kDa Vivaspin concentrator (GE Healthcare) and purified using a Superdex
S§200 16/600 column (GE Healthcare) in SEC buffer (10 mM MES, 100 mM NacCl, 1 mM TCEP,
pH 6.5). The protein was eluted over 1.5 CVs and collected as 1.6 mL fractions. All fractions with
an Azgoresponse were analysed by SDS-PAGE and fractions containing GBA protein were pooled
and concentrated to ~10 mg L-1 using a 30 kDa Vivaspin concentrator. Typical yields were 13-

16.7 mg per preparation (3.6-4.6 mg L-! of culture media).
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4.3.7 Expression and Purification of Recombinant Human Saposin C

The gene encoding human Saposin C (SapC), with an additional methionine and aspartate at the
N-terminal, was codon optimised for E. coli and purchased from Genscript subcloned into the
Ncol and BamHI sites of the pET-16b vector. The resulting vector was transformed into E. coli
Origami B (DE3) cells (Novagen) by heatshock. Cultures were grown at 37 °C in Luria-Bertani
(LD) media supplemented with Ampicillin (100 pg mL-1) to an ODsgo of 0.8-1.0 before induction
with 0.8 mM IPTG. The cultures were grown for a further 4 hours at 37 °C after which the cells

were harvested by centrifugation (4000 g for 20mins).

The cell pellet was resuspended in anion-exchange buffer (25 mM NaCl, 25 mM Tris-HCI, pH
7.5) and lysed by sonication. The lysate was clarified by centrifugation at 16,000g for 10 min
and the supernatant was heated at 85°C for ~30 min. Precipitated proteins were removed by
centrifuged at 16,000g for 10 min. The resulting supernatant was applied directly to a Q-
Sepharose column (GE Healthcare) that had been pre-equilibrated in binding buffer (25 mM
NaCl, 25 mM Tris-HCI at pH 7.5). The protein was eluted with a linear gradient of 0-100%
elution buffer (1 M NaCl, 25 mM Tris-HCI at pH 7.5) over 20 CVs followed by a further 5 CVs at
100% elution buffer. The peak fractions containing SapC were pooled, concentrated, and
applied to a Superdex S75 16/600 (column GE Healthcare) in 50 mM Tris, 150 mM NaCl, pH 7.4
buffer. Fractions containing SapC were pooled and concentrated to ~9 mg mL-! (protein
concentration determined by Bradford assay). Protein identity was confirmed by LC-MS/MS.

Summary of protein purification and identification can be found in Appendix 3.
4.3.8 Biochemical Characterisation of Recombinant GBA

4.3.8.1 Activity-Based Labelling

To confirm the expression of GBA and production of active recombinant protein, labelling
assays were performed with a Cy5 labelled cyclophellitol-aziridine activity-based probe
(JJB376, supplied by the Overkeeft lab, Leiden University). The supernatant (5 uL) and re-
suspended cells (5 pL) were treated with JJB367 (1 pL, 10 uM) at pH 4.5 and pH 7.4 using
appropriately adjusted Mcllvaine buffers (150 mM disodium hydrogen phosphate, 50 mM citric
acid) in a 10 pL reaction. The reactions were incubated at 37 °C for 30 minutes with shaking.

The labelling reaction was halted by boiling at 98 °C for 5 minutes with loading dye (60 mM
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Tris HCl pH 6.8, 10 % (v/v) glycerol, 2% (v/v) SDS, 0.05 % bromophenol blue and 5% (v/v) B-
mercaptoethanol). The denatured samples were separated by electrophoresis on a 10% SDS-
PAGE gel by running continuously at 200 V for 50 minutes. The wet slab gel was scanned on
fluorescence using an Amersham Typhoon 5 at Aex 635 nm and Aem > 665 nm to visualise
fluorescently labelled GBA. PageRuler Plus prestained protein ladder was used as a marker. Full

quantification of protein labelling was not performed.

4.3.8.2 Enzyme Kinetics

Michaelis-Menten kinetics were assayed with the fluorogenic substrate 4-methylumbelliferyl
-D-glucopyranoside (4-MU-Glc). GBA was prepared at 20 nM in kinetics buffer (Mcllvaine
buffer: 150 mM disodium hydrogen phosphate, citric acid [pH 5.2], supplemented with 0.2%
(v/v) Taurocholate, 0.1% (v/v) Triton X-100 and 0.1% (v/v) bovine serum albumin (BSA)). 4-
MU-Glc was prepared at 5mM in kinetics buffer and diluted 2-fold to yield solutions at 2.5, 1.25,
0.625, 0.313, 0.156, 0.078 and 0.039 mM. Each substrate solution (25 uL) was added to the
wells of a black 384 well polystyrene plate in quadruplicate. GBA (25 pL, 20 nM) was added to
each well to give a final enzyme concentration of 10 nM. Activity against 4-MU-Glc was
monitored continuously over 5-minutes at 37 °C or room temperature by measuring the
fluorescence of liberated 4-MU (Aex 360/20 nm, Aem 450/30 nm) using a CLARIOstar® Plus
microplate reader (BMG LabTech). A linear calibration was generated by measuring the
fluorescence of the 4-MU product (Aex 360/20 nm, Aem 450/30 nm) prepared at serial dilutions
in kinetics buffer. Each 4-MU concentration was measured in quadruplicate. Using the 4-MU
calibration, the average initial rate of substrate hydrolysis (V) was determined at each substrate
concentration. The initial rates (V) were plotted against substrate concentration [S] and fitted
by nonlinear regression to the Michaelis-Menten equation (v = Vmax [S] / (Km + [S])) to generate
values of Ky, Vmax and keac using the relationship kcac = Vmax/[Enz]. All data were processed in

Origin graphing software.

4.3.8.3 GBA Activation by Saposin C

GBA was prepared at 30 nM in 100 mM NaOAc (pH 5.2) buffer supplemented with 0.1% (v/v)
Triton X-100 and 0.1% (w/v) BSA. Additionally, SapC was prepared in serial dilutions from 132
UM - 64 nM in 100 mM NaOAc (pH 5.2) buffer supplemented with 0.1% (v/v) Triton X-100 and
0.1% (w/v) BSA. In a black 384 well plate, GBA (30 nM) and SapC (132 pM-64 nM) were mixed
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in a 40 pL reaction volume in a ratio of 1:1 and incubated for 15 minutes at room temperature.
To initiate the reaction, 4-methylumbelliferyl -D-glucopyranoside (prepared at 15 mM) was
added to a final concentration of 5 mM. The reactions were incubated at 37 °C for 15 minutes
and stopped by the addition of 10 pL Na,COs. The extent of substrate hydrolysis was
determined by measuring the fluorescence of liberated 4-MU (Aex 360/20 nm, Aem 450/30 nm)
using a CLARIOstar® Plus microplate reader (BMG LabTech). A linear calibration was
generated by measuring the fluorescence of the 4-MU product (Aex 360/20 nm, Aem450/30 nm)
prepared at serial dilutions in 100 mM NaOAc (pH 5.2) (buffer supplemented with 0.1% (v/v)
Triton X-100 and 0.1% (w/v) BSA) + 10 pL Na,COs. Using the 4-MU calibration, the amount of
liberated 4MU at each SapC concentration was determined and fitted to a 4-parameter logistic

function.

4.3.8.4 ICsp of Bis-Tris-Propane

The ICsp of bis-Tris propane (BTP) was determined using 4-MU-Glc. GBA was prepared at 58
nM in kinetics buffer [Mcllvaine buffer; 150 mM disodium hydrogen phosphate, citric acid pH
5.2 supplemented with 0.2% (v/v) taurocholate, 0.1% (v/v) Triton X-100 and 0.1% (v/v)
bovine serum albumin (BSA)]. BTP was prepared at 500 mM in kinetics buffer (pH 7.0) and
diluted two-fold in serial dilutions to 488 nM. The BTP solutions (20 ul) were added to the wells
of a black 384-well polystyrene plate followed by the addition of 4-MU-Glc (20 ul) prepared at
4 mM in kinetics buffer. GBA (5 pl) was added to each well to yield a final enzyme concentration
of 6.5 nM. The activity against 4-MU-Glc was monitored continuously over 5 min at room
temperature by measuring the fluorescence of liberated 4-MU (Aex= 360/20 nm, Aem =
450/30nm) using a CLARIOstar Plus microplate reader (BMG Labtech). The assays were
performed in quadruplicate for each BTP concentration. A linear calibration was generated by
measuring the fluorescence of the 4-MU product (Aex = 360/20 nm, Aem = 450/30 nm) prepared
at serial dilutions in kinetics buffer. Using the 4-MU calibration, the initial rate of substrate
hydrolysis (V) was determined at each concentration of BTP. The rates (V) were plotted against
the log of the BTP concentration and were fitted by nonlinear regression to the four-parameter

logistic function to determine the ICso.
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4.3.85 Thermofluor Analysis

Triplicate 25 pL reactions containing 2 uM recombinant GBA and 5x SYPROrange dye were
prepared in Mcllvaine buffer at pH 4.5, 5.2 and 7.0. The thermofluor assay was performed in a
Stratagene Mx3005P qPCR instrument. The SYPROrange dye was excited at Aex 517 nm and the
resulting fluorescence was monitored at Aem 585 nm as the temperature was ramped from 25-
95 °C at a rate of 2 °C min-1. Data analysis was performed using the JTSA software (Bond, PS.
JTSA. (2017). at http://paulsbond.co.uk/jtsa)624. The average fluorescence was plotted against

temperature and fitted to a sigmoid-5-function at each pH.

4.3.8.6 Nano Differential Scanning Fluorimetry (NanoDSF) Analysis

Recombinant GBA was prepared at 1 mg mL-! in Mcllvaine pH 5.2 buffer in triplicate 20 pL
reactions. The samples were loaded into Prometheus™ high sensitivity capillaries and analysed
in a Prometheus NT.48 instrument (Nano Temper Technologies). The thermal unfolding was
monitored by tryptophan fluorescence (Aex 260 nm, Aem 330 and 350 nm, 35 % gain) as the
temperature was ramped from 25-90 °C at a rate of 1 °C min-1. The light scattering was also
monitored. Protein denaturation curves were subsequently generated by plotting the ratio of
Aem 330/50 nm against temperature, allowing the protein melting temperature to be calculated

from the mid-point of the transition.

4.3.8.7 Multiple Angle Laser Light Scattering (SEC-MALLS)

SEC-MALLS was performed by Andrew Leech (York Technology Facility). GBA was prepared at
1-3 mg mL-! in water and loaded on a Superdex 20 HR 10/300 column connected to a HPLC
system and run in SEC buffer (10 mM MES, 100 mM NaCl, 1 mM TCEP, pH 6.5). The HPLC system
was connected to a Heleos lighter scattering instrument with a laser wavelength of 658 nm
(Wyatt Technology) and an Optilab dRI detector to perform the multiple angle laser light
scattering. Data analysis was performed using the ASTRA software interface from Wyatt

technology with a BSA sample as a standard.

4.3.8.8 Mass Spectrometry

The contaminant band observed during protein purification at ~90 kDa was isolated by SDS-
PAGE and sent for mass spectrometry analysis which was performed by Chris Taylor (York

Technology Facility). The contaminant band was digested with trypsin and data were acquired
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on an Orbitrap Fusion LC-MS system. In order to reduce contamination, two blanks were run
prior to the sample and any matches persisting into the gel band run were subtracted from the
final result. The spectra were searched against a combination of the Trichoplusia sp and Uniprot
databases using PEAKS Studio X+ for unique peptides and subsequent matches were adjusted

to a target false discovery rate of 1%.

Intact Solution Mass Spectrometry: Recombinant GBA was diluted to 0.7 mg mL-! in 1%
formic acid and 10% acetonitrile. The acidified sample (5 pL) was injected over an MSPac DS-
10 Desalting Cartridge flowing at 30 uL min-! using a NanoAcquity HPLC (Waters). Following a
5-minute wash with 20% acetonitrile and 0.1% formic acid in water, protein was eluted into a
maXis UHR-ToF (Bruker) with a 10-minute gradient from 20-55% acetonitrile. The column was
washed for 2 minutes with 80% acetonitrile and equilibrated for 3 minutes with 20%
acetonitrile between runs. Following protein signal integration and baseline subtraction,
spectra were deconvoluted using the maximum entropy algorithm within COMPASS to

calculate protein mass.

Time Dependent Mass Spectrometry Analysis: A 50 pL reaction containing recombinant GBA
(1.4 mg mL-1), ABP (160 uM) and Mcllvaine pH 5.2 buffer was prepared and incubated at room
temperature. A 5 pL sample was taken at various time points and the labelling reaction was
halted by acidification with 20 pL 1% formic acid and 10% acetonitrile. The samples were
analysed by intact mass spectrometry by injection over an MSPac DS-10 Desalting Cartridge
flowing at 30 pL min-! using a NanoAcquity HPLC (Waters) and analysis on a maXis UHR-ToF
(Bruker) as described previously. Following protein signal integration and baseline
subtraction, spectra were deconvoluted using the maximum entropy algorithm within

COMPASS to calculate protein mass.

4.3.9 C(Crystallisation of Recombinant GBA

4.3.9.1 Crystallisation of Tagged GBA

Purified GBA1_NHis (10 mg mL-1) was tested against a range of commercial crystallisation
screens including Index, PACT premier HT-96 and JCSG+ screen from Molecular Dimensions
and against an ammonium sulfate screen previously used to crystallise Cerezyme®, See

Chapter 3 (section 3.2.1). A hit was identified in well B1 of the PACT premier screen with 0.1 M
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MIB (sodium malonate dibasic, imidazole and boric acid) and 25 % PEG 1.5 K. Optimisation of
these conditions failed to produce suitable crystals. The protein was treated with EndoH (50
units) and PNGaseF (50 units) at 37 °C for 4 hours in an attempt to deglycosylate the protein
for crystallisation. However, neither enzymes were able to deglycosylate the recombinant
protein. The 3-glycine linker construct was screened against Index, PACT premier HT-96,

JCSG+, Xtal Screen and Salt RX screens. Unfortunately, no suitable crystals were obtained.

4.3.9.2 Crystallisation of Non-Tagged GBA

Purified tagless GBA (10 mg mL-1) was tested against a range of commercial crystallisation
screens. An initial hit was found in well H8 of the PACT premier HT-96 screen from Molecular
Dimensions794 with conditions 0.2 M Na;S04, 20% (w/v) PEG3350, 0.1 M bis-Tris-propane pH
8.5. Optimisation of PEG3350 concentration and buffer pH was performed in a 48-well MRC
sitting-drop vapour-diffusion format to yield thin, rod-like crystals at pH 7 and 7.5. Further
optimisation of PEG3350 and protein concentration resulted in larger crystals of the same
morphology. Final optimised conditions were 0.3 pL GBA (10 mg mL-1) + 0.5 pL well solution
(0.2 M NaS04, 14% (v/v) PEG3350, 0.1 M bis-Tris-propane pH 7.0).

Sequential Seeding to Avoid Bis-Tris-Propane: As bis-Tris-propane and related compounds
(see Roberts & Davies, 201279 for review) are glycosidase inhibitors that would interfere with
soaking experiments, sequential seeding was used to obtain crystals in non bis-Tris-propane
conditions. Crystals obtained in the presence of bis-Tris-propane were used to generate a
concentrated seed stock, according to previously published protocolsé14. In a 48-well MRC
sitting-drop vapour-diffusion format, dilutions of the concentrated seed stock (1:100 and
1:1000) were used to screen into the PACT H8 well conditions in which the bis-Tris-propane
was substituted with HEPES buffer (pH 7 and 7.5). Through optimisation of PEG3350
concentration, HEPES concentration, protein volume and seeding ratios, crystals suitable for
generating new seed stocks were obtained using 0.2 pL. GBA (10 mg mL-1) + 0.2 puL well solution
(0.2 M NazSO04, 14 % (v/v) PEG3350, 0.25 M HEPES (pH 7.0)) + 50 nL seed solution (1:1000
dilution). These seed stocks were used to re-screen into previous HEPES conditions in a 48-
well MRC sitting-drop format, resulting in crystals suitable for analysis under the conditions
0.2 pL GBA (10 mg mL-1) + 0.4 pL well solution (0.2 M NazS04, 14% (v/v) PEG3350, 0.25 M
HEPES (pH7)) + 0.1 uL seed (1:1000).
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Crystallisation of Unliganded GBA : An initial hit was also identified in well A5 of the JCSG+
screen from Molecular Dimensions 794 with conditions 0.2 M Mg formate, 20% (w/v) PEG3350.
Optimisation of Mg formate, PEG3350 and protein concentration resulted in larger crystals of
the same morphology. Final optimised conditions were 0.6 pL. GBA (10 mg mL-1) + 0.5 pL well
solution (0.2 M Mg formate, 19% (v/v) PEG3350).

4.3.9.3 Complex with 2-deoxy-2-fluoro-f-D-glucopyranoside (14)

The 2,4-dinitrophenyl-2-deoxy-2-fluoro-B-D-glucopyranoside (2F-DNPGlc, 14) was prepared
using well-established literature protocols by Fen Lui (University of British Colombia). To
obtain a co-crystal complex, solid 2F-DNPGIc was added directly to a crystal drop containing

crystals generated in HEPES conditions (section 4.3.8.2) and soaking overnight.
4.3.9.4 Cryoprotection

All crystals were cryoprotected with well solution supplemented with 25% (v/v) ethylene

glycol prior to flash freezing in liquid N for data collection.
4.3.9.5 Data Collection, Structure Solution and Refinement

Data for the bis-Tris-propane (BTP) and 2F-Glc complexes were collected at the i04 beamline
of the Diamond Light Source to of 1.56 A and 1.41 A resolution respectively. The data were
integrated using the -dials pipeline of XIA2615616 and data reduction was performed using
AIMLESS®17618 in the CCP4 software suite796. The BTP complexed structure was solved by
molecular replacement using a previously obtained structure of Cerezyme®562 as the search
model using PHASER797. The 2F-Glc co-crystal structure was solved by refining against the bis-

Tris-propane complex structure using REFMAC621,

Data for the unliganded crystal were collected at the i04-1beamline of the Diamond Light
Source and integrated using the autoPROC pipeline798. Data reduction was performed in
AIMLESS617.618 and the data were processed to a resolution of 0.98 A. The structure was solved
by molecular replacement using MOLREP$20 with PDB 2NT1368 as the search model. All
structures were refined using REFMAC®2! followed by multiple rounds of manual model
building with COOTé22, The 0.98 A unliganded structure was anisotropically refined with
multiple TLS refinement cycles using the automatic REFMAC option. Idealised coordinate sets

and refinement dictionaries for ligands were generated using AceDRG799.800 or JLIGAND#23,
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Sugar conformations were validated using Privateer594 and MolProbity80! was used to assess

model validity before deposition to the PDB. Data collection and refinement statistics for all

rGBA crystal structures discussed in this work are given in Table 4.2.

Table 4.2: Data collection and refinement statistics for all rGBA crystal structures discussed in

this chapter

BTP Complex 2F-DNP-GIc (14) Unliganded
Data collection
Space group P2, P2, P1
Cell dimensions
a, b, c(h) 52.7,156.2,68.3 53.1,76.4, 68.2 44.5,46.2,

64.2

By () 90, 102,90 90, 102,90 86,75, 83
Resolution (A) 66.75-1.56 52.01-1.41 31.70-0.98

(1.59-1.56) (1.43-1.41) (1.00-0.98)
Rmerge 0.105 (1.670) 0.135 (4.033) 0.043 (0.486)
Rpim 0.057 (0.90) 0.056 (1.66) 0.037 (0.49)
1/ ol 7.3 (0.7) 7.2 (0.4) 8.7 (1.0)
CC1y2 0.987 (0.336) 0.999 (0.357) 0.994 (0.685)
Completeness (%) 96.8 (94.7) 100 (99.7) 74.2 (10.9)
Redundancy 4.3 (4.4) 6.7 (6.7) 1.9 (1.2)
Refinement
Resolution (A) 55.75-1.56 52.01-1.41 31.70-0.98
No. reflections 637325 (31169) 689440 (33887) 394040

(1815)

Rwork / Riree 0.17/0.2 0.18/0.21 0.11/0.13
No. atoms
Protein 7987 4065 4486
Ligand/ion 418 173 175
Water 907 484 709
B-factors (A2)
Protein 23 21 8
Ligand/ion 39 42 16
Water 34 35 29
R.m.s. deviations
Bond lengths (A) 0.014 0.013 0.009
Bond angles (°) 1.80 1.71 1.61
Ramachandran Plot Residues
In most favourable regions 95 95 95
(%)
In allowed regions (%) 4 4 4
PDB code 6TJK 6T]Q 6TN1
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4.4 Results and Discussion

In light of the extensive post-translational modifications required to produce active GBA
protein, eukaryotic systems which retain all the necessary post-translational modification
requirements must be employed for the production of human GBA. Unfortunately, the quantity
and quality of GBA produced by a range of eukaryotic systems in non-clinical contexts has been
inconsistent648711714790,791 demonstrating a lack of consensus on a reliable and robust platform
for GBA production. Consequently, there is an ongoing reliance on incredibly costly ERT
formulations for biochemical, mechanistic and structural studies of GBA. To support our long-
standing interest in developing novel ABPs and inhibitors for GBA, a baculoviral expression
vector system (BEVS) was developed in this work to circumvent the need for ERT formulations.

A number of GBA constructs had to be investigated and optimised to achieve this:
e N-terminally His¢-tagged construct (section 4.4.1, pages 195-202) - unsuccessful
e 3-glycine linker His¢-tagged construct (section 4.4.3, pages 203-205) - unsuccessful

e Non-tagged construct (section 4.4.4, pages 205-224) - successful

However, all constructs employed the honeybee melittin signal sequence, one of the strongest
signalling sequences known for insect cells82, to direct the recombinant protein to the insect
cell secretory pathway and ensure the necessary post-translation glycosylation is performed to
produce active GBA. A simplified workflow of the insect-baculovirus system employed in this

work is summarised in Figure 4.5.
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Recombinant bacmid
Figure 4.5: Simplified workflow of the insect-baculovirus system employed in this work for

Recombinant
protein expression

the production of recombinant GBA. Figure created in BioRender (www.app.biorender.com).

194



441 N-Terminally Hise-Tagged GBA Construct

4.4.1.1 Generation of Recombinant Bacmid

Initially, a N-terminally Hise-tagged GBA construct (GBA1_NHis) was investigated in hopes that
the Hise-tag would allow for facile purification of the resulting protein. The N-term truncated
GBA1 gene, lacking its 40 amino acid native signalling sequence, was originally copied from the
pGEn1-GBA plasmid (DNASU Clone ID: HsCD00413213792) and a tailored GBA1 insert was
generated in which a Hises tag and a TEV cleavage site were introduced directly downstream of
the GBA1 coding sequence. A transfer plasmid encoding the GBA1 gene was formed by sequence
and ligation independent cloning (SLIC) of the GBAI insert with a linearised pOMNI backbone
(B24), Figure 4.6. Of note, the backbone contained the honeybee melittin signal sequence, to
direct the nascent GBA to the insect cell secretary pathway for secretion, and the two Tn7
transposon sequences (Tn7L and Tn7R) which are required to generate the recombinant
bacmid through Tn7 transposition, Figure 4.4 (b). The resulting transfer plasmid was confirmed

by HindlII restriction digest and Sanger sequencing before further use.
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Figure 4.6: Sequenced GBA transfer plasmid generated by SLIC of His¢-tagged GBA1 insert
and linearized B24 plasmid backbone. The transfer plasmid contained the N-term truncated
GBA1 gene, Hisq-tag, TEV cleavage site and melittin signalling sequence between the Tn7L

and Tn7R transposon sequences. Plasmid map generated in SnapGene Viewer.

The Tn7 transposition method developed by researchers at Geneva Biotech754756 was employed
in this work to generate a baculoviral vector encoding the human GBA1 gene. Specifically, the
DH10EMBacY E.coli strain was used, which contains the EMBacY baculovirus shuttle vector

with a mini-attTn7 target site, a tetracycline resistant helper plasmid encoding the transposase
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enzyme, a yellow fluorescent protein (YFP) reporter gene and LacZa gene. The GBA_NHis
transfer plasmid was transformed into DH10EMBacY cells by electroporation, resulting in
transposition of the full GBA1 cassette from the transfer plasmid into the bacmid by action of
the Tn7 transposase enzyme. Upon productive integration of the GBA1 cassette into the bacmid,
the LacZa gene is disrupted which permits selection of successfully transformed colonies via
blue-white screening. White colonies were re-streaked and further confirmed by colony PCR
using primers (P55 and P56) which amplified across the bacmid Tn7 insertion site. The
recombinant bacmid was subsequently purified from overnight cultures of successful colonies
and verified by PCR using two sets of primers; one set of primers to amplify the GBA1 gene (P51

and P52) and another set of primers (P55 and P56) to amplify across the transposition site.

4.4.1.2 Generation of Recombinant Bacmid

Sf9 and Sf21 cell lines (Spodoptera frugiperda) are often recommended for initial transfection
and amplification of recombinant baculovirus because they are reported to be more efficient in
generating infectious viral particles compared to other cell lines, including Hi5778.
Consequently, Sf9 cells were employed in this work to generate recombinant baculovirus
encoding Hiss-tagged human GBA. Sf9 cells were cultured to log phase growth and transfected
with purified recombinant bacmid using a non-liposomal transfection agent793. Once > 95%
transfection was achieved, as indicated by expression of the EMBacY YFP marker gene, the
supernatant containing the recombinant baculovirus was harvested. This recombinant virus

was further amplified in Sf9 cells to produce a second-generation viral stock.

4.4.1.3 Protein Production and Purification

Hi5 (Trichoplusia ni) cells are commonly employed for the expression of recombinant proteins
because they are reported to exhibit 5-10-fold higher expression levels and subsequently
greater protein yields in comparison to Sf9 cells?78. Therefore, a Hi5 cell line was employed for
the expression of recombinant GBA in this work. Hi5 cells were cultured to 3.6 L and infected
with the second-generation recombinant viral stock. The cultures were allowed to express until

YFP fluorescence was observed in 95% of the cells, after which the supernatant was harvested.

Following expression, the N-terminally His¢-tagged protein was purified from the cell culture
media according to the procedure outlined in Figure 4.7. Firstly, the protein was extracted from

the media by immobilised metal affinity chromatography (Ni2+ affinity chromatography) which
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resulted in a protein band at ~60 kDa corresponding to GBA. A coeluting contaminant band was
also observed at ~90 kDa, which proved difficult to remove during purification. Moreover,
when this contaminant was successfully removed, the GBA protein precipitated out of solution.
Consequently, various detergents including cholic acid, Triton X-100 and N-dodecyl-3-D-
maltoside (DDM) were used to keep the protein stable during purification. Of all the detergents
tested, DDM proved to be the most effective and was used in all purification buffers at a

concentration below the critical micelle concentration (CMC).

Table 4.3: Matches identified for the major contaminant according to unique peptide matches

identified by Orbitrap Fusion LC-MS analysis

Accession Mass /Da No.matches Description Origin
Q9BLC5 82713 13 Heat shock protein 83 (Hsp 83) Bombyx Mori
Q1HPK6 95750 7 Translation elongation factor 2 (tef2)  Bombyx Mori
pP08161 95279 9 Early 94 kDa protein AcMNPV

Given the persistence of the contaminant and the undesirable protein behaviour induced on its
removal, the contamination band was analysed by tryptic digest mass spectrometry. The
resulting spectra were searched against Trichoplusia sp and Uniprot databases for unique
peptide matches. Three matches were identified, including the heat shock protein 83 (Hsp83),
the translation elongation factor 2 (tef2) and the early 94 kDa protein, Table 4.3. Based on the
high number of peptide matches, Hsp83 is the most likely protein to account for the
contaminant band. This is further supported by the stabilising function of this heatshock

protein and the drop in GBA stability observed on removing the contaminant.

Following initial purification by Ni2+ affinity chromatography, GBA was further purified through
cation exchange, size exclusion chromatography (SEC) and a final buffer exchange step to
remove the DDM detergent and generate protein suitable for crystallisation, Figure 4.7. A
typical yield of 3 mg per 3.6 L (0.83 mg L-1) expression media was achieved. A previous study
in which GBA was produced in insect cells failed to report a yield for comparison’!5 and only
estimated yields have been provided in the very few studies in which GBA has been purifiedss°.
Therefore, it is not possible to comment on the expression yield of this system relative to
previous studies. Nevertheless, for a complex, human glycosylated protein, this yield was
considered reasonable and there was there was sufficient pure protein to perform some

biochemical characterisation.
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Figure 4.7: Purification of recombinant Hiss-tagged GBA (1) GBA (~60 kDa) was extracted

from the cell culture media by IMAC with a His-trap column, followed by (2) cation exchange
chromatography with a sulfopropyl column and (3) a size-exclusion chromatography in the
presence of 0.05% DDM. (4) A final buffer exchange step was performed on an S200 Superdex

column to remove the DDM detergent. Typical yield of 3 mg per expression (0.83 mg L-1).
4.4.1.4 Biochemical Characterisation

Activity-Based Labelling

Firstly, in-solution labelling assays of the recombinant protein were performed with a
fluorescently tagged cyclophellitol epoxide ABP (ME569) and cyclophellitol aziridine ABP
(JJB367) to rapidly determine if the protein was active. The labelling reactions were performed

at 37 °C for 1 hour and analysed by SDS-PAGE followed by fluorescent readout. Fluorescently
198



labelled GBA was observed ~60 kDa, Figure 4.8, demonstrating that the recombinantly
produced protein is catalytically active and is labelled by the Overkleeft ABPs. Furthermore,
greater labelling was observed with the aziridine ABP, which is concordant with the improved
labelling efficiency known for cyclophellitol aziridine probes.

GBA DDM GBA No DDM

Cont MES569 JjB367 Cont MES69 JJB367

55

40

35
Figure 4.8: In-solution labelling assay of rGBA (200 nM) in the presence and absence of DDM

detergent using fluorescently labelled cyclophellitol epoxide ABP (ME569) and cyclophellitol
aziridine ABP (JJB367) at 10 puM. Fluorescently labelled GBA was observed ~60 kDa

indicating the recombinant protein is catalytically active.

Kinetics

Following activity-based labelling, the enzyme kinetics were assayed in the absence and
presence of DDM detergent using the fluorogenic substrate 4-methylumbelliferyl-f-D-
glucopyranoside (4-MU-GIc). The initial reaction rates were fitted by non-linear regression to
the Michaelis-Menten equation allowing Kv and ke values to be determined, Figure 4.9 (a).
Encouragingly, the catalytic activity of GBA in the absence of DDM detergent (ke: = 126
+ 3 min-1) was found to be comparable to GBA in the presence of DDM (kce: = 160 £ 13 min-1).
Furthermore, the enzymatic activity of both protein samples remained stable for ~ 5-weeks
when stored in the fridge at 4 °C, demonstrating reasonable long-term stability, Figure 4.9 (b).
The comparable activity and long-term stability of GBA in the presence and absence of DDM
suggests the detergent may not be required to keep the protein stable once purified. This holds
a particular advantage for crystallography studies, as the presence of detergents typically

hinders crystallisation.
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Figure 4.9: (a) Michaelis-Menten kinetics of GBA with and without DDM using 4-MU-Glc at
room temperature. (b) Long term catalytic activity of GBA when stored in the fridge at 4 °C.
A 40% and 44% decrease in activity was observed in the presence and absence of DDM

respectively at day 37. All data plotted as the average + stdev of 4 replicates.
Thermal Stability

The thermal stability of the recombinant protein was initially investigated through a
Thermofluor assay using Sypro Orange dye. However, considerably high background
fluorescence was observed which prevented the generation of suitable thermal shift curves.
This high background fluorescence could be attributed to residual DDM in the samples.
Consequently, Nano Differential Scanning Fluorimetry (NanoDSF), which relies on intrinsic
protein fluorescence from tryptophan and tyrosine residues, was employed to evaluate the

thermal stability of the recombinant GBA formulation.

The protein fluorescence was monitored at Aem 330 nm and 350 nm as the protein was
denatured by heating from 20-95 °C. The ratio of 350/330 nm fluorescence was plotted against
temperature to yield a fluorescence thermal stability curve from which the protein melting
temperature (Tm) could be determined. At pH 7.0, the Tm of GBA was calculated to be 51°C,
Figure 4.10 (a). Unfortunately, due to the limited supply of Cerezyme®, NanoDSF analysis could
not be performed for direct comparison, however, a previous ThermoFluor assay revealed the
Tm of Cerezyme® to be 50 °C at pH 7.0, Figure 4.10 (b). These preliminary results indicate that
the recombinant GBA produced in insect cells in this work exhibits comparable thermal

stability to that of Cerezyme® produced in CHO cells.
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Figure 4.10: (a) NanoDSF analysis of recombinant Hiss-tagged GBA at pH 7.4. Protein melting
temperature determined from the midpoint of fluorescence transition, Tm = 50 °C (average
of triplicate). (b) Thermofluor analysis of Cerezyme® at pH 7.4. Protein melting temperature

determined from midpoint of the fluorescence transition, Tm = 51 °C (average of 5 replicates)
44.1.5 Crystallisation

Subsequent to brief biochemical characterisation, crystallisation of the recombinant Hise-
tagged GBA was attempted. Unfortunately, despite extensive screening and optimisation,
crystals suitable for crystallography studies could not be obtained. Several factors could have
hindered crystallisation, including residual DDM detergent, protein glycosylation and the
presence of the Hiss-tag. Removal of residual DDM detergent is incredibly challenging because
DDM is not dialysable. In regard to protein glycosylation, attempts were made to cleave the N-
glycans using deglycosylating enzymes such as Endo H (cleaves N-linked glycans between the
two GIcNAc units of the chitobiose core) and PNGase F (cleaves between the innermost GIcNAc
and asparagine residues). However, both enzymes proved ineffective under non-denaturing
conditions and the N-glycosylation could not be altered, Figure 4.11. Owing to expression in
insect cells, it was postulated that the N-glycosylation profile of this GBA formulation may
contain core a-1,3 or a-1,6-fucose residues which prevent the cleavage of N-glycans by PNGase
F. This is further compounded by the fact that Endo H is unable to cleave complex glycans.
Consequently, removal of the N-glycans also proved difficult. Lastly, the protein was treated
with TEV protease in an effort to cleave the N-terminal Hiss-tag. Unfortunately, the tag could
not be cleaved, even in the presence of excess TEV protease and prolonged incubation periods,
Figure 4.11. The TEV site (ENLYFQG) had been confirmed by sequencing of the original transfer
plasmid, therefore, it was suggested that the cleavage site was inaccessible, potentially due to

its close proximity to the protein.
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Figure 4.11: Treatment of Hises-tagged GBA with TEV protease, Endo H and PNGase F under
denaturing (+) and non-denaturing (-) conditions. Some change in protein glycosylation
observed under denaturing conditions with Endo H and PNGase F. No change under non-

denaturing conditions. No change observed when treated with TEV protease.
4.4.2 Alternative GBA Constructs

Considering all the problems highlighted with the His¢-tagged construct, several new constructs
were designed in an attempt to overcome the tag cleavage problem. Four constructs with
progressively longer glycine linkers between the GBA coding sequence and TEV cleave site (1G,
2G, 3G and 4G) were synthesised to improve the accessibility of TEV site. A tagless construct
was also generated; however, purification of untagged proteins is inherently more complex and
labour intensive; therefore, it was hoped that one of the glycine-linked Hiss-tagged constructs
would be suitable. To simplify the workflow, the recombinant transfer plasmids, bacmids and
baculoviral stocks for all constructs were generated in tandem using the procedures described
previously for the N-terminally Hiss-tagged construct and with the primers and backbones

outlined in Figure 4.3 (b).
4.4.2.1 Test Expressions

To ensure each construct could produce active GBA, small-scale test expressions were
performed in Hi5 cells. Following expression, the supernatant was harvested and the cells were
resuspended in water. Activity-based labelling with ABP ]JJB367 was performed on the
supernatant and resuspended cells to rapidly detect GBA activity. The reactions were separated
by SDS- PAGE and analysed by fluorescent readout to reveal active GBA at ~60 kDa in both the

supernatant and resuspended cells of all constructs, Figure 4.12. Although greater fluorescence
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signal was observed in the resuspended cells, it is important to note that this results from
resuspension of the cells in ~5 mL volume which is considerably smaller than the 50 mL of
media from which the supernatant labelling reaction sample was taken. Therefore, any GBA in
the cells would be at a substantially higher concentration. In light of this, it is clear that a
significant portion of recombinantly produced GBA is secreted into the media by the action of
the melittin signal sequence, but some GBA is stored intracellularly. Further quantification of
GBA secretion was not performed in this work. Most importantly, these labelling reactions
demonstrate that all constructs produce active GBA, therefore all constructs should be suitable

for further full-scale expression studies.
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Figure 4.12: In-solution labelling reactions of the supernatant (S) and resuspended cells (C)

of each test expression with ABP ]JJB367. Fluorescent readout of SDS-PAGE analysis shows
labelled GBA at ~60 kDa, indicating active GBA is produced by all constructs. 1G-4G = glycine

linker constructs, NoTag = tagless construct.
4.4.3 3G Glycine Linker Hise-Tagged Construct

The three-glycine linker construct (GBA_3G) was chosen as the first alternative construct to be
investigated, as it was hoped the glycine linker would be sufficiently long to render the TEV

cleavage site accessible and overcome the Hiss-tag problem. It was also hoped that if this
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construct was successful, the 1-glycine and 2-glycine linker constructs could be investigated to
reduce the length of the glycine chain that would remain appended to the N-terminus of the
protein. All the necessary cloning required to produce the GBA_3G recombinant transfer
plasmid and bacmid was performed as described for the N-terminally Hiss-tagged construct

using the relevant primers and backbone, Figure 4.3 (b).
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Figure 4.13: Sequenced transfer plasmid containing the N-term truncated GBA1 gene, a 3-

glycine linker, TEV cleavage site and His¢-tag. Plasmid map generated in SnapGene Viewer.
4.4.3.1 Protein Production and Purification

Following a full-scale expression in Hi5 cells, recombinant GBA_3G was purified from the
supernatant according to the same procedure outlined for the N-terminally His¢-tagged
construct, Figure 4.7. However, the final buffer exchange step to remove the DDM detergent
was not performed as this was not considered vital to determining the effect of the linker.
Following HisTrap, cation exchange and size exclusion chromatography, sufficiently pure
protein was obtained at a yield of 3.5 mg (0.97 mg mL-1), Figure 4.14. Importantly, there was
adequate protein to perform several optimisation assays with TEV protease to assess whether
the Hise-tag could be cleaved. Unfortunately, despite introducing the 3-glycine linker, the Hise-
tag could not be cleaved by treatment with TEV protease. The reason for this remains unclear,
however, given the hydrophobicity of GBA, it’s possible that the tag folds into the protein and
binds through a hydrophobic surface or pocket rendering it inaccessible to TEV protease.
Consequently, it seemed unlikely that the remaining glycine linker constructs would be suitable

and efforts turned to expression and purification of the tagless construct.
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444 Non-Tagged Construct
4.4.4.1 Cloning

All the necessary cloning required to produce the transfer plasmid and bacmid for the tagless
GBA construct was performed according to the same procedure employed for the His¢-tagged
constructs using the primers and backbone outlined in Figure 4.3. The recombinant transfer
plasmid was verified by HindlIII digest and sanger sequencing, whilst the recombinant bacmid

was verified by PCR, Figure 4.15. The recombinant baculovirus was generated in Sf9 cells.
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Figure 4.15: Sequenced transfer plasmid encoding the non-tagged N-terminally truncated

GBA1 gene. Plasmid map generated in SnapGene Viewer
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4442 Protein Production and Purification

Tagless rGBA was expressed in Hi5 cells and purified from the cell culture media using a
modified procedure of the protocol described by Sawkar et al. (2006)715. Specifically, rGBA was
extracted from the cell culture media using hydrophobic interaction chromatography and then
purified on a heparin affinity column using its cation exchange properties. A second round of
weak cation exchange was performed using a carboxymethyl sepharose column in the presence
0f 0.01 % TWEEN® 80 (polysorbate 80), which is a commonly used detergent for the extraction
of membrane proteins. A final SEC step was performed to remove the detergent and generate
protein suitable for x-ray crystallography, Figure 4.16.
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Figure 4.16: Purification of recombinant tagless GBA by (1) hydrophobic interaction
chromatography, (2) cation exchange chromatography with a heparin affinity column (3)
cation exchange with a carboxymethyl sepharose column in presence of 0.01 % TWEEN 80

and (4) size exclusion chromatography. Typical yield of 13-27.0 mg (3.6-7.5 mg L-1).
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Following purification, a typical yield of 13.0-27.0 mg (3.6-7.5 mg mL-1) was achieved, which is
a considerable improvement on the 3.0-3.5 mg obtained for the Hises-tagged constructs.
Unfortunately, the study in which the original purification was described failed to reporta yield
for comparison’!5 and only estimated yields have been provided in the very few studies in
which GBA has been purified®50. Thus, is it not possible to comment on the expression yield of
this system relative to previous studies. Nevertheless, this expression system generates

sufficient protein for both biochemical and structural studies.

4.4.4.3 Biochemical Characterisation

The biophysical and biochemical properties of the tagless GBA formulation were investigated
to assess whether this recombinant product could be a viable alternative to ERT formulations

for non-clinical use.

Enzyme Kinetics

Firstly, the Michaelis Menten kinetics were assayed at room temperature and 37 °C using the
fluorogenic substrate 4-MU-Glc. Initial reaction rates were fitted to the Michaelis-Menten
equation by non-linear regression and Kv, Vmax and kc.: were calculated, Figure 4.17. A 4-fold
increase in k.t was observed on increasing the temperature from 20 °C to 37 °C, with all kinetic
parameters comparing favourably to those reported for Cerezyme®55!, Figure 4.17. Indeed,
these Kuv, Vmax and values suggest that the GBA formulation produced in insect cell in this work
exhibits similar kinetic properties to the commercial product Cerezyme® which is produced in
CHO cells. Additionally, the k. of this recombinant enzyme (kcax = 1174 + 23 min?) is
comparable to that of the GBA formulation produced in insect-cells by Sawkar et al. (2006)715

(kcat = 868 + 28 min-1); however, no Ku or Vmax values were reported in that study.

It would be prudent to note that there have been concerns in the literature regarding the impact
of the inner filter effect (IFE) on the kinetic parameters determined using 4-MU substrates. It is
known that the inner filter effect reduces the detected fluorescence at high 4-MU
concentrations due to an increase in optical density and excess fluorescence absorbance803.804,
Consequently, the IFE was briefly investigated in this work to determine its impact on the
reported kinetic parameters, Appendix 2. The kinetic assay was repeated at a higher excitation
wavelength (390 nm) to minimise the excess absorbance of excitation light by the fluorophore

and eliminate primary IFEs. Importantly, the resulting kinetic parameters (Ku = 1.371 + 0.244
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mM, Vinax=21.26 + 1.88 uM min-1, kcac = 2126 min-1) were consistent with those obtained in the
original assay, indicating that the reported kinetic parameters are minimally affected by the
IFE. Furthermore, the majority of kinetic studies on this enzyme, including those cited in this

work for comparison, use 4-MU-Glc as the fluorogenic substrate.
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Figure 4.17: (a) Michaelis-Menten kinetics of tagless GBA using 4-MU-Glc at 20 °C and 37 °C.
Data plotted as the average + stdev of 4 replicates. (b) Comparison of kinetic parameters
with those reported for Cerezyme®65! and GBA produced in insect cells by Sawkar et al.

(2006)715 (rhWT-GBA) also determined using 4-MU-Glc at 37 °C.
Activity Enhancement with Saposin C

Perhaps more interestingly, the activity of this GBA formulation against the artificial substrate
4-MU-Glc was enhanced 6.4-fold when in the presence of the activator protein Saposin C (SapC).
Saposins are a family of small, heat stable, sphingolipid activator proteins which are required
to supplement the activity of certain lysosomal glycoside hydrolases895806, Specifically, SapC has
been shown to activate human GBA for efficient glucosylceramide (GlcCer) hydrolysis in
vivo95807.808, [n fact, patients with normal GBA activity but deficient SapC levels have been
reported to exhibit Gaucher-like symptoms, demonstrating the in vivo significance of SapC in
GlcCer metabolism92100, Although the mechanism of activation of SapC towards GBA is still
unknown, a model has been proposed in which SapC and GBA bind each other in the lysosomal
membrane where the sphingolipid is located, thereby enhancing the accessibility of GBA to the

sphingolipid8®®. However, SapC has also been shown to enhance the activity of GBA in vitro
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in the absence of a (lysosomal) membrane but in the presence of detergents8o’. Therefore, the

effect of SapC on this GBA formulation was crudely investigated through an activity assay.

Recombinant human SapC was expressed in Origami (DE3) cells, which contain mutations in
both the thioredoxin reductase (trxB) and glutathione reductase (gor) genes to enhance the
formation of disulfide bonds that are required for correct folding of SapC. Following heat
treatment to precipitate out larger cytosolic proteins, SapC was purified through anion-
exchange chromatography and gel filtration, see Appendix 3 for full details. Subsequently, GBA
(10 nM) was incubated with increasing concentrations of SapC (20 nM - 44 uM) in the presence
of 0.1% Triton X-100 detergent for 15 mins at 37°C. Following incubation, 4-MU-Glc substrate
was added and the reactions were stopped after 15 minutes by the addition of Na,CO3 (pH 11).
At each SapC concentration, the extent of substrate hydrolysis was determined by measuring
the fluorescence of liberated 4-MU product, Figure 4.18. Subsequently, SapC was found to
enhance the activity of this GBA formulation 6.4-fold, which consistent with a previous study in
which native SapC was shown to stimulate the activity of Ceredase® (a therapeutic GBA
formulation) by 7-fold807. Therefore, it is encouraging to find that the recombinant GBA
produced in insect cells in this work is enhanced by its activator protein SapC and that this
increase in GBA activity is comparable to that achieved with a therapeutic formulation. This
unearths future opportunities to further probe the interactions of GBA and SapC, which is of

considerable interest in Gaucher disease research.
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Figure 4.18: Effect of increasing SapC concentrations (20 nM-44 pM) on the activity of rGBA
(10 nM) against 4-MU-Glc. Liberated 4-MU product (nmol) plotted against (a) SapC
concentration and (b) Log of the SapC concentration and fitted to 4-parameter logistic
function. A 6.4-fold increased in GBA activity was observed with an ECso = 674 + 18 nM. Data

plotted as average + stdev of 4 replicates.
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Long Term Stability

The long-term stability of the recombinant GBA formulation was also investigated by
monitoring the catalytic activity over time. When stored at 4 °C, the enzymatic activity remained
stable for ~5-6 weeks, after which the activity gradually dropped to 50% by day 82, Figure 4.19.
This suggests the recombinant enzyme exhibits good long-term stability once purified.
Additionally, no considerable change in k.. was observed upon a freeze-thaw cycle, indicating

this protein is suitable for freezing for long-term storage, Figure 4.19.
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Figure 4.19: (a) Long term activity of GBA stored at 4 °C. Data plotted as average + stdev of
4 replicates. Assays performed at 20 °C (b) Michaelis-Menten kinetic assay of GBA performed
at 20 °C following a freeze-thaw cycle. No significant change in kca: (291 + 23 min-1) compared

to GBA which has not been frozen (254 + 13 min-1).
Thermal Stability

Following kinetic analysis, the thermal stability of the recombinant GBA formulation was
evaluated. In contrast to the N-terminally Hiss-tagged formulation, ThermoFluor analysis could
be performed on the tagless GBA protein as the background fluorescence was sufficiently low
to generate suitable thermal shift curves. This indicates that the TWEEN-80 detergent was
successfully removed from the protein during the purification procedure. Consequently, the
thermal stability of the tagless recombinant protein was evaluated using both ThermoFluor and
NanoDSF analysis at pH 4.5 and 5.2, to mimic the lysosomal pH range, and at pH 7.0. The melting
temperatures determined by each technique were concordant, demonstrating an inherent
difference in thermal stability with varying pH, Figure 4.20. Specifically, GBA proved more
stable at acidic pH than neutral pH, with optimum stability at pH 5.2 (NanoDSF Tm = 58.4 + 0.0

°C). This pH dependent thermal stability profile is expected for a lysosomal enzyme.
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Figure 4.20: Thermal stability analysis of tagless GBA by (a) ThermoFluor and (b) NanoDSF
at pH 4.5, 5.2 and 7.0. (c) Melting temperature of GBA at each pH determine by ThermoFluor

and NanoDSF. Data are reported as the average + stdev of 3 replicates.

The lower melting point of GBA at neutral pH has been noted previously and is supported by
proteolysis studies in which GBA was found to be resistant to tryptic digestion at pH 5.2 but not
at pH 7.4625. This behaviour is thought to arise from destabilising changes in the enzymes native
fold at neutral pH. Therefore, this recombinant GBA formulation exhibits the expected pH
dependent thermal stability profile. Moreover, the melting temperatures reported for our GBA
formulation are consistent with those reported for Cerezyme®625, which also exhibits a pH
dependent thermal stability profile, Table 4.4. In contrast, no pH dependent thermal stability

was reported for the GBA formulation produced in insect cells by Sawkar et al. (2006)715

Table 4.4: Tm values for (a) recombinant GBA produced in this work as determined by
ThermoFluor analysis. Data reported as an average + stdev of 3 replicates (b) Cerezyme®
determined by circular dichroism by Bdira et al. (2017)¢625 and (c) GBA produced in insect

cells by Sawkar et al. (2006)715 determined by circular dichroism.

Protein Tm (°C)

Recombinant GBA2  56.3 £ 0.0 (pH4.5) 60.0+0.2 (pH5.2) 53.8+0.1(pH7.0)
Cerezyme®b - 61 (pH 5.2) 57 (pH 7.4)
rhWT-GBA« - 49.3 (pH 5.3) 49.2 (pH 7.0)
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Size Exclusion Chromatography-Multiple Angle Light Scattering (SEC-MALLS)

SEC-MALLS was performed to determine the molecular mass of the recombinant protein and
evaluate its behaviour in solution. Surprisingly, SEC-MALLS analysis revealed three peaks at
120 kDa, 59 kDa and 62 kDa, Figure 4.21 (a). The 120 kDa peak likely corresponds to GBA dimer,
whilst the 59 kDa peak represents monomeric GBA. However, the large peak at 62 kDa could

not be accounted for.
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Figure 4.21: (a) SEC-MALLS analysis of tagless GBA. Peak 1 at 120 kDa corresponds to GBA
dimer, peak 2 at 59 kDa corresponds to GBA monomer, peak 3 at 62 kDa is unknown. (b)

Analysis of Cerezyme® on S200 Superdex column demonstrating same 3-peak elution profile.

It was originally proposed that the unknown peak at 62 kDa may represent a specific, heavily
glycosylated form of GBA, however, analysis of the commercial product Cerezyme® on a
Superdex column revealed the same 3-peak behaviour, Figure 4.21 (b). The exact cause of this
elution behaviour remains unclear; however, it is possible that the elution is altered by
interactions between glycosylated GBA and the dextran covalently bound to the agarose
particles of the Superdex matrix. This is strongly supported by the fact that this unusual
behaviour could be controlled by altering the salt concentration of the SEC buffer. Increasing
the salt concentration from 100 mM to 300 mM led to a reduction in the unknown peak at 62
kDa and a concomitant increase in the monomer peak at 59 kDa, Figure 4.22. It is also important
to note that relatively minor changes in protein structure, such as glycosylation, may affect
protein solubility and encourage secondary interactions with the resin. This in turn may cause
similarly sized protein molecules to elute at different times, resulting in broadening of the peaks
and poor definition between monomers and oligomers. Therefore, the unusual elution profile

may be further complicated by the presence of multiple glycoforms within the protein sample.
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Importantly, all 3 SEC-MALLS peaks contained active GBA protein, therefore, combined with
the change in elution profile observed on increasing salt concentration, it was concluded that
the unusual elution behaviour results from unfavourable interactions of the protein with the
Superdex resin rather than the presence of multiple protein oligomers in the sample. It is likely
that the SEC step in the initial purification procedure could be performed due to the presence

of TWEEN-80 detergent in the sample from the previous cation-exchange step.
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Figure 4.22: (a) Effect of increasing salt concentration on the elution profile of recombinant

GBA from S200 Superdex column.
Intact Mass Spectrometry

Following SEC-MALLS analysis, intact mass spectrometry was performed to provide some
insight into the glycosylation profile of the protein. The resulting mass spectrum revealed a
predominant glycoform at 59392.83 Da and a series of glycoforms varying by mannose and
fucose units, Figure 4.23. Given this protein was expressed in insect cells, the presence of core
fucosylation was expected and evidence of this in the mass spectrum further supports the
previous observation that PNGase F is unable to remove the N-glycans from this formulation.
Additionally, the large number of glycoforms was unsurprising given that the protein was

expressed in insect cells with no attempts to control post-translational glycosylation.

For therapeutic glycoproteins, glycosylation is vital to ensuring optimum biological activity,
therapeutic efficacy and tolerability. Therefore, selection of expression host, glycoengineering
and upstream processes are extensively optimised to control the glycosylation of therapeutic
proteins719. However, to the authors knowledge, no insect cell made GBA has been approved for
therapeutic use to date because glycoforms produced by insect cells can be immunogenic81?. Of
note, Hi5 cells modify glycoproteins with core fucosylation, as observed in the intact mass

spectrum of the protein produced in this work, which can induce immunogenic and allergic
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responses in humans’84. Several strategies have been developed to address the issue of
incompatible N-glycosylation in insect cell expression systems, however, these remain in their
infancy?75. For the purposes of this work, the glycosylation of GBA need not be homogeneous,
however, there were concerns that the presence of multiple glycoforms would hinder
crystallisation and subsequent structural studies. It should also be noted that this GBA
formulation is not suitable for human administration due to the variable glycosylation profile

and insect-cell like glycosylation.
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Figure 4.23: Intact mass spectrum of non-tagged GBA protein, revealing the presence of

multiple GBA glycoforms varying by fucose and mannose units.
Activity-Based Labelling

Time dependent intact MS analysis was also used to further investigate the labelling of
recombinant GBA by a Cy5-tagged cyclophellitol epoxide ABP (ME569) and a Cy5-tagged
cyclophellitol aziridine ABP (JJB367). GBA was incubated at optimum pH (pH 5.2) with each
ABP and aliquots were taken at 1-min and 5-min for analysis by intact MS. The resulting spectra
demonstrated a shift in the MS profile of GBA by 848 Da or 721 Da, corresponding to covalent
labelling by JJB367 and ME569 respectively, Figure 4.24. Within 1 minute, approximately 80%
of GBA was labelled by the aziridine probe JJB367, compared to 67% labelling by the epoxide
probe ME569. This exemplifies the enhanced labelling efficiency of cyclophellitol aziridines
compared to the epoxide equivalents. Nevertheless, labelling by both probes reached
completion within 5 minutes. These labelling assays further confirm the catalytic activity of this
GBA formulation and demonstrate how such mass spectrometry studies may be used to probe

inactivator binding.
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Figure 4.24: Intact mass spectra of GBA labelling with ABP J]JB367 and ME569. A shift in the

GBA profile of 848 Da and 721 Da is observed, corresponding to labelling by JJB367 and

MES569 respectively. Both labelling reactions reached completion within 5 minutes.
4444 Crystallisation

Following biochemical characterisation, the tagless GBA formulation was tested against a range
of commercial crystallisation screens, with an initial hit identified in well H8 of the PACT
premier HT-96 from Molecular Dimensions”94 containing 0.2 M sodium sulfate, 20% (w/v) PEG
3350, 0.1 M bis-Tris propane (BTP) pH 8.5. However, this pH was considered too high for GBA,
which is most stable at acidic pH (< 6)93. Additionally, this pH is at the upper limit of which the
Overkleeft cyclophellitol probes function3. Therefore, optimisation of crystallisation

components was performed to generate crystals at a lower pH (pH 7.0), Figure 4.25.
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Figure 4.25: Optimisation of GBA crystallisation conditions.(a) altering pH of bis-Tris-
propane buffer and (b) varying protein concentration to generate suitable crystals at pH 7.0.
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rGBA in Complex with Bis-Tris-Propane

Through alteration of buffer pH, crystals of rGBA were obtained at pH 7.0 and tested at the
Diamond Light Source. The resulting data were processed to 1.56 A resolution to reveal that
GBA had crystallised in spacegroup P2; with two molecules in the asymmetric unit, Figure 4.26
(a). This homodimeric crystal form has been reported previously for GBA595.657.660, however, in
contrast to earlier studies595641654, this protein formulation was not deglycosylated prior to
crystal screening. Consequently, this structure exhibited visible N-glycosylation at Asn19,
Asn59 and Asn146 in chain A and Asn19 and Asn146 in chain B, Figure 4.26 (a). Itis understood
that occupation of the Asn19 N-glycosylation site is vital for GBA activity647.648 and in this
structure, Asn19 is occupied by a chitobiose core with a 3-1,4-mannose unit in chain B and an
additional a-1,3-mannose unit in chain A, Figure 4.26 (a). The absence of core fucosylation in
the glycan profile was surprising, especially as it was observed so prominently in the intact MS
spectrum. However, it is possible that core fucosylation is present but is not observable in the

electron density or that this specific non-fucosylated glycoform crystallises more readily.

(b)

{3

Figure 4.26: (a) Crystal structure of rGBA dimer obtained at 1.56 A resolution (PDB 6TJK). N-

glycans depicted in glycoblock format591. (b) GBA monomer comprises of 3 domains; domain
[ (residues 1-27 and 383-414) in red, domain II (residues 30-75 and 431-497) in blue and
domain III (residues 76-381 and 416-430) in gold. Zoom panel shows active site structure

with BTP bound non covalently. Electron density (2F,-F.) of BTP contoured to 1o (0.34 e/A3).
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Each GBA monomer in the asymmetric unit comprised of the expected three non-contiguous
domains: an anti-parallel -sheet domain (domain I), an immunoglobulin like domain (domain
I1) and a TIM barrel domain containing the active site (domain III), Figure 4.26 (b). Importantly,
the tertiary structure of this recombinant protein compares favourably with an unliganded
structure of Cerezyme® obtained for comparison, Figure 4.27. An overlay of the two structures
using the online PDBeFold tool revealed a Ca root mean square deviation (RMSD) of 0.57 & (Q-
score 0.95) and 0.50 A (Q-score 0.96) for overlay of the A chains and B chains respectively,
indicating good structural similarity of the protein back bone. Some deviations were observed
in the flexible loop regions of residues 27-30, 60-64, 313-319 and 395-398. However, these
loops have been observed in multiple conformations in previously published crystal structures
of GBA, suggesting these regions exhibit considerable dynamic flexibility. Of note, loop 1
containing residues 313-319 has been observed in an extended (open) and helical (closed)
conformation8!l. Specifically, the helical (closed) conformation is commonly seen when a
substrate is bound in the active site, and this change in loop conformation from extended to
helical is believed to play a role in controlling active site access by inducing changes in nearby
hydrophobic regions of the protein812. It is possible that the closed (helical) conformation of
loop 1 observed in this rGBA structure may result from non-covalent binding of a molecule of

bis-Tris-propane BTP, from the crystallisation conditions, in the active site.

Unfortunately, a true ligand-free structure was not obtained due to the presence of BTP in the
active site, Figure 4.26 (b). Binding of BTP to glycosidases has been observed previously and
results from a superficial similarity between the hydroxylated and positively charged BTP
molecule and the oxocarbenium ion transition state of glycoside hydrolysis, which is strongly
stabilized by glycosidase enzymes795813814, Nevertheless, when aligned with Cerezyme®), it is
clear that the active site of rGBA is extremely well conserved, with most active site residues,
including the catalytic acid-base residue (Glu235) and catalytic nucleophile (Glu340), adopting
almost identical conformations, Figure 4.27 (b). The only notable difference is the ‘downwards’
displacement of Tyr313 in the BTP complex, presumably to avoid clashing with the hydroxyl

groups of the BTP molecule.
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Figure 4.27: (a) Tertiary structure and (b) active site overlay of recombinant GBA (PDB 6T]K)

obtained at pH 7.0 (gold) and Cerezyme® (PDB 6T]]) obtained at pH 4.6 (teal). A molecule of
BTP (white) occupies the active site of PDB 6T]K.

Although good tertiary and active site structural similarity was observed with Cerezyme®, there
were concerns that binding of BTP to the active site would interfere with ligand soaking
experiments. Unfortunately, this was confirmed to be the case when attempts to use these
crystals for ligand binding studies, by soaking with other ligands to displace BTP, proved
unsuccessful. The inability to displace BTP from the active site can be rationalised by the high
concentration of BTP used in the crystallisation conditions (100 mM) and its comparatively
potent ICso (4.31 + 0.42 mM against 4-MU-GIc), Figure 4.28. Consequently, crystallisation

conditions without BTP were required to generate crystals suitable for ligand binding studies.
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Figure 4.28: (a) Raw fluorescence data for the hydrolysis of 4-MU-Glc by GBA in the presence

of varying concentration of BTP. (b) A plot of the rate of 4-MU-Glc hydrolysis vs BTP

concentration fitted to a 4-parameter logistic function to estimate ICso of bis-tris propane.
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Removal of Bis-Tris-Propane

In an effort to remove BTP from the crystallisation conditions, screening was performed in
which BTP was substituted with HEPES (pH 7.0 and 7.5) or PIPES (pH 6.5 and 7.0) buffers.
Unfortunately, these primary screens failed to produce any crystals, Figure 4.29. Therefore, a
seed stock was generated from crystals obtained under BTP conditions and used for
microseeding into HEPES containing conditions. Following optimisation, microcrystals were
formed and used to prepare a second seed stock without BTP. Extensive optimisation was
performed to generate crystals suitable for structural studies using 0.2 M Na;S04, 14% (v/v)
PEG3350, 0.25 M HEPES (pH 7.0) and 0.1 uL seed solution (1:1000), Figure 4.29. Given these
crystals were obtained in the absence of BTP they were assumed to be unliganded and therefore

suitable for ligand binding studies.

Y

Figure 4.29: Removal of BTP from crystallisation conditions by (a) substitution of BTP with

HEPES buffer (b) use of BTP crystals for microseeding (c-d) use of HEPES microcrystals for

further optimisation of HEPES conditions.

Covalent Complex with 2F-DNPGIc (14)

2,4-Dinitrophenyl-2-deoxy-2-fluoro-f3-D-glucopyranoside (2F-DNPGlc, 14) is a well
characterised mechanism-based inactivator which functions by trapping retaining glucosidases
in a covalent fluoroglycosyl-enzyme complex. Specifically, substitution of the C2 hydroxyl group
with an electronegative fluorine atom destabilises both transition states to enzyme active site
glycosylation and deglycosylation607.610, However, the addition of a reactive DNP leaving group
increases the rate of glycosylation, allowing a trapped enzyme-inhibitor complex to accumulate
following reaction with the enzyme¢0?, Figure 4.30. Despite this being a mechanistically
important inhibitor, there have been no reported crystal structures of GBA in complex with this
inhibitor. Consequently, this work aimed to generate a co-crystal structure of GBA in complex

with 2F-DNPGIc to demonstrate the suitability of these crystals for ligand binding studies.
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Figure 4.30: Mechanism of 2F-DNPGIc hydrolysis by retaining -glucosidase to generate a

trapped covalent glycosyl-enzyme intermediate.

A structure of the 2-deoxy-2-fluoroglucopyranosyl-GBA intermediate was obtained by soaking
unliganded GBA crystals overnight in 2F-DNPGlc. The data were solved to 1.41 A resolution to
reveal covalent binding of the 2-deoxy-2-fluoro glucose moiety to the catalytic nucleophile by
cleavage of the 2,4-DNP leaving group, Figure 4.31. The covalent bond length was measured to
be 1.42 A, with the gluco-configured ring adopting the 4C; chair conformation. This is consistent
with the covalent intermediate of the conformational reaction itinerary of GBA. Additionally,
the glycosyl moiety forms hydrogen bonds with a number of active site residues, including
Trp179, Aspl127, Trpl79, Asn234, Glu340, Trp381 and Asn396. Interestingly, two
conformations of the catalytic nucleophile could be modelled, Figure 4.31. It is proposed that
electrostatic repulsion between the carboxylate of the catalytic nucleophile and the C2 fluorine
atom of the 2F-Glc inactivator, enforces a 28° rotation about Cy of the nucleophilic residue,
resulting in movement of the O1 atom of the carboxylate residue away from the C2 linked

fluorine atom.

Aside from providing a novel structure in complex with a mechanistically relevant glucosidase
inhibitor, this complex demonstrates the potential of our GBA formulation to be used as an
alternative to ERT preparations for ligand binding studies. Importantly, these crystals have
permitted continued collaboration with the Overkleeftlab in regard to the development of ABPs
GBA. For example, these GBA crystals were used to structurally evaluate the bifunctional Cy5-
functionalised cyclophellitol aziridine ABP discussed in Chapter 3, further highlighting the

potential of this GBA formulation to support the development of novel GBA active compounds.
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Figure 4.31: Active site structure of the 2-deoxy-2-fluoro--D-glucopyranoside-GBA covalent
intermediate (PDB 6TJQ). The 2F-Glc moiety is covalently bound to Glu340 in the 4C; chair
conformation. The catalytic nucleophile adopts two conformations. Maximum-likelihood/cA
weighted electron density map (2F,-F) selected for the ligand and Glu340 contoured to 1.1
o (0.40 e/A3).

Atomic Resolution Ligand Free Structure

Given the tight binding of BTP in the originally identified GBA crystal form, optimisation of
alternative, non-BTP containing crystallisation conditions was performed in parallel with the
efforts to remove BTP by microseeding. During initial screens, a hit was identified in the JCSG*
screen’94 and following optimisation, crystals suitable for structural analysis were generated
using 0.2 M magnesium formate and 19% (v/v) PEG3350. These crystals diffracted well at the
Diamond Light Source facility, yielding a 0.98 A unliganded structure of GBA (PDB 6TN1),
Figure 4.32 (a). Not only is this the highest resolution structure of GBA deposited to date, it also
exists in a previously unreported crystal form. GBA has been crystallised in C 2221 and P 24
space groups, however this unliganded structure crystallises in spacegroup P1. This new crystal
form contains one GBA molecule in the asymmetric unit which comprises of the expected three

non-contiguous domains, with N-glycosylation at Asn19 and Asn146, Figure 4.32 (a).
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(b)

Figure 4.32: (a) Crystal structure of GBA obtained at 0.98 A resolution. Domain I (residues 1-
27 and 383-414) = immunoglobulin-like domain in lilac, domain II (residues 30-75 and 431-
497) = anti-parallel 3-sheet domain in orange and domain III (residues 76-381 and 416-
430) = (B/)s TIM barrel in blue. (b) Overlay of the unliganded GBA structure with the BTP-
complexed structure. Red indicates areas of high r.m.s.d. between the protein backbone: 1 =

residues 27-31, 2 = 314-319 and 3 = 344-350.

Overall, the three-domain tertiary structure is highly similar to that of the BTP co-crystal and
Cerezyme® structures, with a Cac RMSD of 0.49 A (Q-score 0.94) and 0.60 A (Q-score 0.94)
respectively. However, some deviations in the protein backbone were observed in the three
flexible loop regions of residues 26-31, 314-319 and 344-350, Figure 4.32 (b). Despite the sub-
Angstrom resolution, residues 26-31 and 314-319 were challenging to model, further reflecting
the flexibility and disorder of these loops. Specifically, in contrast to the BTP complexed
structure, loop 1 containing residues 311-319 is observed in the extended (open) conformation
in this unliganded structure, Figure 4.33, which is consistent with reports in literature that loop
1 changes conformation from extended (open) to helical (closed) on ligand binding812. This also
suggests these crystals will be suitable for ligand binding studies as the extended loop
conformation ensures the active site remains accessible. Importantly, the active site of this
unliganded structure compares well with the active site of Cerezyme® and the BTP complexed
GBA structures, Figure 4.34. In fact, most active site residues occupy identical conformations,
with the exception of Tyr313 which restores its “upwards” conformation in the absence of BTP.
This Tyr313 residue appears particularly mobile, occupying a different conformation in each

GBA structure, Figure 4.34.
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GBA BTP
Figure 4.33: Electrostatic potential surface of (a) BTP complexed GBA structure in which loop

1 (green) is observed in the helical (closed) conformation and (b) GBA apo structure in which
loop 1 is observed in the extended (open) conformation. Changes in loop 1 also cause shifts

in the conformation of loop 2 (black).

Although numerous unliganded GBA structures have been solved previously, this sub-
Angstrom resolution structure permits the first ever atomic resolution analysis of GBA,
revealing finer details in its structure. For example, two conformations of the catalytic acid-base
residue could be modelled, Figure 4.34 (b). In fact, many alternative side chain conformations
could be observed throughout the structure, providing more detail on side chain mobility and
interactions. Furthermore, electron delocalisation over carbonyl groups and double bonds
could be readily observed, as well as proton positions in the difference electron density map,
Figure 4.34 (c). It is anticipated that this new crystal form will be utilised in structural studies

to provide atomic resolution analysis of ligand-binding interactions with GBA.
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Figure 4.34: (a) Active site structure of unliganded GBA (blue) overlaid with active-site
structure of the BTP-complex structure (gold) and Cerezyme® (green). Magnesium ion
(peach) coordinated by 4 waters occupies the active site. (b) Active site structure of
unliganded GBA with observed electron density for each active site residue. Maximum-
likelihood/cA weighted electron density map (2F,-F.) for selected residues contoured to 2 ¢
(1.0 e/A3). (c) Selection of modelled residues with difference electron density in green

(contoured to 3 o (0.37 e/A3) highlighting proton positions.
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4.5 Summary

In this work, the development of an insect-baculovirus expression system for the production of
non-clinical, human GBA is described. Following investigations into numerous unsuccessful
Hise-tagged constructs, a tagless formulation was found to be suitable for expression,
purification and crystallisation. Importantly, this GBA formulation exhibits comparable
biochemical and biophysical properties to commercial therapeutic products (Cerezyme®),
demonstrating good activity against the fluorogenic substrate 4-methylumbelliferyl-3-D-
glucopyranoside and reasonable long-term stability. This GBA formulation also crystallises in
multiple crystal forms with high resolution. Of note, these crystals have proved suitable for
ligand-binding studies and were used to investigate several GBA active compounds, including
the glucosidase inactivator 2,4-dinitrophenyl-2-deoxy-2-fluoro-f3-D-glucopyranoside and a bi-
functional fluorescently tagged activity-based probe (Overkleeft Lab, Leiden University). These
structures demonstrate the utility of this GBA formulation in ligand binding studies for the
analysis and development of novel GBA active compounds. Furthermore, a novel crystal form
of GBA was obtained in this work, which diffracted to give a 0.98 A resolution unliganded
structure. Not only is this the highest resolution GBA structure deposited to date, it also
permitted the first ever atomic resolution analysis of GBA, revealing finer details in its

structure.

In light of its purity, stability and activity, the GBA production protocol described herein
provides an alternative source of active, non-clinical GBA. Consequently, this formulation
should alleviate reliance on ERT preparations for biochemical and structural studies and

support the development of novel GBA active compounds for Gaucher Disease research.
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Chapter 5:  Structural  Analysis of Novel f3-

Glucocerebrosidase Pharmacological Chaperones

5.1 Abstract

The role of defective B-glucocerebrosidase (GBA) activity in the pathology Gaucher Disease
(GD), and the more recent association with Parkinson’s disease, has resulted in considerable
interest in the development of molecular chaperones for GBA. Unfortunately, traditional,
competitive chaperones have struggled to progress from positive pre-clinical results to real-life
patient benefit. Consequently, the Vocadlo and Bennet laboratories (Simon Fraser University,
SFU) have developed a powerful new approach to the design of single turn-over, allylic
carbasugar inhibitors with pharmacological chaperone potential. Herein, the structural

analysis of these carbasugar inhibitors on the 3D structure of human GBA is described.

Using the recombinant GBA formulation produced in Chapter 4, co-crystal structures of rGBA
in complex with a number of chloro- (SRK049, SRK121) and fluoro-substituted (SBB006) allylic
carbasugar inhibitors were obtained at 1.49-1.59 A resolution. These co-crystal structures
revealed two distinct inhibition mechanisms in which the inhibitors covalently modify the
catalytic nucleophile of GBA to yield enzyme-inhibitor complexes in the envelope conformation.
Specifically, SRK049 was shown to react by nucleophilic attack at C1 (the carbon centre at
which the leaving group is attached) and direct cleavage of the C—CI bond, whilst its
enantiomer SRK121 reacted through the endocyclic double bond, resulting in an allylic
rearrangement and subsequent release of Cl. Whilst a covalent complex of the fluorine
derivative SBB006 could not be obtained, the co-crystal complex reported here provides insight
into the non-covalent binding of these inhibitors in the active site, potentially describing the
Michaels complex. Additionally, this work also uncovered a seemingly enantiospecific allosteric
binding site in the immunoglobulin-like domain of GBA which binds SRK121 and its fluoride
equivalent SBB006 through hydrogen bonding interactions. Indeed, binding to this site may
provide a structural rationale for the improved ability of SRK121 to chaperone mutant
L44P/P415R GBA over its enantiomer SRK049. It is hoped that the structural and mechanistic
information generated in this work will enable a structure-guided approach to improving the

pharmacological chaperone properties of such inhibitors.
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5.2 Introduction

5.2.1 Protein Misfolding: Implications for Lysosomal Storage Disorders

52.1.1 Endoplasmic Reticulum-Associated Protein Degradation Pathway

Protein folding is an essential, complex process which in the case of secretory and membrane
proteins occurs in the endoplasmic reticulum (ER)815. Unfortunately, folding of proteins is
commonly error-prone, with factors such as genetic mutations, heat shock and oxidative stress
leading to improper folding8!5. Moreover, accumulation of unfolded or misfolded proteins is
often cytotoxic and can lead to a range of protein misfolding diseases, namely Parkinson’s
Disease (PD) and Alzheimer’s816817, Fortunately, the ER is equipped with a protein quality
control system which has evolved to manage protein misfolding events and enhance the
fraction of correctly folded proteins501815, Specifically, this quality control system is able to
distinguish between correctly folded proteins, which are subsequently transported to their
required destination, and misfolded proteins which are flagged by the quality control system
and retained within the ER for refolding or degradation5°. This system is underpinned by the
ER-associated protein degradation (ERAD) pathway, which selectively removes improperly
folded proteins47.815. In this pathway, proteins to be degraded are transported to the ER cytosol
where they are ubiquitinated and degraded by the proteasome*’. In addition, the accumulation
of misfolded proteins in the ER activates the unfolded protein response, which induces
expression of molecular chaperones and other ERAD components to enhance the folding

capacity of the ER818819,
5212 Implications for Gaucher Disease

As highlighted previously in Chapter 1, lysosomal glycoside hydrolases (GHs) are
biosynthesised in the ER and following correct folding are transported to the lysosome where
they catalyse the hydrolysis of various glycolipid substrates. However, recessively inherited
mutations in the genes encoding for these lysosomal enzymes can cause misfolding, which
ultimately results in reduced enzymatic activity in the lysosome, substrate accumulation and a
lysosomal storage disorder (LSD)151160820, Depending on the mutation, some patients may
exhibit sufficient residual enzymatic activity to negate severe disease, but most patients have
inadequate activity to process the substrate which accumulates with negative implications for
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a range of downstream cellular processes. For example, patients with homozygous loss-of-
function mutations in the GBA1 gene exhibit significantly reduced B-glucocerebrosidase (GBA)
activity, which is required for the degradation of glucosylceramide (GlcCer) and
glucosylsphingosine (GlcSph)172.173, Therefore, in the absence of adequate GBA activity, GlcCer
and GlcSph accumulate in cells and organs throughout the body, leading to Gaucher disease
(GD)168, Furthermore, heterozygotes carrying just one mutant GBA1 allele have been found to
have a significantly increased life-time risk of developing PD with potentially more severe
symptoms250821.822, Whilst the pathology of PD is primarily characterized by abnormal
accumulation of a-synuclein protein in the brain and consequent loss of dopaminergic neurons,
studies have shown a correlation between reduced GBA activity and increased o-synuclein
aggregates (as discussed in detail in Chapter 1 (section 1.4.4))243246823, Consequently,
therapeutic approaches to enhance GBA activity are of considerable pharmaceutical interest for
both GD and PD. Indeed, it has been shown that wild-type GBA can be chaperoned in the brain
and central nervous system to increase lysosomal GBA activity824. Moreover, overexpression of
GBA in the brain has been shown to hinder a-synuclein aggregation, which may hold promise

for PD therapy825826,
5.2.2 Therapeutic Approaches

Over the past 3 decades, therapeutic strategies for GD and other LSDs have advanced
considerably, with the development of enzyme replacement therapy (ERT)¢52, substrate
reduction therapy (SRT)35¢ and pharmacological chaperone therapy (PCT)827 (see Chapter 1
section 1.4.8 for more details). Whilst ERT is the most common therapeutic approach, each of
these strategies can be preferentially used depending on the genotype and phenotype of the
patient338. For example, ERT is the most widely used therapy which is very effective at treating
visceral and skeletal manifestations of GD type 1 by enhancing the amount of active lysosomal
GBA312331828, However, the recombinant enzyme administered during treatment is unable to
cross the blood brain barrier, therefore, ERT is ineffective at treating neurological disease
associated with type 2 and 3 GD334335, Some patients also develop anti-protein antibodies to the
recombinant enzyme, which can drastically reduce the efficacy of ERT310820, SRT takes an
entirely different therapeutic approach in which small molecular inhibitors are administered
to prevent the initial biosynthesis of glycolipid substrates and stop their accumulation336. SRT

holds a major advantage over ERT in that it can be administered orally without concerns
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regarding anti-protein antibodies354. However, glycolipids are critical components of the cell
membrane and are required for normal brain function8?9. Therefore, complete abrogation of
glycolipid synthesis may cause side effects in itself. Additionally, many of the inhibitors used
for SRT, for example Eliglustat, are unable to cross the blood brain barrier and are therefore
unsuitable for the treatment of neurological symptoms337:352, In contrast, small pharmacological
chaperones used in PCT are typically more amenable to neurological disease as they are able to
cross the blood brain barrier and augment GBA activity in the brain8?7. Indeed, the ability of

pharmacological chaperones to treat neurological manifestations is a major advantage of PCT.

All therapeutic approaches for GD are incredibly costly, for example, the therapeutic ERT
formulation Cerezyme® costs approximately ~$200,000 per patient per year332, whilst the
substrate reduction inhibitor Eliglustat costs between $250,000-500,000 per years30. Given the
potential therapeutic benefits, especially for PD for which no disease modifying therapy is
known, there is a compelling need for novel, efficacious treatments for addressing defective
GBA activity. Moreover, therapies targeting GBA may also open the door to treating other LSDs

through a similar approach.

5221 Pharmacological Chaperone Therapy

The academic and pharmaceutical interest in PCT for GD has grown considerably over the last
2 decades, especially as the pathological consequences of defective GBA activity have been
linked to other disorder such as Parkinson’s. Typically, PCT involves administering a small
molecule (pharmacological chaperone, PC) that binds to the enzyme of interest as it is being
synthesized in the ER to lower the free energy of folding, encourage the formation of correctly
folded protein and enhance the amount of active enzyme transported from the ER to the desired
destinations?’. In this regard, several small molecule PCs, such as Isofagomine, have been
developed and tested for GBA in various cell models with some promising results365367.376595,
However, translation of these compounds into clinical therapy has been incredibly problematic.
For example, whilst Isofagomine was found to have broad tissue distribution with access to the
central nervous system, it was eventually dropped in phase II clinical trials when it failed to
meet clinical requirements369. This was partially attributed to its broad specificity, which
resulted in off target inhibition of other GHs370. Another common problem is that PCs are
typically weakly basic, polar molecules which tend to accumulate in the lysosome83!. Not only

can this result in low clearance from the lysosome but also prolonged target engagement,
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meaning these molecules remain associated with the target enzyme and inhibits its activity
even once the enzyme has reached the lysosomes3l, Figure 5.1 (a). This behaviour is a major
limiting factor for PCT and is arguably the reason that this approach commonly fails to translate
into real clinical benefit. Therefore, there remains considerable demand for PCs which

efficiently clear the lysosome and whose mode of action is not limited to cell and animal models.

ER
' Glu + Cer
(a)  Reversible Inhib_ Processing s o
Trafficking Reversible Inhib
GlcCer
Lysosome
Misfolded Folded

') . Glu + Cer
(b)  CovalentInhib _ Processing s P ;
— et @l
! Trafficking ! :
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Figure 5.1: Chaperone assisted folding of GBA. (a) Reversible, non-covalent chaperone assists

GlcCer

folding of GBA in endoplasmic reticulum (ER) to enhance proportion of correctly folded GBA
in lysosome. However, the PC continues to bind GBA in the lysosome, reducing the attainable
activity. (b) Reversible, covalent inhibitor binds to GBA and enhances trafficking to the
lysosome. The inhibitor is then hydrolysed to release free enzyme and an inhibitor product

which can no longer bind GBA, resulting in increased activity in the lysosome.

5222 Addressing the Problems of Pharmacological Chaperones

The Vocadlo and Bennet laboratories (Simon Fraser University, SFU) have suggested that the
failure to progress from positive results in cell and animal models to real clinical benefit may
result from limitations early in the experimental protocols of PC development. Specifically,
when PCs are under investigation, the cells and tissues are typically lysed before the
chaperoned activity is measured832833, During lysis, the cellular contents, including the inhibitor
and enzyme, are diluted which means a greater fraction of the enzyme is unbound relative to
the amount in the lysosome. Additionally, weakly basic PC inhibitors are retained within the
lysosome where they continue to inhibit the enzyme of interest, Figure 5.1 (a); however, this
effect is generally not observed due to the dilution effects. Therefore, it is often challenging to
determine the extent to which the PCs are retained within the lysosome and their prolonged
target engagement. This is particularly true for traditional tight-binding, competitive inhibitors

which target GHs throughout the complete cycle of folding, processing, trafficking and
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lysosomal residency. In this regard, it has been shown that GBA takes ~8 hours to be trafficked
to lysosomes where it has a t1/2 of between 24 and 48 hours834. Thus, an increase in the amount
of correctly folded protein in lysosomes does not necessarily result in an increase in lysosomal
activity if the PC does not dissociate efficiently, Figure 5.1. Consequently, researchers at the
Vocadlo and Bennet labs have developed a powerful new approach to the design and evaluation

of selective, single turn over PCs which capitalize on enzyme transition state mimicry.

Using various generation of their innovative fluorescence-quenched substrates700835, the
Vocadlo group have pioneered a strategy to measure lysosomal GBA activity directly within live
cells, circumventing the dilution effects associated with cell lysis measurements. Indeed, a
glucoside equipped with a suitable fluorophore and quencher pair permits the generation of
substrates that allow convenient time-dependent monitoring of endogenous GBA activity
within cells700835, Figure 5.2. Moreover, these quenched fluorescent substrates facilitate the
measurement of GBA inhibition and chaperoned lysosomal activity in live cells through confocal
microscopy or high content imaging, allowing the lysosomal residency of PCs to be more

reliable evaluated.
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Figure 5.2: General reaction scheme showing the design of the Vocadlo fluorescence-
quenched substrates (a) Fluorescence-quenched glucosidase substrate where a fluorescent
signal is only produced upon substrate hydrolysis to yield the fluorescent glucoside and (b)
'bis-acetal based' (BAB) fluorescence-quenched substrates which are hydrolysed to yield a
hemiacetal that rapidly gives rise to an aldehyde that diffuses from the quencher to give a

fluorescence signal.
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5.2.3 Glycoside Hydrolase Inhibitors

2.1.1.1 Novel Allylic Carbasugar Chaperones

Using their innovative fluorescence-quenched substrates?, the Vocadlo and Bennet labs have
developed a novel class of carbasugar PCs, Figure 5.3, which in contrast to traditional, tight-
binding competitive inhibitors, covalently modify GBA in a transient manner. Specifically, these
single turn-over allylic carbasugars covalently modify GBA and are turned over to release a
product which is no longer capable of binding to the enzyme836, Figure 5.3. As a result, these

PCs are unlikely to exhibit prolonged engagement with GBA in the lysosome, Figure 5.1 (b).

OH OH

OH
Figure 5.3: General chemical structure of GBA allylic carbasugar inhibitors in which the

endocyclic oxygen is replaced with a carbon and a double bond is introduced. Typical leaving
groups (LG) include F, Cl and substituted aromatics. Once the inhibitor has been turned over

by GBA, the resulting hydrolysed product is no longer capable of inhibiting the enzyme.

In contrast to the 2-deoxy-2-fluoroglucosides, which can typically only be modified through the
2-fluoro leaving group®¢s, the allylic carbasugar analogues have the potential to be tailored to
tune the rate constant for covalent binding (kinacc) and intermediate hydrolysis to yield free
enzyme (Kreact)836. Indeed, the Vocadlo lab has already shown that by substituting the endocyclic
oxygen with a carbon and introducing a double bond, they can generate PCs which react via
positively charged transition states that are stabilized by the endocyclic C=C bond rather then
the endocyclic oxygens37.838, Additionally, by changing the group attached to C5 of the
carbocycle, both kinact and kreact can be altered, whilst changing the leaving group at C1 (ie the
anomeric carbon equivalent at which the group to be cleaved is attached) alters Kinac: only,
Figure 5.3. Therefore, it is possible to control the half-life of these carbasugar PCs, which is of
benefit to maximizing their chaperoning behaviour. However, perhaps the most significant
advantage of such inhibitors is that after hydrolysis of the covalent enzyme-inhibitor complex,
the resulting product is inactive and can no longer inhibit the enzyme. Therefore, it is hoped
these inhibitors will efficiently clear the enzyme and will not experience prolonged target

engagement in the lysosome.
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5.2.4 Research Aims

The work discussed in this chapter aimed to structurally characterise a number of halide
carbasugar inhibitors recently developed by the Vocadlo and Bennet groups as potential
pharmacological chaperones for GBA, Figure 5.4. Specifically, it was hoped that solving the
crystal structures of these inhibitors in complex with human GBA would reveal key structural
and mechanistic information to improve our understanding of their mode of action. It is also
envisaged that such structural information may enable a structure-guided approach to
improving the pharmacological chaperone properties of these inhibitors by highlighting

important molecular interactions with GBA.

OH cl

HO,,

HO

Cl oH oH
15 16 17
Figure 5.4: Chemical structure of halide carbasugar inhibitors (15, 16, 17) investigated in

this work. Carbon centres numbered according to IUPAC priorities.
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5.3 Materials and Methods

5.3.1 Protein Production and Crystallisation

Human B-glucocerebrosidase (GBA) was produced in an insect-baculovirus expression vector
system and purified according to procedures outlined in Chapter 4. GBA was crystallised under
the HEPES conditions described in Chapter 4 (section 4.3.8.2), with 0.2 pul GBA (10 mg ml-1) +
0.4 ul well solution [0.2 M sodium sulfate, 14% (v/v) PEG 3350, 0.25 M HEPES pH 7] + 0.1 ul

seed solution (1:1000 dilution).
5.3.2 Inhibitor Complex Structures

GBA co-crystal complexes were generated by soaking unliganded GBA crystals in SRK049,
SRK121 and SBB006. In each case, a small amount of solid compound was dissolved in mother
liquor drops containing the unliganded GBA crystals. The crystals were soaked for 10, 30 and
60 minutes before briefly transferring to a cryoprotectant solution comprised of mother liquor
supplemented with 20% (v/v) glycerol. The crystals were flash frozen in liquid nitrogen for

data collection.

5321 Data Collection and processing

Data were collected at the i03 (SRK121 and SBB006) and i04 (SRK049) beamlines of the
Diamond Light Source facility (DLS) and integrated using the -dials (SRK049 and SRK121) or -
3dii (SBB006) pipelines in XIA2615616, Data reduction was performed using AIMLESS617.618
through the CCP4i2 software619. The SRK049 complex was solved by molecular replacement
using MOLREP620 with a previously obtained unliganded GBA structure (PDB 6T]K)é63 as the
homologous search model. Refinement was performed using REFMACS2! followed by several
rounds of manual model building with COOT¢22, SRK121 and SBB006 complexes were solved
against the refined SRK049 co-crystal structure. Idealized coordinate sets and refinement
dictionaries for the ligands were generated in AceDRG799800, Sugar conformations were
validated using Privateer5%4. Crystal structure figures were generated using CCP4mg9%4. Data

collection and refinement statistics are summarised in Table 5.1.

235



Table 5.1: Collection and refinement statistics for all structures discussed in this chapter

SRK049 (15)

SRK121 (16)

SBB006 (17)

Data collection
Beamline

Space group
Cell dimensions
a, b, c(A)

“BY(E)
Resolution (A)

Rmerge

Rpim

1/al

CC1/2
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork / Rfree

No. atoms
Protein
Ligand/Ion
Water

B-factors (A2)
Protein

Ligand

Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran Plot Residues
Most favourable regions (%)
Allowed regions (%)

PDB code

Diamond i04
P24

53.2, 76.5, 68.5
90,102, 90
52.10-1.58
(1.61-1.58)*
0.131 (1.569)
0.055 (0.679)
8.8 (1.1)

0.998 (0.556)
100 (99.9)

6.7 (6.3)

52.10-1.58
73507
0.15/0.18

4096
204
543

19
47
35

0.019
1.45

96.0
3.0

Diamond i03
P2

53.1,76.5, 68.1
90,102, 90
51.96-1.49
(1.52-1.49)
0.112 (1.795)
0.046 (0.728)
8.6 (0.9)

0.997 (0.608)
98.9 (97.0)
6.7 (6.9)

51.96-1.49
85814
0.17/0.21

3985
217
476

21
42
35

0.007
1.46

95.2
3.8

Diamond i03
P2

52.9,156.0, 68.0
90,102, 90
51.99-1.59
(1.62-1.59)
0.150 (1.998)
0.062 (0.801)
8.6 (1.1)

0.997 (0.544)
99.6 (99.1)

6.9 (7.1)

51.99-1.59
143489
0.18/0.22

7952
412
874

20
38
32

0.007
1.39

95.1
3.9

*Values in parentheses are for the outer shell
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5.4 Results and Discussion

All crystal structures described in this chapter were obtained using the recombinant GBA
(rGBA) formulation produced in the insect-baculovirus expression system (BEVS) described in
Chapter 4. In order to obtain co-crystal structures with the reversible carbasugars, a number

of time dependent ligand soaks were performed to capture the transient covalent species.
5.4.1 SRK2049 Co-Crystal Structure

Following a 30-minute soak, a co-crystal structure of rGBA in complex with SRK049 (15) was
obtained at 1.58 A resolution, revealing unambiguous electron density for SRK049 bound
covalently to the catalytic nucleophile (Glu340) of GBA, Figure 5.5 (a). Specifically, SRK049 had
reacted with Glu340 via nucleophilic attack at the anomeric carbon and subsequent cleavage of
the C—Cl bond, Figure 5.5 (b). The resulting enzyme-inhibitor complex was modelled at 75%
occupancy, with a covalent bond length of 1.38 A between the anomeric carbon and the Glu340
carboxylate. The lower occupancy likely reflects reversible inhibition by SRK049 and partial
hydrolytic turnover of the covalent complex, nevertheless, a covalent complex was captured.
Importantly, the electron density was sufficiently clear to model the reacted carbasugar ring in
the envelope 2E conformation (where C1 is attached to the chlorine leaving group), Figure 5.5
(a). This conformation is not a member of the traditional $-glucosidase conformational reaction
itinerary but is likely enforced by the planar conformational requirement of the endocyclic
double bond. The carbasugar also forms an extensive hydrogen bonding network, making
hydrogen bonding interactions with active site residues Asp127, Trp179, Asn234, Glu340 and
Trp381 through its hydroxyl substituents. This highlights the specificity with which the

carbasugar binds in the active site.

Prior to this work, the exact nucleophilic residue with which SRK049 reacts was uncertain, as
was the nature of the covalent complex. Therefore, this co-crystal structure firstly
demonstrates that SRK049 covalently modifies the catalytic nucleophile of GBA and secondly
describes the transient enzyme-inhibitor covalent complex. It is evident that this inhibitor
binds in the active site with good specificity, as indicated by its hydrogen bonding network;
however, it holds the significant advantage that once it has been turned over by the enzyme it
releases a product that is no longer capable of binding to the enzyme. Therefore, in contrast to

most other PCs, SRK049 should not exhibit prolonged GBA engagement or inhibition.
237



(b)

Om

I
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Glu340 Glu340 Glu340
Figure 5.5: (a) Co-crystal structure of rGBA in complex with SRK049 (15), showing two

orientations of the covalent complex in which SRK049 adopts an 2E envelope conformation.
Maximume-likelihood/cA weighted electron density map (2F,-F.) selected for the ligand and
Glu340 contoured to 1 ¢ (0.37 e/A3). (b) Proposed reaction mechanism for the inhibition of

rGBA by SRK049.

5.4.2 SRK121 Co-Crystal Structure

Following structural analysis of SRK049, we next sought to investigate its enantiomer SRK121
(16). On initial inspection, the obtained co-crystal structure revealed a covalent enzyme-
inhibitor complex which is seemingly identical to that of SRK049 with regard to hydroxyl
stereochemistry and hydrogen bonding network, Figure 5.6 (a). However, being the enantiomer
of SRK049, this inhibitor must have reacted through an alternative mechanism to generate this
covalent complex with the observed hydroxyl stereochemistry. Therefore, in contrast to direct
nucleophilic attack at C1 to break the C—CI bond, it appears SRK121 has reacted at the
endocyclic double bond via C5, resulting in allylic rearrangement and subsequent elimination
of CI,, Figure 5.6 (b). This mechanism yields the observed enzyme-inhibitor complex in a “E
envelope conformation (where C1 is attached to the chlorine leaving group, or equivalent to 2E
conformation if given glucose numbering) with a covalent bond length of 1.40 A to Glu340.
Similarly, to SRK049, this complex was the modelled at 70% occupancy, suggesting some non-
covalent binding was present. Nevertheless, this covalent complex provides evidence for a

novel allylic rearrangement mechanism which has not previously been reported for GBA.
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Figure 5.6: (a) Co-crystal structure of rGBA in complex with SRK121 (16), showing two
orientations of the covalent complex in which SRK121 adopts an “E envelope conformation
(equivalent to the 2E conformation if numbering is changed to glucose such that the reactive
centre is numbered C1). (b) Proposed reaction mechanism for the inhibition of GBA by
SRK121 (c) Surface and ribbon diagram of GBA highlighting the allosteric binding site at the
surface of immunoglobulin-like domain. (d) Electron density for the non-covalent binding of
SRK121 in the allosteric binding site. SRK121 adopts the 2H3 half-chair conformation
(equivalent to 4Hjz if applying glucose numbering). White atom = chlorine. Maximum-

likelihood /GA weighted electron density map (2F,-F.) contoured to 1 ¢ (0.36 e/A3).
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Intriguingly, a single molecule of SRK121 was also observed to bind non-covalently in a distant,
allosteric site at the surface of the immunoglobulin-like domain of GBA, Figure 5.6 (c). In
contrast to the envelope conformation adopted in the active site, the carbasugar ring of SRK121
adopts the half-chair 2Hz conformation in this allosteric site, forming hydrogen bonding
interactions with Arg47, Glu41 and a nearby water molecule, Figure 5.6 (c, d). A potential - 7t
stacking interaction between the endocyclic double bond of SRK121 and the sidechain of Arg39
was also highlighted, with a separation distance of 3.3 A between the - 1 planes. Interestingly,
the enantiomer SRK049 did not bind to this site, indicating that the hydroxyl group
stereochemistry and resulting hydrogen bonding network strongly influence non-covalent

binding in this site.
5.4.3 SBB006 Co-Crystal Structure

Following analysis of the chlorine substituted allylic carbasugars, focus turned to the fluorine
analogue SBB006. Unfortunately, the resulting co-crystal structure proved harder to analyse,
yielding a more ambiguous result. A co-crystal structure of rGBA in complex with SBB006 (17)
was obtained at 1.59 A, revealing a single molecule of SBB006 bound non-covalently in the
enzyme active site of GBA, Figure 5.7. Due to our inability to distinguish between F and OH in
the electron density map, it is unclear from whether the molecule of SBB006 is unreacted, and
therefore bound in the “Michaelis complex”, or if the inhibitor has been turned over and the
hydrolysed product is observed in the active site; the former is most probable given that once

these inhibitors are turned over by GBA they are no longer capable of inhibiting the enzyme.

Glu340 Glu340
Figure 5.7: Crystal structure of rGBA in complex with SBB006 (17), showing three

orientations of SBB006 bound non-covalently in the active site in a half-chair conformation.
Green atom = F or OH. Maximum-likelihood/cA weighted electron density map (2F,-F)

selected for the ligand and Glu340 contoured to 1 ¢ (0.37 e/A3).
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Despite trying various ligand soaking times, a covalent complex with SBB0O06 could not be
obtained. Nevertheless, this structure provides insight into the non-covalent binding and
conformation of SBB006 in the active site, potentially describing the Michaels complex of such
compounds. Indeed, the electron density unambiguously shows that SBB006 has bound in the
half-chair conformation with the endocyclic double bond (that somewhat “mimics” the partial
double bond of the oxocarbenium transition state) positioned over the catalytic nucleophile
Glu340, Figure 5.7. The carbasugar ring also forms hydrogen bonding interactions with active
site residues Asp127, Trp179, Asn234, Glu340 and Trp396, resulting in a similar hydrogen

bonding network to that of SRK121 in its covalent complex.

Similarly, to SRK121, SBB006 was also observed to bind non-covalently in the allosteric site at
the surface of the immunoglobulin-like domain of GBA, Figure 5.8. In this instance, the inhibitor
was assumed to be unreacted and was modelled in the same orientation as observed for
SRK121. Under this assumption, the electron density shows that SBB006 adopts the 2H3 half-
chair conformation, forming the same hydrogen bonding network as SRK121. Specifically, the
carbasugar ring makes hydrogen bonds with Glu41, Arg47 and a nearby water molecule, and
forms a potential m- ™ stacking interaction with Arg39 through the endocyclic double bond,
Figure 5.8. This binding mode is identical to that observed for SRK121 which in combination
with the lack of binding of SRK049, suggests this binding site is enantiospecific and is

underpinned by the hydroxyl group stereochemistry and resulting hydrogen bonding network.
(a) Argd7 (b)

Glu41

Ser52

‘2 o JArgd7

{
N

Arg39
Figure 5.8: Electron density showing non-covalent binding of SBB006 (17) in the allosteric

binding site in the immunoglobulin-like domain of GBA. (a) SBB006 forms hydrogen bonds
with Glu41, Arg47 and a nearby water molecule, as well as 1- 7 stacking interactions with
Arg39. (b) The carbasugar ring adopts the 2H3 half-chair conformation (equivalent to 4Hs if
applying glucose numbering). Green atom = fluorine atom. Maximum-likelihood/cA

weighted electron density map (2F,-F.) for the ligand contoured to 1 ¢ (0.37 e/A3).
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5.4.4 Chaperoning Behaviour

The live cell chaperone assays described here were performed by researchers in the Vocadlo
lab but have been included for completeness and to link with the structural and mechanistic

information generated in this work.
54.4.1 Live Cell Chaperone Assays

Using their innovative GBA fluorescence-quenched substrates”90, the Bennet group has already
demonstrated the chaperoning behavior of these carbasugars in live cells. Following a 48-hour
treatment, SRK121 and SRK049 were shown to enhance the lysosomal GBA activity in wild type
and L444P/P415R mutant fibroblasts, Figure 5.9. Moreover, these PCs appear to chaperone
GBA differentially, with SRK049 being more effective in chaperoning WT GBA, whilst SRK121
provides a greater chaperoning effect for mutant L444P/P415R. This is of particular interest
because the L444P/P415R GBA mutation has been linked to a-synuclein accumulation which

contributes to PD839.840, Therefore, this chaperone may also show therapeutic potential for PD.
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Figure 5.9: Wild type (WT) and L444P/P415R GBA fibroblasts cultured for 48 h with
chaperone SRK121 or SRK049 (30 uM). 0 or 4 h after washing with PBS, cells were treated
with 5 uM of fluorescent GBA substrate for 1 h and imaged along with Hoechst DNA stain. (A)
Images of WT (top) and L444P/P415R (bottom) fibroblasts showing considerable increase
in GBA activity (green fluorescence) compared to control (B) GBA activity in lysosomes of
WT (dark grey) or L444P/P415R (light grey) fibroblasts treated with SRK121 or SRK049
measured 0 or 4 h after washing out the PC (normalized to untreated cells). Error bars

represent standard error of the mean. *Data and figure supplied by Prof. David Vocadlo.
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5.4.4.2 Links to Structural Data

Although these PCs require further analysis, the preliminary chaperone studies are very
promising and combined with the structural information generated in this work, the different
mode of actions of these PCs are now better understood. In addition to revealing two distinct
covalent inhibition mechanisms, this work also identified a novel enantiospecific allosteric
binding site in the immunoglobulin-like domain of GBA, Figure 5.10. Indeed, it is possible that
the enhanced chaperoning effect of SRK121 on L444P/P415R mutant GBA may be structurally
rationalized by its ability to bind to this allosteric site. Specifically, the L444P and P415R
mutations reside near this allosteric binding site, with L444P located on one side of the site on
a B-sheet of the immunoglobulin domain, and the P415R mutation sitting on the other side of
the site on an a-helix of the TIM barrel domain, Figure 5.10. The ability of SRK121, but not
SRK049, to bind to this allosteric site may provide some stabilization to this region and
encourage correct protein folding, allowing SRK121 to chaperone this specific mutant more
effectively than SRK049. Consequently, these co-crystal structures may provide some insight
into the differential chaperoning behaviour of these PCs. Furthermore, considering the
L444P/P415R GBA mutant has been linked to increased a-synuclein accumulation and
parkinsonism, the structural information presented here could be of considerable value for the

development of GBA chaperones with potential therapeutic benefits for PD.
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Figure 5.10: Location of Pro415 and Leu444 residues (which are mutated in the
L444P/P415R GBA mutant) shown in orange relative to allosteric binding site in which
SRK121 binds (ligand in green, binding site residues in blue). Leu444 resides on a -strand

of the immunoglobulin domain, and the P415R mutation sits on an a-helix of the TIM domain.
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5.5 Summary

To address the growing demand for molecular chaperones of GBA, the Vocadlo and Bennet
laboratories (SF University) have developed a novel class of single turn-over allylic carbasugar
inhibitors which chaperone GBA. In order to improve our understanding of their mode of
action, structural analysis of these chaperoning inhibitors in complex with human GBA (rGBA)

was performed in this work.

The co-crystal structures obtained here reveal that these carbasugar inhibitors covalently
modify the catalytic nucleophile (Glu340) of GBA through two distinct inhibition mechanisms.
Specifically, SRK049 was shown to react with the enzymatic nucleophile by direct attach at C1
and cleavage of the C—Cl bond, whilst its enantiomer SRK121, was found to react through the
endocyclic double bond via C5, resulting in an allylic rearrangement and release of Cl-.
Regardless of the reaction mechanism, both SRK049 and SRK121 form seemingly identical
covalent complexes, in which the carbasugar adopts an envelope conformation. Whilst a
covalent complex of the fluorine derivative SBB006 could not be obtained, the resulting co-
crystal complex provides insight into the non-covalent binding of these inhibitors in the active
site. Indeed, this complex may describe the Michaels complex, in which the carbasugar ring
adopts the half-chair conformation with the endocyclic double bond positioned over Glu340 for
nucleophilic attack. Additionally, this work also uncovered an allosteric site at the surface of the
immunoglobulin-like domain of GBA which binds SRK121 and its fluoride equivalent SBB0O06.
In contrast to the envelope conformation observed in the active site, the unreacted carbasugars
adopt the 2H3 half-chair conformation (equivalent to 4Hz conformation with glucose
numbering) in this alternative site, and bind through predominantly hydrogen bonding
interaction. In combination with the lack of binding of the enantiomer SRK049, it appears this
allosteric site is enantiospecific. Moreover, binding to this site may provide a structural
rationale for the improved ability of SRK121 to chaperone mutant L44P/P415R GBA owing to

the fact these mutations lie close to this allosteric site.

By uncovering two distinct covalent inhibitions mechanisms and exposing a distant allosteric
binding site, this work provides key structural and mechanistic information which may enable
a structure-guided approach to improving the pharmacological chaperone properties of these

allylic carbasugar inhibitors.
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Chapter 6:  Conclusions and Future Perspectives

6.1 Summary

Carbohydrates are one of the most diverse class of biomolecules on earth, and their wide-
spread biological importance is reflected by the range of carbohydrate active enzymes
(CAZymes) which have evolved to process carbohydrates in nature#18631, [t is therefore no
surprise that defects in these CAZymes have been linked to a range of human diseases!7.53; of
note, is the group of metabolic disorders called lysosomal storage disorders (LSDs)!27. As
discussed in Chapter 1, these disorders result from inherited deficiencies in certain lysosomal
glycoside hydrolases (GHs) which are required for efficient glycolipid catabolism in vivo.
Subsequently, these diseases are primarily characterised by the cellular accumulation of
glycolipids throughout the body which leads to multisystemic clinical symptoms that can be
severely debilitating and fatal if not treated effectively!45167. Therefore, understanding the
enzymes which underpin these diseases is crucial to the development of diagnostic and

therapeutic strategies.

The work in this thesis has focussed on the lysosomal GHs a-galactosidase A (a-GAL) and -
glucocerebrosidase (GBA), which underpin the lysosomal storage disorders Fabry disease (FD)
and Gaucher disease (GD) respectively. As the most common LSDs, the biochemical and genetic
bases of these disorders have been thoroughly investigated, however, there is still considerable
work to be done on improving our understanding of the structure and function of these
enzymes in disease pathogenesis and phenotype. In fact, relationships between genetic
mutations, defective enzymatic activity, extent of glycolipid storage and severity of clinical
manifestations remain unclear149.231.232, Consequently, there has been persistent academic and
pharmaceutical interest in developing inhibitors, activity-based probes (ABPs) and molecular

chaperones to study these enzymes in disease pathogenesis, diagnosis and treatment.

Prior to the onset of this work, activity-based protein profiling (ABPP) had emerged as a
powerful approach for the simplification of complex proteomes, allowing the activity of specific
enzymes to be profiled within native cellular environments29531, Initially, ABPP focused on
serine and cysteine proteases and hydrolases564565, however, the development of ABPs for GHs

was arguably the most important advance in the field of ABPP and has permitted the study of
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many glycosidases, including lysosomal a-GAL and GBA546556599, Building on the Withers’
glycosides®7, the Overkleeft lab took advantage of the selectivity of cyclophellitol towards j3-
glucosidasess6® to develop a range of inhibitors and ABPs, which have proved effective for the
study of GBA both in situ and in vitro555. Moreover, the adaptation of such cyclophellitol-based
inactivators to other retaining glycosidases, namely a-GAL, was achieved by synthesising
cyclophellitol isomers with alternative sugar conformations. Indeed, a range of galacto-
configured cyclophellitol epoxide and N-functionalised aziridine ABPs have been used to detect
and quantify a-GAL activity in situ558. Coincident with commencement of the work discussed in
this thesis, the Overkleeft lab had also expanded their suite of cyclophellitol inhibitors by the
use of alternative electrophilic warheads, specifically cyclosulfate and cyclosulfamidate
moieties560561, However, most of these cyclophellitol inactivators and their ABP iterations had
not been observed on the 3D structure of human GBA or a-GAL, thus hindering the fundamental

understanding of ABP reactivity, specificity and conformation.
6.2 This Work and Future Avenues

In collaboration with Prof. Hermen Overkleeft and his lab at Leiden University, one aim of this
work was to aid in the development of cyclophellitol inactivators and ABPs for both GBA and a-
GAL. Specifically, this work sought to use protein x-ray crystallography to analyse these
compounds at the 3D level and provide key structural data to inform the design and

development of more potent and selective inhibitors and ABPs.
6.2.1 Structural Analysis of Cyclophellitol Inhibitors for a-GAL

In Chapter 2, the first co-crystal structures of recombinant human a-GAL (Fabrazyme®) in
complex with a range of a-galacto configured cyclophellitol epoxide, aziridine, cyclosulfate and
cyclosulfamidate inhibitors were reported. These crystal structures provided the first analyses
of such a-galacto configured cyclophellitols on the 3D structure of human a-GAL, revealing the
covalent mechanism-based mode of action of the unsubstituted epoxide, aziridine and
cyclosulfate inhibitors. These studies also provided a structural rationale for the reduced
potency reported for N-alkyl aziridines, which were found to bind non-covalently, compared to
their N-acyl analogues. Perhaps the most interesting findings came from analyses of the

cyclosulfamidate inhibitor which, in contrast to the cyclosulfate, was found to bind non-
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covalently in the active site of a-GAL as a conformational “Michaelis Complex isostere”. In
preliminary thermal stability studies, this inhibitor was shown to stabilise r-aGAL against
thermal denaturation and in subsequent cell-based assays (performed by the Overkleeft Lab)
was shown to increase r-aGAL activity in FD fibroblasts and partially correct glycolipid
accumulation. These results indicate that galacto-a-1,6-cyclophellitol cyclosulfamidate exhibits
chaperoning behaviour towards a-GAL, and may be used in combination with ERT to enhance
the activity of the recombinant enzyme. Subsequently, we patented this class of compounds as

potential pharmacological chaperones for LSDs.

It is hoped the structural information generated in this work will inform the design of more
potent ABPs and inhibitors for a-GAL in the future. For example, whilst N-alkyl galacto-
cyclophellitol aziridine ABPs are easier to synthesise and handle over their N-acyl counterparts,
these structural studies suggest N-alkyl ABPs may be less potent due to partial non-covalent
binding. These studies also demonstrate the ability to expand the panel of a-GAL inhibitors by
the use of alternative electrophilic warheads, specifically cyclosulfates. Additionally, the
reported structural analysis of the galacto-configured cyclosulfamidate inhibitor suggests that
configurational and conformational mimicry of the Michaelis complex is a powerful strategy for
the development of competitive non-covalent inhibitors. We believe that transferring the
structural characteristics of this galacto-cyclosulfamidate to differently configured analogues
may yield potent, competitive glycosidase inhibitors that may have biological or biomedical
value in their own right; be it as stabilising agents or enzyme inhibitors. Indeed, our work on -
GAL for Fabry disease has been applied to gluco-configured cyclosulfates, which appear to be
potent a-glucosidase inhibitors560.841, Such compounds are now under assessment for human
glucosidase inhibition in the context of anti-COVID virus strategies through disruption of viral
glycan maturation. Specifically, a-glucosidases I and II are essential in trimming the N-linked
glycans of the SARS-CoV2 spike protein to form truncated glycans that play critical roles in
correct protein folding, quality control and maturation842. Furthermore, the truncated glycans
produced by the action of a-glucosidases I and II are required for recognition by chaperones
calnexin (CNX) and calreticulin (CRT), which feed into a rescue cycle to salvage incorrectly
folded proteins843. Therefore, the ability of a-glucosidases I and II to regulate glycoprotein entry
into the CNX/CRT folding-cycle makes them a potential target for disrupting the production of

essential viral glycoproteins of the SARS-CoV2 spike protein844845
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6.2.2 Structure-Guided Development of Potent GBA Inhibitors

The “Overkleeft” cyclophellitol-based ABPs have proved powerful tools for the visualisation
and profiling of GBA activity. Indeed, these ABPs have potential applications in disease
diagnostics, monitoring of disease progression and evaluation of therapeutic intervention.

However, applications of the equivalent untagged-inactivators have been more restricted.

Animal models linking impaired GBA function to GD have long been sought after, however, the
generation of such models has proved challenging. Specifically, chemical knockdown strategies
using the mechanistic inhibitors conduritol-B-epoxide (CBE) and cyclophellitol have been
limited by the viability of the resulting animal models due to off-target inhibition of other (3-
glucosidases. Evidently, more potent and selective GBA inhibitors are required. Therefore, we
questioned whether C6-substituted cyclophellitols, bearing bulky hydrophobic moieties at the
C6-position, would be more selective GBA inhibitors for the generation of Gaucher animal

models through chemical knockdown.

In Chapter 3, crystal structures of GBA in complex with a number of Cé6-substituted
cyclophellitol ABPs and inactivators were described. These ABP complexes exposed a
hydrophobic pocket at the dimer interface of GBA which is capable of accommodating large
hydrophobic moieties. Furthermore, this hydrophobic cavity was shown to be unique to GBA,
providing a structural basis for the improved GBA selectivity of C6-functionalised inactivators.
This information subsequently guided the design of new cyclophellitol inhibitors; of note, a C6
adamantane-substituted cyclophellitol inactivator was found to be a nanomolar inhibitor of
GBA, with considerably improved selectivity over CBE and cyclophellitol. Importantly, our
collaborators in Leiden successfully employed this inhibitor in chemical knockdown studies to
selectively block endogenous GBA activity in Dario rerio zebrafish. We believe the improved
selectivity of this C6-adamantane substituted inhibitor, in combination with its ability to cross
the blood-brain barrier, make it a promising candidate for use in chemical knockdown studies.
Its ability to abrogate GBA activity in the brain also provides a route to the development of
neuropathic GD animal models, which may aid in the study and treatment of neurological

abnormalities in GD.
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6.2.3 Over Expression of Non-Clinical Human GBA

Prior to the development of the insect-baculovirus GBA expression system discussed in
Chapter 4, mechanistic and structural studies of human GBA, particularly in academic settings,
were limited by the supply of active GBA enzyme. In fact, reliable over-production of GBA had
only been achieved in pharmaceutical labs through unknown and hence irreproducible means.
Consequently, there was a considerable reliance on costly therapeutic formulations for GBA
studies. Indeed, at the start of my PhD, the Davies group was reliant on expired Cerezyme®
(Sanofi Genzyme) samples which were difficult to obtain in adequate supply. It became
apparent that a more reliable source of GBA would be required to support our long-standing
interest in developing novel inhibitors, probes and chaperones for this enzyme. Therefore, a
major goal of this work was to establish an in-house expression system for GBA. Owing to the
complexity of GBA as a human membrane-associated glycoprotein, GBA cannot be produced in
prokaryotic systems. This immediately ruled out simple bacterial expression. Consequently, an
insect-baculovirus expression vector system (BEVS) was established for the production of

human GBA, as described in Chapter 4.

Following investigations into numerous unsuccessful tagged constructs, a tagless formulation
was found to be suitable for expression, purification and crystallisation. Importantly, this
formulation exhibited comparable activity and biophysical properties to commercial products
with reasonable long-term stability. This GBA formulation also crystallised in multiple forms
with high resolution, providing the first ever sub-angstrom resolution structure of this protein.
More importantly, the utility of these crystals for ligand binding studies was demonstrated
through co-crystal structures with various inhibitors, including 2,4-dinitrophenyl-2-deoxy-2-
fluoro-fB-D-glucopyranoside, the Overkleeft bi-functional ABP (discussed in Chapter 3) and a
novel class of allylic carbasugars developed by the Vocadlo lab (discussed in Chapter 5). These
structures not only demonstrate successful application of this GBA formulation in structural
studies but also exemplify the demand for active, crystallisable GBA in GD research. In light of
its purity, stability and activity, this GBA BEVS platform provides an alternative source of non-
clinical GBA which we hope will relieve reliance on therapeutic formulations and support the

development of novel GBA active compounds for Gaucher research.
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6.2.4 Structural Analysis of Novel GBA Chaperones

The role of defective GBA activity in the pathology of GD, and recent association with
Parkinson’s disease (PD), has resulted in considerable interest in the development of molecular
chaperones for GBA. Unfortunately, traditional, competitive, tight-binding chaperones have
struggled to progress from positive pre-clinical results to real-life patient benefit, likely owing
to lysosomal retention and prolonged target engagement8sl. Therefore, there remains a
compelling need for selective GBA inhibitors which chaperone the enzyme during its transport
to the lysosome, but which efficiently dissociate from the enzyme once in the lysosome. In this
regard, the Vocadlo and Bennet laboratories developed a novel class of single turn-over, allylic

halide carbasugar inhibitors which show pharmacological potential towards human GBA.

In Chapter 5, analysis of these carbasugar inhibitors on the 3D structure of recombinant GBA
(produced in the BEVS described in Chapter 4) was performed to provide mechanistic and
structural insight into their mode of action. The obtained co-crystal structures revealed two
distinct inhibition mechanisms in which the inhibitors covalently modify the catalytic
nucleophile of GBA. Specifically, SRK049 was shown to react by direct cleavage of the carbon-
chlorine bond, whilst the enantiomer SRK121 reacted through the endocyclic double bond,
resulting in an allylic rearrangement and subsequent release of Cl-. Not only do these complexes
describe the nature and conformation of the transient covalent species, but they also revealed
a novel allylic rearrangement mechanism which has not previously been reported for GBA.
Additionally, this work also uncovered a seemingly enantiospecific allosteric site in the
immunoglobulin-like domain of GBA, which binds SRK121 and SBB006 through predominantly
hydrogen bonding interactions. Importantly, the ability to bind to this site may provide a
structural rationale for the chaperoning behaviour towards L44P/P415R GBA. Perhaps more
promisingly, the L444P/P415R GBA mutant has been linked to increased a-synuclein
accumulation and parkinsonism, therefore the structural information presented here could be
of considerable value for the development of GBA chaperones with potential therapeutic

benefits for PD for which no disease modifying therapy is known.

It is ultimately hoped that the structural and mechanistic information generated in this work
may enable a structure-guided approach to improving the pharmacological chaperone
properties of these inhibitors. For example, by understanding the different covalent inhibition

mechanisms and the nature of the covalent complex, it may be possible to further tune the rate
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constant for covalent binding (kinact) and for intermediate hydrolysis (kreact) to alter the half-life.
Indeed, access to inhibitors with controllable half-lives are of considerable interest for the
development of pharmacological chaperones because one of the key limiting factors of
traditionally tested chaperones is their retention within the lysosome and prolonged target
engagements3l, Therefore, these allylic carbasugars hold a number of advantages over
traditional chaperones; firstly, once the carbasugar reacts with GBA, it releases a product which
is no longer able to bind to the enzyme, secondly, by altering the leaving group and carbasugar
substituents, there is potential to control the reactivity and half-life of these inhibitors.
Therefore, these carbasugars hold considerable promise for further development to yield

chaperones which may translate into real clinical benefit for GD and PD.
6.2.5 Inactive GBA Mutants: Potential for Glycosynthase Activity

Towards the end of this PhD, I also expanded the GBA BEVS platform to the production of
inactive GBA mutants. Whilst these mutants have not been reported in this thesis, [ was able to
successfully produce, purify and crystallise a number of GBA inactive mutants by mutating
either the catalytic nucleophile or catalytic acid-base residue. Our main goal was to investigate
these mutants for glycosynthase behaviour as a possible enzymatic route to glycolipid
synthesis. Recently, glycosphingolipids (GSLs) have emerged as potential therapeutic
compounds for alleviating symptoms of cancer846847, diabetes6116 and Alzheimer’s848-850,
Consequently, access to sufficient quantities of GSLs is essential in supporting the development
of therapeutically valuable products. In nature, glycoconjugates are synthesised by
glycosyltransferases (GTs), which are efficient glycosidic bond forming enzymes in vivo;
however, their applications for in vitro synthesis have been limited by difficulties associated
with their expression and purification. Alternatively, retaining GHs have been explored for
glycosidic bond formation forcing GHs to operate in a transglycosylation mode851852, Figure 6.1.
A common approach involves putting the GH under kinetic control by using an activated
glycosyl donor that reacts with the catalytic nucleophile to form a covalent complex which may
be intercepted by a suitable aglycone acceptor. However, yields of such transglycosylation

reactions tend to be poor due to competing hydrolytic activitys8s3, Figure 6.1.
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Figure 6.1: Mechanism of (1) transglucosylation (with HOR acceptor) or (2) hydrolysis (H:20)

of a generic retaining [3-glucosidase.

An alternative approach is to generate GH mutants which are catalytically incompetent854-856,
The first class of GH mutants to be engineered for this purpose, termed glycosynthases, were
prepared by the Withers lab in 1998854, In this seminal work, inactive mutants of the GH1
retaining -glucosidase from Agrobacterium sp. (Abg) were generated by mutating the catalytic
nucleophile to amino acids such as alanine, serine or glycine, which are unable to partake in the
hydrolysis mechanism, Figure 6.2. Used in conjunction with a glycosyl fluoride donor of
opposite anomeric configuration to the natural substrate, these glycosynthase mutants were
capable of synthesising complex saccharides with yields on the gram-scale8s4. A number of
glycosynthases have since been generated from various GHs, including mutants of
endoglycoceramidase II (EGC II) which have proved effective at catalysing the transfer of
glycosyl-fluorides to various sphingosine acceptors, resulting in the synthesis of GM
gangliosidess857858, Given the therapeutic potential of these gangliosides, such enzymatic

synthesis is an attractive approach to the synthesis of biomedically valuable glycolipids.
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Figure 6.2: Mechanism of glycosynthase derived from a retaining (3-glucosidase by mutation
of the catalytic nucleophile to a residue that is unable to partake in the catalytic hydrolysis
mechanism. A a-fluoro-glycosyl donor is transferred to a suitable acceptor (HOR) with

inversion of anomeric stereochemistry.

Several retaining B-glycosidases are reported to perform transglycosylation reactions when

provided with a suitable acceptor, and such activity has been reported for GBAB851859.860,
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Therefore, we sought to test if glycosynthase mutants of GBA could be generated. Consequently,
[ expressed, purified and crystallised GBA mutants in which the catalytic nucleophile (Glu340)
was mutated to an alanine (E340A), serine (E340S), glycine (E340G) or glutamine (E340Q)
through a QuikChange site directed mutagenesis approach. A mutant in which the catalytic acid-
base (Glu235) was mutated to an alanine (E235A) was also prepared. Successful mutation was
initially confirmed by intact mass spectrometry analysis, Figure 6.4, followed by structure
determination through protein x-ray crystallography to model the mutated residue, Figure 6.3.
To the authors knowledge no such mutants of GBA have been produced in a BEVS system

before, demonstrating the expansion of this BEV system to the production of GBA mutants.

(a) (b)

Figure 6.3: Crystal structures of inactive GBA mutants. Electron density for each mutant
showing successful mutation of the catalytic nucleophile (Glu340) to (a) Ala340, (b) Ser340
(c) Gly340 (d) GIn340. An acid-base mutant was also produced and crystallised in which
Glu235 was mutated to (e) Ala235. Maximum-likelihood /cA weighted electron density maps

contoured to 1oc.

254



-58 Da

(@ ‘ Glu340 >Ala340
a 250000
0000 WT [59392.82 | E340A 59496.79
59334.14], 59658.65
200000
50000
>
E 5982089
£ 40000 59553.26 150000 -
2 59246.29 3
30000 59717.40 2 59187.65
£ 100000 +
20000 59099.98 59876.89 \ \ 59982.99
50000 59041.49 \" \
10000 58952.32 ‘ m
0 b A AN IRV PPV WY
o |
. . . . . . : ; ; r ; ; ; .
58000 58500 59000 59500 60000 60500 61000 61500 58000 58500 59000 59500 60000 60500 61000 61500
miz
m/z
(b) -58 Da
Glu235 >Ala235 120000 4 5
0000 WT E235A
100000 59336.92 |59499.30
5066154
60000 - | 5982293
59557.15 80000 \
£ 2z
3 S
‘0:5’40000 S 60000 ‘ \ I
= 59247.4 59719.49 £ 59189.88 ‘ ‘
40000 | 59984.65
59879.59 ‘ |‘
20000 4 5904470
20000 4 ‘ I ‘
58897.04 | | ’U ]
0- 0 ons L U A birt kit
; r r r r r r . r r r r r r ,
58000 58500 59000 59500 60000 60500 61000 61500 62000 58000 58500 59000 59500 60000 60500 61000 61500
m/z m/z
(C) -42 Da
Glu340 >Ser340 200000 4 L
wT E340S
80000 - 59394.37 59677.21
59527.78
150000 4 59837.29
=
2 60000
5 59557.15 -
= 3
S 100000 -
Q
40000 5924748 | 3271249 < 59059.09 59998.77
5910126 59879.59
20000 4 50000
58957.44 60041.52
0+ 04
r r r v r r " . T r T
58000 58500 59000 59500 60000 60500 61000 61500 62000 58000 59000 60000 61000
m/z m/z
d 400000 -
(d) wT E340G
59647.51
80000 4 59394.37
-72Da 59809.79
Glu340 > Gly340 300000 I
2 60000 -
_ Eammad
2 2
s % |
£ S 200000 - 60013.12
40000 o kS | ‘
59323.60 |
|
[
100000 r' \ |
20000 “ ‘ I H‘ | so7as
5917495 | | |} \
NUHLRAE
04 04 e N (VTR L’ N i omncsismmsn i
T T T T T T T . v v v )
58000 58500 59000 59500 60000 60500 61000 61500 62000 58000 59000 60000 61000 62000
m/z m/z
(e) wT 500000 p440q
80000 59394.37 Glu340 > GIn340 5971830 L
400000 4 5988
_‘?60000< 9557.22
2 > 300000 5955 i
] |
= I ‘ 6008323
40000 £
200000 < 59394,12\ | ‘|
o
20000 | il \ l‘ ‘
100000 l60244.68
59248.22\ | i
J‘ | (\ I \ \ L[\
IR
0 0 e N UL RO
T T T T T T T 1 T T
58000 58500 59000 59500 60000 60500 61000 61500 62000 58000 59000 60000
m/z m/z

Figure 6.4: Comparison of intact mass spectrum profile of WT GBA with each GBA mutant

with showing associated mass shift for (a) E340A (b) E235A (c) E340S (d) E340G (e) E340Q.
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Unfortunately, none of these inactive mutants showed transglucosylation behaviour in
preliminary TLC assays using various ceramide acceptors and a 1-deoxy-1-fluoro-a-D-glucose
donor (synthesis in Appendix 4), Figure 6.5. Whilst some optimisation to encourage
glycosynthase activity was performed in regard to donor/acceptor ratios, additives and
temperature, no notable transglucosylation was observed and these studies were dropped in
light of COVID-19 restrictions. However, it’s possible with more testing that these mutants may
be capable of performing transglucosylation reactions. Indeed, in 2016, Aerts and co-workers
showed that wild-type GBA is capable of glucosylating cholesterol; although the level of
transglucosylation was low and fluorescent acceptors were required to detect
transglucosylated products8>®. Nevertheless, Aerts and colleagues showed that GBA also
mediates the formation of xylosyl-cholesterol by trans-xylosidase reactionssél. Furthermore,
the Overkleeft lab recently reported xylose-configured cyclophellitol and cyclophellitol
aziridines that selectively inhibit GBA over GBA2 and GBA3 in vitro and in vivo862. Indeed, the
xylose configured cyclophellitol appears more potent and more selective for GBA than the
classical GBA inhibitor, conduritol B-epoxide (CBE)8¢2. Therefore, there is a strong incentive to
further investigate these mutants for glycosynthase activity, particularly with xylose configured

donors.

Aside from their glycosynthase potential, we envisage these mutants will facilitate the
structural analysis of the Michaels complexes of various GBA inhibitors and ABPs. Such
Michaelis complexes are difficult to obtain with wild-type enzyme, therefore, crystals of these
mutants, Figure 6.3, may provide a route to analysing the non-covalent binding of GBA active
compounds before they covalently react. Lastly, it may also be possible to apply this BEVS
platform and mutagenesis strategy to produce GD causing GBA mutants. Whilst the GD N370S
mutant has been expressed previously in insect cells by Sawkar et al. (2006)715, the vast
majority of GD mutants have not been over-expressed. Establishing a BEVS system for the
production of such mutants would provide a route their structural and functional
characterisation, which in turn may provide insight into the complex structure-function
relationships that exist between GD phenotypes and GBA mutations. Access to GBA mutants
would also offer the opportunity to test certain therapeutic strategies, such as chaperone

mediated therapies, on specific GBA mutants of clinical interest.
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Figure 6.5: TLC analysis of transglucosylation reactions performed with E340S GBA mutant
using a mobile phase of ethylacetate:methanol:water (7:2:1). 1-deoxy-1-fluoro-a-D-glucose
(FGIc) used as the glycoside donor with (a) C2-Ceramide (b) C10-ceramide and (c)
Glucosylceramide GlcCer acceptors. No transglucosylation observed after 1.5 days (would
anticipate a new band between donor and acceptor if transglucosylation had occurred) .

Some residual hydrolytic activity resulted in the formation of ceramide (Cer) from GlcCer.

Evidently the GBA BEVS platform established in this work provides many avenues for future
exploration. One potential investigative route is to elucidate the binding of GBA with its
activator protein Saposin C (SapC). This is of considerable interest in GD research because SapC
is required for efficient glucosylceramide metabolism in vivo. Additionally, deficiencies in SapC
can lead to an atypical form of GD92100, In light of the successful production and purification of
both recombinant GBA and SapC reported in Chapter 4, it may be possible to obtain a structure
of GBA in complex with SapC for structural and functional characterisation. Indeed, cryo-EM
studies to obtain such a complex are currently underway, but the small size of both GBA (~55

kDa) and SapC (~9 kDa) has been a limiting factor in cryo-EM data processing.
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Figure 6.6: Progress on structure determination of GBA by.c'ryo—EM. (a) Selection of
micrographs (b) Representative 2D class averages of GBA generated from auto-picked
particles. Preferred orientation evident (c) Preliminary 3D reconstructed map of GBA
resulting from 3D-classification and 3D-refinement of auto-picked particles. Resulting map

comprises of 2 inseparable orientations of GBA. PDB model 6TN1 docked in map.

In preliminary cryo-EM studies, GBA was found to exhibit considerable preferential orientation
on the cryo-EM grids. This was ultimately detrimental to its structure solution because an
insufficient number of different 2D particle views were obtained for reliable 3D reconstruction,
Figure 6.6. Consequently, the preliminary 3D model generated thus far comprises of two
different orientations of GBA which we have been unable to separate in data processing, likely
owing to its small size and preferential orientation. Figure 6.6. In an effort to overcome such
issues, we recently collected a new data set for rGBA using a Volta phase plate, which permits
in-focus phase contrast and boosts lower frequency information that is considered vital for

small targets863.864. Whilst this considerably enhanced the image contrast, Figure 6.7, no
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improvement in the reconstructed 3D model could be obtained, indicating that preferential

orientation of GBA is the real limiting factor.

CTEM

In-focus In-focus
Figure 6.7: Effect of the Volta phase plate; representative in-focus micrograph of rGBA under

conventional transmission electron microscopy (CTEM) compared to in-focus image under
phase plate transmission electron microscopy (PTEM). Considerable enhancement in image

contrast is obtained using PTEM allowing GBA particles to be visualised whilst in focus.

It is hoped that a GBA-SapC complex may be obtained in the future to alleviate both the
preferential orientation and size issues limiting our cryo-EM data processing efforts. Indeed,
we have already shown that a 6.4-fold enhancement in GBA activity can be achieved in the
presence of recombinant SapC (see Chapter 4 section 4.4.3), suggesting some interaction
between the two exists in solution. Nevertheless, a complex of this size (~65 kDa) still sits at
the cutting-edge limit of cryo-EM, therefore, attempts to generate a complex through x-ray
crystallography are also ongoing. It is hoped that this preliminary work will lay a good

foundation for future advances in understanding the interactions between GBA and SapC.

6.3 Current and Future Developments in Activity-Based

Protein Profiling (ABPP)

The field of ABPP has advanced rapidly over the past couple of decades, resulting in the
development of ABPs for GHs546.566, kinases567, phosphatases568, methyltransferases569.570 and
ubiquitin ligases57t. Aside from biomedical applications, ABPP has found utility in other areas,
namely industrial biotechnology. The need for cost-effective biomass processing strategies is of
utmost importance as the demand for renewable energy and sustainable products grows.
However, the recalcitrance of biomass materials necessitates the search for enzymes that

degrade these materials efficiently under industrially relevant conditions. Fortunately, ABPs
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provide a route to high-throughput screening, identification and characterisation of enzymes
with desirable biomass degrading activities in complex mixtures. In 2019, we showed the
detection and identification of industrially useful f-xylosidases and endo-[3-1,4-xylanases in the
secretomes of Aspergillus niger (a model fungal saprophyte) through the use of cyclophellitol
ABPs865; work for which I contributed structure solution and analysis, Figure 6.8. We
demonstrated that simple elongation of monomeric xylose ABPs to mimic a xylobiose moiety is
a viable strategy for expanding the scope of cyclophellitol ABPs from (-xylosidases to (-
xylanases. Moreover, we demonstrated the use of such ABPs to assess enzyme-substrate
specificities, thermal stabilities and other biotechnologically relevant parameters8s5, Appendix
5. This study not only highlights the utility of cyclophellitol ABPs as tools for the discovery of
biomass degrading enzymes but also provides a basis for further ABP elaboration as a route to

interrogating more glycosidases with distinct substrate specificities.

ed by ABPP
(a) Ribbon representation of GH3 B-xylosidase AnidXInD from A nidulans. (b) Active site of
AnidXInD bound to xylobiose aziridine inhibitor. (c) Ribbon representation of GH10 (-
xylanase ASPACDRAFT_127619 catalytic domain. (d) Active site of ASPACDRAFT_127619
bound to xylobiose-epoxide inhibitor. Maximum-likelihood/cA weighted electron density

maps contoured to 1.1c (0.32 e/A3).
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Following this work, the Overkleeft lab has continued to develop ABPs for the characterisation
of enzymes involved in biomass degradation. Specifically, a series of glycosylated cyclophellitol
ABPs mimicking (-1,4-glucan oligosaccharides have been synthesised and applied for the
detection of cellulases and (-1,4-glucanases required for lignocellulose degradationsse.
Additionally, five-membered o-L-arabinofuranosidase inhibitors have been synthesised
following a route inspired by the six-membered cyclophellitol derivatives8é?. a-1-
Arabinofuranoside units are commonly found on hemicellulosic and pectinaceous plant
polysaccharides, and their efficient removal is required for the breakdown of xylan-rich
biomass. Therefore, ABPs were developed from the 5-membered a-L-arabinofuranoside
inhibitors, using the aziridine warhead to introduce a reporter group, and applied for the
detection of a-L-arabinofuranosidases within A. niger and basidiomycetee secretomes8é?. The
broad applicability of these inhibitors and ABPs makes them valuable tools for the high

throughput characterisation of carbohydrate degrading enzymes in complex systems.

In addition to biomass degrading enzymes, there are a number of other GHs of interest in
industrial biotechnology, of note are amylases. Amylases of the GH13 family®3! are hydrolytic
enzymes often applied as industrial catalysts in food processing and detergent production868869.
However, first and foremost, amylases are required for the processing of starch in many
kingdoms of life870. In humans, salivary and pancreatic amylases aid in the digestion of starch
to glucose, and are commonly targeted in therapeutic approaches for type 2-diabetes. For
example, anti-diabetic drugs currently in clinical use include the a-glucosidase inhibitors
miglitol and acarbose, which inhibit human pancreatic amylases and control postprandial
glucose levels871-873. However, the relatively poor selectivity of these inhibitors leads to off
target inhibition of intestinal amylases, resulting in undesirable side effects. Therefore, more
specific inhibitors of pancreatic a-amylases are of considerable interest874, in turn requiring
efficient and sensitive assays that report specifically on amylase activities in complex biological
materials. Fortunately, ABPP are inherently suited for such applications. Consequently the
Overkleeft lab synthesised a panel of tagged maltobiose-configured 1,6-epi-cyclophellitols as
ABPs for retaining amylases8!, Figure 6.9. Such ABPs have proved effective against Taka-
amylase (Aspergillus oryzae a-amylase), with cyclosulfate ABPs being more potent than the
epoxide and aziridine counterparts. Interestingly, whilst the cyclosulfate and epoxide inhibitors
were found to bind in the expected 4C; chair conformation, the aziridine derivatives bound in
an unprecedented E; conformations4!, which may account for the inability of cyclophellitol
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aziridines to label human saliva amylase. In contrast, the epoxide equivalents label human
saliva amylase in a concentration and time dependent manner and are capable of effectively
detecting a-amylases in fungal secretomess84l. Therefore, it is hoped that these labelled
maltobiose epi-cyclophellitols will find use in the discovery of new amylase inhibitors with
therapeutic potential for type 2 diabetes. Additionally, these ABPs may also aid in the discovery

of new microbial amylases with advantageous properties for biotechnological application.
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Figure 6.9: Design of mechanism-based retaining cyclophellitol (a) epoxide (b) aziridine and

(c) cyclosulfate a-endoglucosidase inhibitors and/or ABPs when R = reporter group.

Whilst it appears that ABPP has reached maturity with regard to retaining glycosidases, there
remain many challenges to address in the field of ABP. For example, whilst monosaccharide
ABPs targeting retaining exo-glycosidases are relatively well established, profiling of retaining
endo-glycosidases requires more complex ABPs which mimic the length of the natural
substrates875876, Another challenge lies in the synthesis of broad-spectrum glycosidase ABPs. In
many cases enzyme specific ABPs are desired, however, broad-spectrum ABPs are particularly
useful for high-throughput screening of multiple enzyme classes in a relatively simple
experimental setup. Unfortunately, one approach to generation of more broad-spectrum
probes by removal of cyclophellitol-hydroxyl groups from the ABP scaffold, was found to
drastically reduce the potency of the ABPs549. Such problem may be overcome by the use of
multiple class-specific ABPs in a single experiment, but further work on the design and
synthesis of potent, broad-specificity ABPs is required. Lastly, and perhaps most importantly,
the biggest weakness of most glycosidase ABPs is the requirement for the target enzyme to
form a covalent enzyme-substrate intermediate. Consequently, ABPs for inverting enzymes
have been much more difficult to design. Some progress has been made with photo-affinity and
quinone methide-based probes8?7, however, these probes commonly suffer from poor efficacy
and selectivity. In the future, development of ABPs for inverting glycosidases will likely require
a combination of high-level synthetic chemistry, predictive computational methods and

structural analysis of the proteins of interest.
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Appendix 1: Generation of GBA1 Constructs

A1.1: Oligonucleotide primers required for generation of GBA1 constructs.

Oligonucleotide sequence given 5’ 2 3’

P51 CAGCAGCGAAGTCGCCATAAC

P52 CAGCCGGATCTTCTAGGCTC

P55 CCCAGTCACGACGTTGTAAAACG

P56 AGCGGATAACAATTTCACACAGG

P262 CATCACCACCATCATGGTACCGCAGAAAACTTGTACTTTCAAGGC

P387 CTAGTACTTCTCGACAAGCTTCTACTGGCGACGCCACAGGTAG

F1G CATCATCACCACCATCATGGTACCGCAGAAAACTTGTACTTTCAAGGCGGAGCCCG
CCCCTGCATCCCTAAAAGC

F2G CATCATCACCACCATCATGGTACCGCAGAAAACTTGTACTTTCAAGGCGGAGGCGC
CCGCCCCTGCATCCCTAAAAGC

F3G CATCATCACCACCATCATGGTACCGCAGAAAACTTGTACTTTCAAGGCGGAGGCGG

TGCCCGCCCCTGCATCCCTAAAAGC
F4G CATCATCACCACCATCATGGTACCGCAGAAAACTTGTACTTTCAAGGCGGAGGCGG
TGGAGCCCGCCCCTGCATCCCTAAAAGC

FCHis TACATTAGCTACATTTATGCGGCCCGCCCCTGCATCCCTAAAAGC
RCHis CCTCTAGTACTTCTCGACAAGCTTCTAATGATGGTGGTGATGATGCT
GGCGACGCCACAG

F = forward primer, R = reverse primer, NHis = N-terminal His-tag, NHis_1G = 1-glycine linker,
NHis_2G = 2-glycine linker, NHis_3G = 3-glycine linker, NHis_4G = 4-glycine linker, CHis = C-terminal

His-tag, Nuc = nucleophile mutant, ab = acid-base mutant

Al.2: Gene sequence for pGEnl-GBA plasmid  (DNASU Clone ID:
HsCD0041321379?)

CTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACA
GGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATACGCGTACCGCTAGCCAGGAAGAGTTTGTAGAAACGCAAAAAGGCCA
TCCGTCAGGATGGCCTTCTGCTTAGTTTGATGCCTGGCAGTTTATGGCGGGCGTCCTGCCCGCCACCCTCCGGGCCGTTGCTTCACAACGTTC
AAATCCGCTCCCGGCGGATTTGTCCTACTCAGGAGAGCGTTCACCGACAAACAACAGATAAAACGAAAGGCCCAGTCTTCCGACTGAGCCTT
TCGTTTTATTTGATGCCTGGCAGTTCCCTACTCTCGCGTTAACGCTAGCATGGATGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGT
CTTAAGCTCGGGCCCCAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACACATTGATGAGCAATGCTTTTTTATAATGCC
AACTTTGTACAAAAAAGCAGGCTCTGAAAACTTGTACTTTCAAGGC
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CTGTGGCGTCGCCAGTGACCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCATTGCTTATCAATT
TGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTGCCATCCAGCTGATATCCCCTATAGTGAGTCGTATTACATGGTCAT
AGCTGTTTCCTGGCAGCTCTGGCCCGTGTCTCAAAATCTCTGATGTTACATTGCACAAGATAAAATAATATCATCATGAACAATAAAACTGT
CTGCTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACATGGATGCTGA
TTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCGCCAGAGTTGT
TTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACC
ATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCCGGAAAAACAGCATTCCAGGTATTAGAAGAATATCC
TGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATC
GCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTT
GAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTT
TGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCG
GTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTC
GATGAGTTTTTCTAATCAGAATTGGTTAATTGGTTGTAACACTGGCAGAGCATTACGCTGACTTGACGGGACGGCGCAAGCTCATGACCAA
AATCCCTTAACGTGAGTTACGCGTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGC
GTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAAC
TGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACAT
ACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGAT
AAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGA
GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAG
CTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGG
GCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTT

Orange = GBAI gene

A1.3: Gene sequence for p-OMNI plasmid

AAGCTTGTCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCT
GAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAAT
TTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGATCTGATCACTGCT
TGAGCCTAGAAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTATCATAACCCCTAGGG
TATACCCATCTAATTGGAACCAGATAAGTGAAATCTAGTTCCAAACTATTTTGTCATTTTTAATTTTCGTATTAGCTTACGACGCTAC
ACCCAGTTCCCATCTATTTTGTCACTCTTCCCTAAATAATCCTTAAAAACTCCATTTCCACCCCTCCCAGTTCCCAACTATTTTGTCCG
CCCACAACCGGTGGAGGAAATTCTCCTTGAAGTTTCCCTGGTGTTCAAAGTAAAGGAGTTTGCACCAGACGCACCTCTGTTCACTGGTCCGG
CGTATTAAAACACGATACATTGTTATTAGTACATTTATTAAGCGCTAGATTCTGTGCGTTGTTGATTTACAGACAATTGTTGTACGTATTT

TAATAATTCATTAAATTTATAATCTTTAGGGTGGTATGTTAGAGCGAAAATCAAATGATTTTCAGCGTCTTTATATCTGAATTTAAATATT
AAATCCTCAATAGATTTGTAAAATAGGTTTCGATTAGTTTCAAACAAGGGTTGTTTTTCCGAACCGATGGCTGGACTATCTAATGGATTTT

CGCTCAACGCCACAAAACTTGCCAAATCTTGTAGCAGCAATCTAGCTTTGTCGATATTCGTTTGTGTTTTGTTTTGTAATAAAGGTTCGACG
TCGTTCAAAATATTATGCGCTTTTGTATTTCTTTCATCACTGTCGTTAGTGTACAATTGACTCGACGTAAACACGTTAAATAGAGCTTGGAC
ATATTTAACATCGGGCGTGTTAGCTTTATTAGGCCGATTATCGTCGTCGTCCCAACCCTCGTCGTTAGAAGTTGCTTCCGAAGACGATTTTG

CCATAGCCACACGACGCCTATTAATTGTGTCGGCTAACACGTCCGCGATCAAATTTGTAGTTGAGCTTTTTGGAATTACCGGTTGACTTGGG
TCAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTT

GATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCC
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TTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTT
TTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTA
GCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACG
ATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGAT
ACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGA
GCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGAT
GCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTC
TTTCCTGCGTTATCCCCTGATTGACTTGGGTCGCTCTTCCTGTGGATGCGCAGGTATGTACAGGAAGAGGTTTATACTAAACTGTTACATTG
CAAACGTGGTTTCGTGTGCCAAGTGTGAAAACCGATGTTTAATCAAGGCTCTGACGCATTTCTACAACCACGACTCTAAGTGTGTGGGTGAA
GTCATGCATCTTTTAATCAAATCCCAAGATGTGTATAAACCACCAAACTGCCAAAAAATGAAAACTGTCGACAAGCTCTGTCCGTTTGCTGG
CAACTGCAAGGGTCTCAATCCTATTTGTAATTATTGAATAATAAAACAATTATAAATGTCAAATTTGTTTTTTATTAACGATACAAACCAA
ACGCAACAAGAACATTTGTAGTATTATCTATAATTGAAAACGCGTAGTTATAATCGCTGAGGTAATATTTAAAATCATTTTCAAATGATTC
ACAGTTAATTTGCGACAATATAATTTTATTTTCACATAAACTAGACGCCTTGTCGTCTTCTTCTTCGTATTCCTTCTCTTTTTCATTTTTCT
CTTCATAAAAATTAACATAGTTATTATCGTATCCATATATGTATCTATCGTATAGAGTAAATTTTTTGTTGTCATAAATATATATGTCTTT
TTTAATGGGGTGTATAGTACCGCTGCGCATAGTTTTTCTGTAATTTACAACAGTGCTATTTTCTGGTAGTTCTTCGGAGTGTGTTGCTTTAA
TTATTAAATTTATATAATCAATGAATTTGGGATCGTCGGTTTTGTACAATATGTTGCCGGCATAGTACGCAGCTTCTTCTAGTTCAATTACA
CCATTTTTTAGCAGCACCGGATTAACATAACTTTCCAAAATGTTGTACGAACCGTTAAACAAAAACAGTTCACCTCCCTTTTCTATACTATT
GTCTGCGAGCAGTTGTTTGTTGTTAAAAATAACAGCCATTGTAATGAGACGCACAAACTAATATCACAAACTGGAAATGTCTATCAATATA
TAGTTGCTGATTGCGCAGATGCCCTGCGTAAGCGGGTGTGGGCGGACAATAAAGTCTTAAACTGAACAAAATAGATCTAAACTATGACA
ATAAAGTCTTAAACTAGACAGAATAGTTGTAAACTGAAATCAGTCCAGTTATGCTGTGAAAAAGCATACTGGACTTTTGTTATGGC
TAAAGCAAACTCTTCATTTTCTGAAGTGCAAATTGCCCGTCGTATTAAAGAGGGGCGTGGCCAAGGGCATGTAAAGACTATATTCGCG
GCGTTGTGACAATTTACCGAACAACTCCGCGGCCGGGAAGCCGATCTCGGCTTGAACGAATTGTTAGGTGGCGGTACTTGGGTCGATATCAA
AGTGCATCACTTCTTCCCGTATGCCCAACTTTGTATAGAGAGCCACTGCGGGATCGTCACCGTAATCTGCTTGCACGTAGATCACATAAGCA
CCAAGCGCGTTGGCCTCATGCTTGAGGAGATTGATGAGCGCGGTGGCAATGCCCTGCCTCCGGTGCTCGCCGGAGACTGCGAGATCATAGAT
ATAGATCTCACTACGCGGCTGCTCAAACTTGGGCAGAACGTAAGCCGCGAGAGCGCCAACAACCGCTTCTTGGTCGAAGGCAGCAAGCGCGA
TGAATGTCTTACTACGGAGCAAGTTCCCGAGGTAATCGGAGTCCGGCTGATGTTGGGAGTAGGTGGCTACGTCTCCGAACTCACGACCGAAA
AGATCAAGAGCAGCCCGCATGGATTTGACTTGGTCAGGGCCGAGCCTACATGTGCGAATGATGCCCATACTTGAGCCACCTAACTTTGTTTT
AGGGCGACTGCCCTGCTGCGTAACATCGTTGCTGCTGCGTAACATCGTTGCTGCTCCATAACATCAAACATCGACCCACGGCGTAACGCGCTT
GCTGCTTGGATGCCCGAGGCATAGACTGTACAAAAAAACAGTCATAACAAGCCATGAAAACCGCCACTGCGCCGTTACCACCGCTGCGTTCG
GTCAAGGTTCTGGACCAGTTGCGTGAGCGCATACGCTACTTGCATTACAGTTTACGAACCGAACAGGCTTATGTCAACTGGGTTCGTGCCTT
CATCCGTTTCCACGGTGTGCGTCACCCGGCAACCTTGGGCAGCAGCGAAGTCGCCATAACTTCGTATAGCATACATTATACGAAGTTATCTG
TAACTATAACGGTCCTAAGGTAGCGAGTTTAAACACTAGTATCGATTCGCGACCTACTCCGGAATATTAATAGATCATGGAGATAATTAAA
ATGATAACCATCTCGCAAATAAATAAGTATTTTACTGTTTTCGTAACAGTTTTGTAATAAAAAAACCTATAAATATTCCGGATTATTCATA
CCGTCCCACCATCGGGCGCGGATCCATG

GACCCGGGCCATCATCACCACCATCATGGTACC

Red = Tn7 transposition sites, Yellow = Melittin Signal Sequence

A1.4: Gene sequence for B24-backbone

AGCTTGTCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTG
AACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATT
TCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGATCTGATCACTGCTT
GAGCCTAGAAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTATCATAACCCCTAGGGT
ATACCCATCTAATTGGAACCAGATAAGTGAAATCTAGTTCCAAACTATTTTGTCATTTTTAATTTTCGTATTAGCTTACGACGCTACA
CCCAGTTCCCATCTATTTTGTCACTCTTCCCTAAATAATCCTTAAAAACTCCATTTCCACCCCTCCCAGTTCCCAACTATTTTGTCCGC
CCACAACCGGTGGAGGAAATTCTCCTTGAAGTTTCCCTGGTGTTCAAAGTAAAGGAGTTTGCACCAGACGCACCTCTGTTCACTGGTCCGGC
GTATTAAAACACGATACATTGTTATTAGTACATTTATTAAGCGCTAGATTCTGTGCGTTGTTGATTTACAGACAATTGTTGTACGTATTTT
AATAATTCATTAAATTTATAATCTTTAGGGTGGTATGTTAGAGCGAAAATCAAATGATTTTCAGCGTCTTTATATCTGAATTTAAATATTA
AATCCTCAATAGATTTGTAAAATAGGTTTCGATTAGTTTCAAACAAGGGTTGTTTTTCCGAACCGATGGCTGGACTATCTAATGGATTTTC
GCTCAACGCCACAAAACTTGCCAAATCTTGTAGCAGCAATCTAGCTTTGTCGATATTCGTTTGTGTTTTGTTTTGTAATAAAGGTTCGACGT
CGTTCAAAATATTATGCGCTTTTGTATTTCTTTCATCACTGTCGTTAGTGTACAATTGACTCGACGTAAACACGTTAAATAGAGCTTGGACA
TATTTAACATCGGGCGTGTTAGCTTTATTAGGCCGATTATCGTCGTCGTCCCAACCCTCGTCGTTAGAAGTTGCTTCCGAAGACGATTTTGC
CATAGCCACACGACGCCTATTAATTGTGTCGGCTAACACGTCCGCGATCAAATTTGTAGTTGAGCTTTTTGGAATTACCGGTTGACTTGGGT
CAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTG
ATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCT
TTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTT
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TCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGC
ACCGCCTACATACCTCGCTCTGCTTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGA
TAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATA
CCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG
CGCACGAGGGAGCTTCCAGGGGGAAACGCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGC
TCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTT
TCCTGCGTTATCCCCTGATTGACTTGGGTCGCTCTTCCTGTGGATGCGCAGGTATGTACAGGAAGAGGTTTATACTAAACTGTTACATTGCA
AACGTGGTTTCGTGTGCCAAGTGTGAAAACCGATGTTTAATCAAGGCTCTGACGCATTTCTACAACCACGACTCTAAGTGTGTGGGTGAAGT
CATGCATCTTTTAATCAAATCCCAAGATGTGTATAAACCACCAAACTGCCAAAAAATGAAAACTGTCGACAAGCTCTGTCCGTTTGCTGGCA
ACTGCAAGGGTCTCAATCCTATTTGTAATTATTGAATAATAAAACAATTATAAATGTCAAATTTGTTTTTTATTAACGATACAAACCAAAC
GCAACAAGAACATTTGTAGTATTATCTATAATTGAAAACGCGTAGTTATAATCGCTGAGGTAATATTTAAAATCATTTTCAAATGATTCAC
AGTTAATTTGCGACAATATAATTTTATTTTCACATAAACTAGACGCCTTGTCGTCTTCTTCTTCGTATTCCTTCTCTTTTTCATTTTTCTCT
TCATAAAAATTAACATAGTTATTATCGTATCCATATATGTATCTATCGTATAGAGTAAATTTTTTGTTGTCATAAATATATATGTCTTTTT
TAATGGGGTGTATAGTACCGCTGCGCATAGTTTTTCTGTAATTTACAACAGTGCTATTTTCTGGTAGTTCTTCGGAGTGTGTTGCTTTAATT
ATTAAATTTATATAATCAATGAATTTGGGATCGTCGGTTTTGTACAATATGTTGCCGGCATAGTACGCAGCTTCTTCTAGTTCAATTACACC
ATTTTTTAGCAGCACCGGATTAACATAACTTTCCAAAATGTTGTACGAACCGTTAAACAAAAACAGTTCACCTCCCTTTTCTATACTATTGT
CTGCGAGCAGTTGTTTGTTGTTAAAAATAACAGCCATTGTAATGAGACGCACAAACTAATATCACAAACTGGAAATGTCTATCAATATATA
GTTGCTGATTGCGCAGATGCCCTGCGTAAGCGGGTGTGGGCGGACAATAAAGTCTTAAACTGAACAAAATAGATCTAAACTATGACAA
TAAAGTCTTAAACTAGACAGAATAGTTGTAAACTGAAATCAGTCCAGTTATGCTGTGAAAAAGCATACTGGACTTTTGTTATGGCT
AAAGCAAACTCTTCATTTTCTGAAGTGCAAATTGCCCGTCGTATTAAAGAGGGGCGTGGCCAAGGGCATGTAAAGACTATATTCGCGG
CGTTGTGACAATTTACCGAACAACTCCGCGGCCGGGAAGCCGATCTCGGCTTGAACGAATTGTTAGGTGGCGGTACTTGGGTCGATATCAAA
GTGCATCACTTCTTCCCGTATGCCCAACTTTGTATAGAGAGCCACTGCGGGATCGTCACCGTAATCTGCTTGCACGTAGATCACATAAGCAC
CAAGCGCGTTGGCCTCATGCTTGAGGAGATTGATGAGCGCGGTGGCAATGCCCTGCCTCCGGTGCTCGCCGGAGACTGCGAGATCATAGATA
TAGATCTCACTACGCGGCTGCTCAAACTTGGGCAGAACGTAAGCCGCGAGAGCGCCAACAACCGCTTCTTGGTCGAAGGCAGCAAGCGCGAT
GAATGTCTTACTACGGAGCAAGTTCCCGAGGTAATCGGAGTCCGGCTGATGTTGGGAGTAGGTGGCTACGTCTCCGAACTCACGACCGAAAA
GATCAAGAGCAGCCCGCATGGATTTGACTTGGTCAGGGCCGAGCCTACATGTGCGAATGATGCCCATACTTGAGCCACCTAACTTTGTTTTA
GGGCGACTGCCCTGCTGCGTAACATCGTTGCTGCTGCGTAACATCGTTGCTGCTCCATAACATCAAACATCGACCCACGGCGTAACGCGCTTG
CTGCTTGGATGCCCGAGGCATAGACTGTACAAAAAAACAGTCATAACAAGCCATGAAAACCGCCACTGCGCCGTTACCACCGCTGCGTTCGG
TCAAGGTTCTGGACCAGTTGCGTGAGCGCATACGCTACTTGCATTACAGTTTACGAACCGAACAGGCTTATGTCAACTGGGTTCGTGCCTTC
ATCCGTTTCCACGGTGTGCGTCACCCGGCAACCTTGGGCAGCAGCGAAGTCGCCATAACTTCGTATAGCATACATTATACGAAGTTATCTGT
AACTATAACGGTCCTAAGGTAGCGAGTTTAAACACTAGTATCGATTCGCGACCTACTCCGGAATATTAATAGATCATGGAGATAATTAAAA
TGATAACCATCTCGCAAATAAATAAGTATTTTACTGTTTTCGTAACAGTTTTGTAATAAAAAAACCTATAAATATTCCGGATTATTCATAC
CGTCCCACCATCGGGCGCGGATCCATG G
ACCCGGGCCATCATCACCACCATCATGGTACC

Red = Tn7 transposition sites, Yellow = Melittin Signal Sequence, Blue = Hiss-tag
A1.5: Gene sequence for B41-backbone

AACACGATACATTGTTATTAGTACATTTATTAAGCGCTAGATTCTGTGCGTTGTTGATTTACAGACAATTGTTGTACGTATTTTAATAATT
CATTAAATTTATAATCTTTAGGGTGGTATGTTAGAGCGAAAATCAAATGATTTTCAGCGTCTTTATATCTGAATTTAAATATTAAATCCTC
AATAGATTTGTAAAATAGGTTTCGATTAGTTTCAAACAAGGGTTGTTTTTCCGAACCGATGGCTGGACTATCTAATGGATTTTCGCTCAAC
GCCACAAAACTTGCCAAATCTTGTAGCAGCAATCTAGCTTTGTCGATATTCGTTTGTGTTTTGTTTTGTAATAAAGGTTCGACGTCGTTCAA
AATATTATGCGCTTTTGTATTTCTTTCATCACTGTCGTTAGTGTACAATTGACTCGACGTAAACACGTTAAATAGAGCTTGGACATATTTAA
CATCGGGCGTGTTAGCTTTATTAGGCCGATTATCGTCGTCGTCCCAACCCTCGTCGTTAGAAGTTGCTTCCGAAGACGATTTTGCCATAGCC
ACACGACGCCTATTAATTGTGTCGGCTAACACGTCCGCGATCAAATTTGTAGTTGAGCTTTTTGGAATTACCGGTTGACTTGGGTCAACTGT
CAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCT
CATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTC
TGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAG
GTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCC
TACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTAC
CGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAG
CGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGA
GGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCA
GGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCG
TTATCCCCTGATTGACTTGGGTCGCTCTTCCTGTGGATGCGCACCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTGACTTGGGTC
GCTCTTCCTGTGGATGCGCAGGTATGTACAGGAAGAGGTTTATACTAAACTGTTACATTGCAAACGTGGTTTCGTGTGCCAAGTGTGAAAAC
CGATGTTTAATCAAGGCTCTGACGCATTTCTACAACCACGACTCTAAGTGTGTGGGTGAAGTCATGCATCTTTTAATCAAATCCCAAGATGT
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GTATAAACCACCAAACTGCCAAAAAATGAAAACTGTCGACAAGCTCTGTCCGTTTGCTGGCAACTGCAAGGGTCTCAATCCTATTTGTAATT
ATTGAATAATAAAACAATTATAAATGTCAAATTTGTTTTTTATTAACGATACAAACCAAACGCAACAAGAACATTTGTAGTATTATCTATA
ATTGAAAACGCGTAGTTATAATCGCTGAGGTAATATTTAAAATCATTTTCAAATGATTCACAGTTAATTTGCGACAATATAATTTTATTTT
CACATAAACTAGACGCCTTGTCGTCTTCTTCTTCGTATTCCTTCTCTTTTTCATTTTTCTCTTCATAAAAATTAACATAGTTATTATCGTAT
CCATATATGTATCTATCGTATAGAGTAAATTTTTTGTTGTCATAAATATATATGTCTTTTTTAATGGGGTGTATAGTACCGCTGCGCATAG
TTTTTCTGTAATTTACAACAGTGCTATTTTCTGGTAGTTCTTCGGAGTGTGTTGCTTTAATTATTAAATTTATATAATCAATGAATTTGGG
ATCGTCGGTTTTGTACAATATGTTGCCGGCATAGTACGCAGCTTCTTCTAGTTCAATTACACCATTTTTTAGCAGCACCGGATTAACATAAC
TTTCCAAAATGTTGTACGAACCGTTAAACAAAAACAGTTCACCTCCCTTTTCTATACTATTGTCTGCGAGCAGTTGTTTGTTGTTAAAAATA
ACAGCCATTGTAATGAGACGCACAAACTAATATCACAAACTGGAAATGTCTTCAATATATAGTTGCTGATTGCGCAGATGCCCTGCGTAAGC
GGGTGTGGGCGGACAATAAAGTCTTAAACTGAACAAAATAGATCTAAACTATGACAATAAAGTCTTAAACTAGACAGAATAGTTGT
AAACTGAAATCAGTCCAGTTATGCTGTGAAAAAGCATACTGGACTTTTGTTATGGCTAAAGCAAACTCTTCATTTTCTGAAGTGCAA
ATTGCCCGTCGTATTAAAGAGGGGCGTGGCCAAGGGCATGTAAAGACTATATTCGCGGCGTTGTGACAATTTACCGAACAACTCCGCGGC
CGGGAAGCCGATCTCGGCTTGAACGAATTGTTAGGTGGCGGTACTTGGGTCGATATCAAAGTGCATCACTTCTTCCCGTATGCCCAACTTTG
TATAGAGAGCCACTGCGGGATCGTCACCGTAATCTGCTTGCACGTAGATCACATAAGCACCAAGCGCGTTGGCCTCATGCTTGAGGAGATTG
ATGAGCGCGGTGGCAATGCCCTGCCTCCGGTGCTCGCCGGAGACTGCGAGATCATAGATATAGATCTCACTACGCGGCTGCTCAAACTTGGG
CAGAACGTAAGCCGCGAGAGCGCCAACAACCGCTTCTTGGTCGAAGGCAGCAAGCGCGATGAATGTCTTACTACGGAGCAAGTTCCCGAGGT
AATCGGAGTCCGGCTGATGTTGGGAGTAGGTGGCTACGTCTCCGAACTCACGACCGAAAAGATCAAGAGCAGCCCGCATGGATTTGACTTGG
TCAGGGCCGAGCCTACATGTGCGAATGATGCCCATACTTGAGCCACCTAACTTTGTTTTAGGGCGACTGCCCTGCTGCGTAACATCGTTGCT
GCTGCGTAACATCGTTGCTGCTCCATAACATCAAACATCGACCCACGGCGTAACGCGCTTGCTGCTTGGATGCCCGAGGCATAGACTGTACA
AAAAAACAGTCATAACAAGCCATGAAAACCGCCACTGCGCCGTTACCACCGCTGCGTTCGGTCAAGGTTCTGGACCAGTTGCGTGAGCGCAT
ACGCTACTTGCATTACAGTTTACGAACCGAACAGGCTTATGTCAACTGGGTTCGTGCCTTCATCCGTTTCCACGGTGTGCGTCACCCGGCAAC
CTTGGGCAGCAGCGAAGTCGCCATAACTTCGTATAGCATACATTATACGAAGTTATCTGTAACTATAACGGTCCTAAGGTAGCGAGTTTAAA
CACTAGTATCGATTCGCGACCTACTCCGGAATATTAATAGATCATGGAGATAATTAAAATGATAACCATCTCGCAAATAAATAAGTATTTT
ACTGTTTTCGTAACAGTTTTGTAATAAAAAAACCTATAAATATTCCGGATTATTCATACCGTCCCACCATCGGGCGCGGATCCATG
GACCCGGG

Red = Tn7 transposition sites, Yellow = Melittin Signal Sequence
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Appendix 2: Investigation of Inner Filter Effect
A2.1: Investigating primary inner filter effect

4-MU was prepared at concentrations ranging 2.5 mm to 2.4 pM in pH 5.2 kinetics buffer
(Mcllvaine buffer: 150 mM disodium hydrogen phosphate, citric acid [pH 5.2], 0.2% (v/v)
Taurocholate, 0.1% (v/v) Triton X-100 and 0.1% (v/v) bovine serum albumin) to cover the
concentration range of 4-methylumbelliferyl B-D-glucopyranoside (4-MU-GIc) used in the
Michaelis Menten assays. The epifluorescence of 4-MU was measured (Aem 450-430 nm) in 50
uL volumes in quadruplicate in a black 384-well plate using different excitation wavelengths
(Aex 320, 340, 360, 380, 390, 400 nm). The average 4-MU fluorescence was plotted against [4-
MU] concentration. The 4-MU fluorescence proved non-linear over the tested concentrations
using 360 nm excitation wavelength, indicating the inner filter effect impacts the kinetic assays
performed at this wavelength. However, the 4-MU fluorescence appeared linear using 380, 390
and 400 nm excitation wavelengths, indicating kinetic assays performed under these conditions
should not be impacted by inner filter effects, Figure A.1
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Figure A2.1: Plot of observed epifluorescence (Aem450/30 nm) vs 4-MU concentration using
different excitations wavelengths. Data plotted as average + standard deviation of 4

replicates. Linear best fit constructed for data collected using 380 nm, 390 nm and 400 nm

excitation wavelengths. Fluorescence data at 360 nm fitted to Michaelis Menten equation.
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A2.2: Michaelis Menten Assay at Aex390 nm

The fluorogenic substrate 4-methylumbelliferyl 3-D-glucopyranoside (4-MU-Glc) was prepared
at 10 mM in kinetics buffer and diluted 2-fold to 0.019 mM. Each substrate solution (25 pL) was
added to the wells of a black 384 well polystyrene plate in quadruplicate. GBA (25 pL, 20 nM)
was added to each well to give a final enzyme concentration of 10 nM. Activity against 4-MU-
Glc was monitored continuously over 5-minutes at 37 °C by measuring the fluorescence of
liberated 4-MU (Aex 390/15 nm, Aem 450/30 nm) using a CLARIOstar® Plus microplate reader
(BMG LabTech). A linear calibration was generated by measuring the fluorescence of 4-MU (Aex
390, Aem450/30 nm) prepared at serial dilutions from 2.5 mm to 2.4 uM in kinetics buffer. Each
4-MU concentration was measured in quadruplicate. All data were processed in Origin graphing
software. Using the 4-MU calibration, the rate of substrate hydrolysis (V) was determined at
each substrate concentration. The rates (V) were plotted against substrate concentration [S]
and fitted by nonlinear regression to the Michaelis-Menten equation (rate = Vimax [S] / (Kv +
[S])) to generate values of Ku, Vmax and ke using the relationship kcat = Vmax/[Enz]. The
determined kinetic parameters proved comparable to those obtained in the original assay,

indicating the reported K value is correct.
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Figure A2.2: (a) Calibration curve of measured 4M fluorescence vs [4-MU] using Aex 390 nm.
(b) Michaelis-Menten kinetic assay of non-tagged GBA at 37 °C using Aex 390 nm. Data plotted
as the average + standard deviation of 4 replicates. Ku = 1.371 + 0.244 mM, V= 21.26
+ 1.88 uM min-?, kcar= 2126 min-1L.
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Appendix 3: Production of Recombinant Human
Saposin C

A3.1: Test expression in various E. coli strains

The gene encoding human Saposin C (SapC), with an additional methionine and aspartate at the
N-terminal, was codon optimised for E. coli and purchased from Genscript subcloned into the
Ncol and BamHI sites of the pET-16b vector. To investigate the best cell line for recombinant
Saposin C production, the resulting vector was transformed into E. coli AD494 (DE3), Origami
B (DE3) cells, BL21trxB (DE3) and Shuffle (DE3) cells by heatshock. Cultures (500 mL) were
grown at 37 °C (AD494, BL21trxB, Origami cells) or 30 °C (Shuffle cells) in Luria-Bertani (LD)
media supplemented with Ampicillin (100 pg mL-1) to an ODsgo of 0.8-1.0 before induction with
0.8 mM IPTG. The cultures were grown for a further 4 hours after which the cells were
harvested by centrifugation (4000g for 20mins). The cell pellet was resuspended in anion-
exchange buffer (25 mM NacCl, 25 mM Tris-HCl, pH 7.5) and lysed by sonication. The lysate was
clarified by centrifugation at 16,000g for 10 min and the supernatant was heated at 85°C for
~30 min. Pre- and post-heat-treatment samples were analysed by SDS-PAGE (20%) to reveal

greater SapC production in Origami cells.

1

Pre-heat treatment Post-heat treatment

Figure A3.1: SDS-PAGE analysis of pre- and post-heat treatment samples from test
expressions in E. coli AD494, Origami, BL21trxB and Shuffle cells. Greatest expression of

recombinant SapC achieved by Origami cells.
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A3.1: Full scale expression and purification

Origami(DE3) cells transformed with the SapC encoding pET-16b vector were grown at 37 °C
in Luria-Bertani (LD) media supplemented with Ampicillin (100 pg mL-1) to an ODgoo of 0.8-1.0
before induction with 0.8 mM IPTG. The cultures were grown for a further 4 hours at 37 °C after
which the cells were harvested by centrifugation. The cell pellet was resuspended in anion-
exchange buffer (25 mM NacCl, 25 mM Tris-HCl, pH 7.5) and lysed by sonication. The lysate was
clarified by centrifugation and the supernatant was heated at 85°C for ~30 min. Precipitated
proteins were removed, and the resulting supernatant was applied directly to a Q-Sepharose
column (GE Healthcare) that had been pre-equilibrated in binding buffer (25 mM NaCl, 25 mM
Tris-HCI at pH 7.5). The protein was eluted with a linear gradient of 0-100% elution buffer (1
M NaCl, 25 mM Tris-HCI at pH 7.5) over 20 CVs followed by a further 5 CVs at 100% elution
buffer. The peak fractions containing SapC were pooled, concentrated, and applied to a

Superdex S75 16/600 (column GE Healthcare) in 50 mM Tris, 150 mM NaCl, pH 7.4 buffer.
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Figul/”’ei A3.2: /Purifiqc’ation of‘recomb{nla'nt SapC expressed in Origami(DE3) cells. Following
heat treatment, SapC was purified from the cell lysate by anion exchange and size exclusion
chromatography. SapC has no tryptophan residues so does not give an A280 nm response
and was subsequently monitored at A214 nm during purification. Chromatogram peaks

containing recombinant SapC (as determined by SDS-PAGE) are highlighted in yellow.
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Appendix 4: Synthesis of 1-deoxy-1-fluoro-a-D-
glucose
A4.1: Synthesis

1-deoxy-1-fluoro-a-D-glucose was synthesised according to previously published
procedures8’s. Briefly, 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl fluoride was dissolved in
methanol and sodium methoxide in methanol was added dropwise. The reaction was stored
overnight at 4 oC. The reaction was quenched by the addition of silica gel and evaporated to
dryness. The resulting slurry was purified by flash chromatography using ethyl acetate:ethanol

5:2. The resulting compound was analyse by NMR and MS to confirm its identity.
A4.2: Characterisation

NMR: 'H NMR (500 MHz, CDCls) & 5.54 (dd, Ju1.+ = 53.9 Hz, Ju1.42 = 2.8 Hz, 1H, H-1), 3.81 (m, 1H,
H-6a), 3.70 (m, 2H, H-6b, H-5), 3.64 (dd, Juzus = 9.4 Hz, Jus s = 9.4 Hz, H-3), 3.42 (m, 2H, H-2, H-
4).13C NMR (126 MHz, CDCls) 8 107.6 (d, ] = 224.5 Hz, C-1), 74.7 (d, ] = 3.3 Hz, C-5), 73.0 (s, C-
4),71.8 (d,] = 25.1 Hz, C-2), 69.2 (s, C-3), 60.7 (s, C-6).

Mass spectroscopy: (ESI*)- Calculated C¢H110sF: 182.06. Found [M+Na]+ 205.0481

York - Chemistry - Mass Spectrometry Service Report 1-deoxy-1-fluoro-alpha-
D-glucose
Analysis Information
Analysis Filename maf82577nh_P1-F-5_01_18396.d Acquisition Date 11/02/2020 15:44:14
Method ESI_low mass_2c1s.m Instrument compact
Submission Name maf82577nh ESI Positive
In(e1ns. maf82577nh_P1-F-5_01_18396.d: +MS, 1.4min #83
X
2050481
25 194.1153
2.0
15
226.1414
210.1097
1.0
185.0423
05
181.0835 201.1018
] ] 198.9565 J l 222]1821 ll Jzy;le:;umz“rsz 2511256 2562636
S IGUU T e e 11 WY O LT 1 D TR TN TS T 1 L (R N T I v | N T
180 190 200 210 220 230 240 250 miz
Meas.m/z # lon Formula miz err[ppm] err[mDa] mSigma Mean err [ppm]
205.0481 1 CBH11FNaO5 205.0483 0.8 0.2 1.4

Figure A4.1: Mass spectrum of 1-deoxy-1-fluoror-alpha-D-glucose product.
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Appendix 5: Publications

To date, five publications and one patent have arisen from this work:

1. R.]. Rowland, Y. Chen, I. Breen, L. Wu, W. Offen, T. J. Beenakker, Q. Su A. M. C. H. can den
Nieuwendijk, M. Artola, J. M. F. G. Aerts, H. S. Overkleeft, G. J. Davies, Design, Synthesis and
Structural Analysis of Glucocerebrosidase Imaging Agents, Chem. Eur. ]., 2021, 27, 16377-
16388.

2. R.].Rowland, L. Wu, F. Liu, G. ]. Davies, 4 baculoviral system for the production of human (-

glucocerebrosidase enables atomic resolution analysis, Acta Cryst. D, 2020, 76, 565-580.

3. M. Artola, C. Hedberg, R. ]. Rowland, L. Raich, K. Kytidou, L. Wu, A. Schaaf, M. ]. Ferraz, G. A.
van der Marel, J. D. C. Codée, C. Rovira, ]J. M. F. G. Aerts, G. ]. Davies and H. S. Overkleeft, a-
D-Gal-cyclophellitol cyclosulfamidate is a Michaelis complex analog that stabilizes

therapeutic lysosomal a-galactosidase A in Fabry disease, Chem. Sci., 2019, 10, 9233-9243.

4. M. Artola, C-L. Kuo, L. T. Lelieveld, R. ]. Rowland, G. A. van der Marel, ]J. D. C. Codée, R. G.
Boot, G. ]. Davies, J. M. F. G. Aerts and H. S. Overkleeft, Functionalized Cyclophellitols Are

Selective Glucocerebrosidase Inhibitors and Induce a Bona Fide Neuropathic Gaucher Model

in Zebrafish, ]. Am. Chem. Soc., 2019, 141, 4214-4218.

5. S.P.Schrdder, C. de Boer, N. G. S. McGregor, R. ]. Rowland, O. Moroz, E. Blagova, . Reijngoud,
M. Arentshorst, D. Osborn, M. D. Morant, E. Abbate, M. A. Stringer, K. B. R. M. Krogh, L. Raich,
C. Rovira, J-G. Berrin, G. P. van Wezel, A. F. J. Ram, B. L. Florea, G. A. van der Marel, ]. D. C.
Codée, K. S. Wilson, L. Wu, G. ]. Davies and H.S. Overkleeft, Dynamic and Functional Profiling
of Xylanase-Degrading Enzymes in Aspergillus Secretomes Using Activity-Based Probes, ACS
Cent. Sci,, 2019, 5,1067-1078.

6. H.S.Overkleeft, G.]. Davies, J. M. F. G. Aerts, M. Artola, R. ]. Rowland, L. Wu; Pharmacological
Chaperones for Glycosidase Treatment Therapy; W0/2020/046132A1; 2020. Also
published as NL2021840.
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ABSTRACT: Plant polysaccharides represent a virtually Beechwood Xylan exo-f-xylosidase profiling
unlimited feedstock for the generation of biofuels and other ==
commodities. However, the extraordinary recalcitrance of g b_g % -~
plant polysaccharides toward breakdown necessitates a = G
continued search for enzymes that degrade these materials \ L i e
efficiently under defined conditions. Activity-based protein )
profiling provides a route for the functional discovery of such

enzymes in complex mixtures and under industrially relevant = Y

conditions. Here, we show the detection and identification of | y
P-xylosidases and endo-f-1,4-xylanases in the secretomes of J 3T \%, g %
Aspergillus niger, by the use of chemical probes inspired by the

p-glucosidase inhibitor cyclophellitol. Furthermore, we A. niger endo-xylanase profiling

demonstrate the use of these activity-based probes (ABPs)
to assess enzyme—substrate specificities, thermal stabilities, and other biotechnologically relevant parameters. Our experiments
highlight the utility of ABPs as promising tools for the discovery of relevant enzymes useful for biomass breakdown.

B INTRODUCTION not been matched by a commensurate increase in our ability to
determine the functions of their encoded gene products.
Glycoside hydrolases (or glycosidases) are ubiquitous
enzymes responsible for the hydrolytic breakdown of
polysaccharides and glycoconjugates.” Along with lytic
polysaccharide monooxygenases® and polysaccharide lyases,
glycosidases comprise one of the enzymatic cornerstones of
industrial process conditions. Fungal saprophytes have evolved biomass catabolism and are highly sought after as tools for
to utilize plant biomass as a source of nutrients and thus industrial biocatalytic process development. The Carbohydrate
produce many enzymes suitable for industrial biomass Active EnZymes (CAZy) database (www.cazy.org) lists
degradation." While advances in DNA sequencing technologies
have provided a wealth of information on the genomes of Received: March §, 2019
fungal saprophytes, this abundance of genomic information has Published: May 24, 2019

Reflecting their biological roles as structural molecules, plant
polysaccharides often show extraordinary recalcitrance to
chemical and enzymatic degradation. Because of the
considerable potential of plant biomass as a renewable
feedstock, there is a continual hunt for new biomass-degrading
enzymes that work well on complex substrates and under
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Figure 1. Design of mono-xylo and xylobiose mechanism-based inhibitors and ABPs. (a) Structures of mono-xylo and xylobiose inhibitors and
ABPs used in this work. Structures of additional molecules used are shown in Supplemental Figure 3. (b) Synthetic strategy for chemical
glycosylation of xylo-configured cyclophellitol derivatives. Reagents and conditions: (a) 12, NIS, TMSOTT (cat.), DCM, 4 A MS, —40 °C, 4 h,
17%; (b) 1. NaN,, Et;N-HCI, DMF, 100 °C, 16 h; 2. Polymer-bound PPh,, MeCN, 70 °C, 16 h, 69%; (c) NaOMe, DCM, MeOH, 84%; (d) Na,
‘BuOH, THEF, NH,, —60 °C, 1 h, quant; (e) 12, NIS, TMSOTS (1.4 equiv), DCM, 4 A MS, —40 °C, 4 h, 77%; (f) NaOMe, DCM, MeOH, rt, 16
h, 87%; (g) polymer-bound PPh;, H,0, MeCN, 70 °C, 20 h, 93%; (h) Li, NH,, THF, —60 °C, 1 h, 85%; (i) CyS-OSu or biotin-OSu, DIPEA,
DMF, rt, 16 h, yield 8: 22%, yield 9: 25%; (j) 20, NIS, TMSOT( (cat.), DCM, 4 A MS, —30 to —10 °C, 2 h, 53%; (k) NaOMe, MeOH, DCM, tt,
16 h, quant; (1) Pd(OH),/C, H, H,0, MeOH, dioxane, rt, 2.5 h, quant. Detailed synthetic procedures can be found in the Supporting

Information.

hundreds of thousands of putative glycosidase open reading
frames (ORFs) identified by homology to known glycosi-
dases.” Because of the slow pace of enzyme characterization,
the vast majority of these sequences remain uncharacterized,
making the identification of the right combination of enzymes
for new biomass-degrading processes challenging.

Holding promise to accelerate enzyme discovery, activity-
based protein profiling (ABPP) is a chemical proteomic
strategy that enables the identification and quantification of
specific enzymes of interest in complex mixtures.”” ABPP
relies on the availability of suitable activity-based probes
(ABPs)—selective, covalent, and irreversible enzyme inhibitors
endowed with a reporter entity. This reporter may be a
fluorophore, affinity tag, or another bioorthogonal group,
enabling a variety of downstream detection methods. When
suitable ABPs are available, ABPP can provide high-throughput
proteomic data complementary to genomic approaches,
enabling the rapid identification of enzymes of interest.

Considerable work undertaken to understand the mecha-
nisms of glycosidase activity has facilitated the development of
many classes of glycosidase inhibitors suitable for use as ABPs.
It is now widely appreciated that glycosidases carry out bond
cleavage primarily through acid/base assisted reaction
mechanisms leading to either net inversion or net retention
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of anomeric configuration, the latter occurring via the
formation of a key covalent glycosyl-enzyme intermediate
(Supplemental Figure 1a).” The groups of Withers, Vocadlo,
and Bertozzi have pioneered tagged fluoroglycosides, which
form trapped glycosyl-enzyme intermediates, as ABPs for
retaining exo- and endo-glycosidases.” ' In a similar vein, Lo
and colleagues have reported the design of ABPs that act in
situ within a glycosidase active site to generate reactive
electrophiles that label nearby nucleophiles."* Wright and co-
workers have recently reported the use of multiple ABP
chemistries to study lignocellulose degradation by Trichoder-
mia reesei and Clostridium thermocellum.">™ "¢

We have previously reported a suite of ABPs inspired by
cyclophellitol, a mechanism-based M-glucosidase inhibitor
isolated from Phellinus sp."” Via its reactive epoxide ring,
cyclophellitol can react with f-glucosidases to groduce a stable
enzyme-adduct (Supplemental Figure 1b).'" This generic
inhibition modality has subsequently been expanded to
produce a panel of epoxide and aziridine tools for the study
of a number of retaining glycosidases, primarily in biomedical
contexts.'” Cyclophellitol-derived ABPs have been used to
probe f- and a-glucosidases in tissue samples from Gaucher’
and Pompe®' disease patients, respectively. We have also
reported the use of cyclophellitol-derived ABPs in the

DOI: 10.1021/acscentsci.9b00221
ACS Cent. S5ci. 2019, 5, 10671078
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Figure 2. Fluorescent scans of CyS ABP labeled A. niger secretomes induced by xylose or BX. (a) Secretome samples were collected at indicated
time points and labeled with the indicated probes. A ~30 kDa band labeled by 8 was only present in xylan-induced secretomes. (b) Day 6 BX-
induced secretomes preincubated with “monosaccharide” competitors, before labeling with 8. Mono-xylo competitors 1, 2, and 4 inhibit labeling of
the ~130 kDa band, suggesting this band corresponds to a f-xylosidase. Glucose configured competitors 22 and 23 have little effect on labeling. (c)
BX-induced secretomes preincubated with “disaccharide” competitors, before labeling with 8. Xylobiose competitors §, 6, 7, and 9 inhibit labeling
of both ~130 kDa and ~30 kDa bands, while cellobiose configured 10 shows no effect on labeling. Gel molecular weight markers are given in

kilodaltons. Comp. — competitor.

discovery and (iuanttﬁcahon of a-L-fucosidases,”” 6-phospho-f-
p-glucosidases,”™ and ﬂ-D-glucuromdases in the context of
heparan degradation.”*

Here we present cyclophellitol-derived ABPs configured for
detection of endo-f-1,4-xylanases (hereafter f-xylanases) and
P-xylosidases involved in biomass breakdown. Xylan is a f-1,4-
linked polymer of p-xylose decorated with @-p-glucuronopyr-
anose, 4-0-methyl-a-p-glucuronopyranose, and a-L-arabinofur-
anose residues, which may be further modified with acetate,
ferulate, and coumarate esters (Supplemental Figure 2).
p-Xylosidases and p-xylanases are considered to be the
principal enzymes responsible for xylan degradation, as these
enzymes directly work to hydrolyze the xylan polysaccharide
backbone. Initial xylan degradation by p-xylanases releases
short xylose oligosaccharides from polymeric xylan, which are
then further hydrolyzed to monomeric xylose by f-
xylosidases.”®

Xylan is the main hemicellulosic component of plant
biomass,” hence its breakdown is of major importance to
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the biofuel, animal feed, and pulp and paper industries, and
there is a continual search for novel f-xylanases and f-
xylosidases with industrially useful properties.”” Using the
model fungal saprophyte Aspergillus niger,">*’ we demonstrate
here the application of xylose-configured ABPs for the rapid
detection and identification of f-xylosidase and f-xylanases in
complex fungal secretome samples. Our results illustrate the
applicability of cyclophellitol-derived ABPs beyond the
biomedical arena, into the field of biotechnologically relevant
enzyme discovery and functional dissection.

B RESULTS

Design and Synthesis of Xylosidase and Xylanase
Probes. We have previously described the synthesis of xylo-
cyclophellitol epoxide 1 and aziridine 2, as mechanism-based
P-xylosidase inhibitors.>° Following developed strategies,
compound 2 was equipped with a Cy$ fluorophore or biotin
in order to produce f-xylosidase ABPs 3 and 4 respectively

1069 DOI: 10.1021/acscentsci.9b00221
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(Figure la; see Supporting Information for detailed synthetic
procedures).

Our previously reported cyclophellitol-derived ABPs have all
consisted of monomeric cyclitols that mimic monosaccharide
substrates. While these “monosaccharide” ABPs react well with
exo-glycosidases, endo-glycosidases typically remain inert
toward these molecules, due to a lack of sufficient interactions
within the larger endo-glycosidase active sites. We hypothe-
sized that nonreducing end extension of xylo-cyclophellitol
ABPs with a f-1,4linked xylose would enable profiling of
endo-xylanase activity. Thus, epi-xylo-cyclophellitol 11 was
glycosylated with thiophenyl donor 12 using N-iodosuccini-
mide (NIS) and catalytic trimethylsilyl trifluoromethanesulfo-
nate (TMSOTf) to afford pseudodisaccharide epoxide 13
(Figure 1b). This epoxide was converted to aziridine 14 by
treatment with azide followed by a Staudinger-type ring
closure®® and deprotected to give untagged “disaccharide”
aziridine 6.

We next constructed alkylated xylobiose cyclophellitol
aziridines via chemical glycosylation of a protected mono-
xylo cyclophellitol aziridine derivative.”® Alkyl-aziridine 15 was
readily amenable to chemical glycosylation with donor 12 and
NIS/TMSOTY, giving pseudodisaccharide 16 in good yield.
Debenzoylation, azide reduction, and debenzylation of 16
under Birch conditions afforded alkyl-aziridine inhibitor 7,
which we conjugated with a Cy$ fluorophore or biotin moiety
to produce ABPs 8 and 9, respectively. The same methodology
was applied to construct cellobiose-cyclophellitol 10 via
glycosylation of acceptor 19 with donor 20, demonstrating
the versatility of chemical glycosylation for the synthesis of
cyclophellitol-derived “disaccharides”.

ABP Labeling of Aspergillus niger Secretomes. A. niger
strain N402 (a derivative of NRRL3/ATCC 9029/CBS
120.49)** was grown in minimal medium containing either
50 mM (0.75% w/v) xylose or 1% w/v beechwood xylan (BX)
as the sole carbon source. Secretome samples from each
culture were taken at 1, 2, 3, 4, 8, and 9 day time points,
adjusted to pH 4.5 using phosphate/citrate buffer, and
screened using CyS fluorescent ABPs 3 or 8 without further
sample concentration.

ABP labeling experiments revealed a dynamic secretome,
with labeled bands generally increasing in intensity over the
course of the experiment (Figure 2a). In contrast to the ready
visualization of bands following ABP labeling by 8, Coomassie
staining of secretome gels was not sensitive enough to detect
any bands, even at day 9 where ABP labeling was most intense.
Silver staining resolved some faint bands from day 8, showing
accumulation of protein within the secretome over time.
However, these bands were still well below the intensities
observed for ABP labeling (Supplemental Figure 4).

The patterns of ABP labeled enzymes were specific to the
carbon source present in the culture medium. Secretomes from
cultures induced by xylose and BX both presented a strong
band at ~130 kDa when probed by either mono-xylo ABP 3 or
xylobiose ABP 8, whereas a ~30 kDa band was observed only
in BX-induced secretomes labeled by 8, indicating a specific
enzyme induced by growth on BX. The ~30 kDa band
disappeared from BX-induced secretomes by day 8, whereas
the ~130 kDa band continued to grow in intensity up to the
end of the time course. This band pattern is consistent with a
model of initial xylan degradation by a f-xylanase (~30 kDa
band), followed by subsequent breakdown of the released
xylobiose by an exo-acting f-xylosidase (~130 kDa band). Day
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4 BX-induced secretome (which contains both ~30 kDa and
~130 kDa bands) was able to efficiently hydrolyze the artificial
fluorogenic substrates 4-methylumbelliferyl (4MU)-f-p-xylo-
side and 4MU-f-p-xylobioside, confirming the ability of this
mixture to degrade xylosidic substrates (Supplemental Figure
5). Labeling of a f-xylosidase by 8 can be readily explained by
initial enzymatic cleavage of the terminal xylose of 8, followed
by reaction with the subsequently liberated mono-xylo ABP 8a
(Supplemental Figure 3b). A broad pH range (pH 4—7) was
observed for labeling of the ~30 kDa band by 8, while the
~130 kDa band showed a narrower labeling pH range, peaking
around pH 4.5 (Supplemental Figure 6a).

Preincubation of day 6 xylan-induced secretomes with
mono-xylo-epoxide 1 prior to treatment with ABP 8 abolished
~130 kDa labeling in a concentration-dependent fashion, but
did not affect labeling of the ~30 kDa band. Furthermore,
these secretomes lost the ability to hydrolyze 4MU-§-p-
xyloside, but not 4MU-f-p-xylobioside, strongly suggesting the
presence of an exo-acting f-xylosidase at ~130 kDa
(Supplemental Figure 5). We also observed selective
competition of the ~130 kDa band by mono-xylo aziridines
2 and 4, reflecting their similar selectivity to 1. No labeling
inhibition was seen after preincubation with cyclophellitol 22
(Supplemental Figure 3a), although some loss of intensity for
the ~130 kDa band was seen after preincubation with 100 xM
cyclophellitol aziridine 23, presumably due to off-target
reactivity of 23 at higher concentrations (Figure 2b).

Both the ~30 kDa and ~130 kDa bands were inhibited by
preincubation with xylobiose epoxide § or nonfluorescent
xylobiose aziridines 6, 7, or 9, indicating that the ~30 kDa
band likely corresponded to a f-xylanase. Preincubation with §
also abrogated the ability of the secretome to hydrolyze both
4MU-f-p-xyloside and 4MU-f-p-xylobioside (Supplemental
Figure 5). No labeling inhibition for any band was observed
following preincubation with cellobiose epoxide 10 (Figure
2c). Interestingly, while untagged xylobiose aziridine 6
competed with labeling of the ~30 kDa band with similar
potency to xylobiose epoxide S, functionalization of the
aziridine with an alkyl tail (e.g,, 7 and 9) caused a marked loss
of potency for inhibition of ~30 kDa band labeling, indicating
that alkylation of the aziridine nitrogen was unfavorable for
reactivity with this enzyme.

Identification of ABP Labeled Bands. On the basis of
their observed molecular masses and competition profiles, we
postulated that the ~130 kDa band most likely corresponded
to the A. niger GH3 exo-f-xylosidase XInD (peptide molecular
weight 85 kDa, but with 15 N-glycosylation sites),” and the
~30 kDa band most likely corresponded to the A. niger GH10
B-xylanase XInC. Treatment of day 6 xylan-induced secretome
with peptide N-glycosidase F (PNGase F) after labeling by 8
caused electrophoretic migration of the ~130 kDa band to
shift below 100 kDa (Supplemental Figure 6b), consistent with
removal of multiple N-glycans from XInD.

The identity of the labeled enzymes was investigated by an
activity-based protein pulldown. Treatment of day 4 xylan-
induced secretome with biotinylated ABPs 4 or 9 resulted in
the labeling of both ~130 kDa and ~30 kDa bands with biotin,
as evidenced by western blotting using HRP-conjugated
streptavidin. The patterns of labeling produced by 4 and 9
were identical to those produced by equivalent CyS-tagged
ABPs 3 and 8 (Supplemental Figure 7).

Pulldown of labeled enzymes onto streptavidin beads
followed by on-bead tryptic digestion and LC-MS/MS analysis

DOI: 10.1021/acscentsci.9b00221
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Figure 3. Peptide signal intensities observed following activity-based protein pulldown from a xylan-induced A. niger secretome. Total MS signal
intensity from nonconflicting peptides is shown for (a) XInD (f-xylosidase), (b) XInC (GH10 S-xylanase), (c) XInB (GH11 f-xylanase), (d) BgM
(glucosidase), (e) EglA (glucanase), and (f) AxhA (arabinofuranosidase). CAZy GH family names are given next to each enzyme. Box plots show
the range of peptide intensities measured in three replicates each of a negative control pulldown with no ABP (DMSO), a f-xylose-configured
probe pulldown with (2 — 4) and without (4) competitor pretreatment, a f-xylobiose-configured probe pulldown with (§ — 9) and without (9)
competitor pretreatment, and the total secretome (Total). Full proteomics results can be found in Supplemental File 1. a.u. — arbitrary units.

of the resulting peptides supported our hypothesized
identification of the ~130 kDa and ~30 kDa bands. Each
protein identified in the total secretome was quantified using
spectral intensity-based relative quantification using non-
conflicting peptides to assess its abundance in the pulldown,
compared to its abundance in either the total secretome, a
DMSO only no-probe pulldown control, or a competitor-
inhibited pulldown control following treatment by 2 or §
(Figure 3, Supplemental File 1). As expected, XInC
(NRRL3_08708; Genbank: AIC36735.1) and XInD
(NRRL3_02451; Genbank: AIC36733.1) were clearly abun-
dant in the pulldown following treatment with 9, whereas
XInD, but not XInC, was highly enriched following treatment
with 4. Conversely, EglA (NRRL3_00819; Genbank:
CAK46524.1), a retaining endo-glucanase, and AxhA
(NRRL3_08707; Genbank: AIC36734.1), an inverting arabi-
nofuranosidase, were both abundant in the secretome, but not
pulled down by either 4 or 9. Although XInD was the only f-
xylosidase found in the secretome, BglM (NRRL3_10133;
Genbank: GAQ41973.1), a low abundance GH3 f-glucosidase
in total secretome, was also enriched by 4 and 9, suggesting
some off-target reactivity between GH3 enzymes. Surprisingly,
XInB (NRRL3_01648; Genbank: CAK43456.1), a GH11 f-
xylanase abundant in the total secretome digest, was not
detected in the pulldown (discussed further below). Pretreat-
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ment of the secretome with either 2 or § also caused a
significant loss of peptide abundance for XInD, XInC, and
BglM, demonstrating that these enzymes were labeled
selectively. Comparing these hits to the bands observed in
Supplemental Figure 7, we can account for the major band
observed at ~130 kDa as XInD and the major band at ~30
kDa as XInC. BgIM (~80 kDa plus N-glycosylation), present at
a much lower level, would likely migrate similarly to XInD.

Kinetics of GH3 and GH10 ABP Labeling. To better
understand the structure—activity relationships governing
reactivity of our ABPs, we tested 1—6, 8, and 9 (encompassing
mono-xylo and xylobiose epoxides, untagged aziridines, and
biotin or CyS functionalized aziridines) for their ability to react
with recombinant GH3 and GHIO enzymes. Kinetics of
probe/inhibitor reactivity were determined by measuring the
inhibition of enzymatic activity over time, since covalent
labeling of a glycosidase nucleophile necessarily leads to
enzyme inhibition.

In the absence of recombinant A. niger xylosidase/xylanase
XInD and XInC, we utilized two enzymes from closely related
Aspergillus species: XInD from A. nidulans (GH3; Genbank:
CAA73902.1; hereafter referred to as AnidXInD), which shares
66% sequence identity with A. niger XInD, and ASPAC-
DRAFT 127619 from A. aculeatus (GH10; Genbank:
XP_020051463.1; catalytic domain only), which shares 89%

DOI: 10.1021/acscentsci.9b00221
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identity with A. niger XInC. AnidXInD and ASPAC-
DRAFT_127619 efficiently hydrolyzed 4MU-f-p-xyloside
and 4MU-f-p-xylobioside (Supplemental Figure 8a), verifying
their activities as f-xylosidase and f-xylanase, respectively.
We observed substantial variability in the rates of reactivity
across all enzyme/inhibitor combinations tested (Table 1,

Table 1. Kinetic Parameters for Covalent Inhibition of
AnidXInD and ASPACDRAFT 127619 by Mono-xylo and
Xylobiose ABPs/Inhibitors”

AnidXInD (GH3) ASPACDRAFT 127619 (GH10)

’?.m/Kx /K

K, Kinscr min”! K; Kineer min”"

compound (uM) (min~) M) (M) (min”)  pMY)
1 n.d. nd. 0.010 nd. nd. nd.
2 36.7 5.02 0.14 n.d. n.d. n.d.
3 n.d. nd. 0.007 n.d. nd. n.d.
4 647 046 0.007 nd  nd nd.
5 621 261 0.042 447 1182 026
6 717 0.26 0.004 1.0 0.46 0.45
8 167.6 0.35 0.002 0.7 0.013 0.02
9 533 0.012 0.0002 0.04 0.011 0.28

“For AnidXInD with 1 and 3, it was not possible to obtain separate
kipaq and K; parameters. Only the combined ki, ./K; parameter is
shown for these cases (see methods). n.d.: not determinable.

Supplemental Figure 8b). f-Xylosidase AnidXInD was
inhibited by mono-xylo probes/inhibitors 1, 2, 3, and 4 with
Kinace/ K values of 0.01, 0.14, 0.007, and 0.007 min~' pM™
respectively, whereas these molecules were totally ineffective
against ASPACDRAFT_127619. In contrast, xylobiose
probes/inhibitors S, 6, 8, and 9 were effective inhibitors of
ASPACDRAFT 127619, with k. /K, values of 0.26, 0.45,
0.02, and 0.27 min~' uM™' respectively, and also inhibited
AnidXInD, with apparent k,,../K; values of 0.042, 0.004, 0.002,
and 0.0002 min~' uM™" respectively. In line with gel labeling
experiments (Figure 2b,c), the values from inhibition kinetics
showed aziridine alkylation was typically detrimental for ABP/
inhibitor reactivity. Approximately 20 times lower ki,../K;
values were measured for the CyS-tagged aziridines 3 and 8
(against AnidXInD and ASPACDRAFT_127619 respectively),
compared to their cognate untagged aziridines 2 and 6. In
contrast, biotin-tagged xylobiose aziridine 9 showed only a 2-
fold lower k;y,t/K; compared to 6, with poor ki, for 9 largely
offset by a substantial decrease in K, Taken together, our
results show that the identity of the linker moiety can markedly
affect cyclophellitol-derived ABP/inhibitor reactivity, at least in
the case of retaining f-xylosidases and f-xylanases.

Structural Basis of GH3 and GH10 ABP Labeling. To
complement biochemical characterization of ABP reactivity
from inhibition kinetics, we sought to obtain structural insights
into ABP interactions with recombinant GH3 and GHIO0
enzymes via X-ray crystallography of reacted enzyme—ABP
complexes.

The three-dimensional structure of apo AnidXInD (PDB
accession code 6Q7I) was solved at 1.50 A resolution by
molecular replacement using a GH3 from Hypocrea jecorina
(Trichoderma reesei) as a search model (PDB: SA7M).
AnidXInD crystallized with two molecules in the asymmetric
unit (ASU). Each protein monomer showed a typical 3 domain
GH3 structure, with a predominantly a@-helical N-terminal
domain containing the enzyme active site (residues 19—410), a
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3-layer a/p/a sandwich domain (411—638), and a C-terminal
fibronectin type III (FnlIlI) like domain (639—788). As with A.
niger XInD, AnidXInD contains a large number of N-
glycosylation sites. While endo-glycosidase H (EndoH)
treatment prior to crystallization resulted in most of the
observed AnidXInD N-glycans being truncated to a single
GlcNAc, one site (Asnl40) appeared in crystallo as an
extensive high-mannose N-glycan, with seven or eight mannose
sugars modeled in the two independent monomers of the ASU
(Figure 4a; Supplemental Table 1).

To generate an ABP complex, AnidXInD was cocrystallized
with xylobiose aziridine 8, and the resulting structure was
solved at 2.14 A resolution (PDB accession code 6Q7]). As
expected, the ABP ligand observed within the AnidXInD active
site was not 8 itself, but mono-xylo aziridine 8a released by
cleavage of the terminal xylose of 8. Reacted 8a was bound to
the enzyme nucleophile Asp307 in a “C; chair conformation,
with direct H-bonding interactions to Argl83, Lys222, His223,
and Glul07. The CS methylene of the xylose probe resided
~4.5 A from Trpl0S, consistent with a C—H-r stacking
interaction at this position (Figure 4b). Although the N-linked
fluorophore tail of 8a was observed to project out of the
enzyme active site, only the first five carbon atoms of the linker
were modeled due to increasing disorder along the alkyl chain.

The crystal structure of unliganded GH10 ASPAC-
DRAFT 127619 catalytic domain (PDB accession code
6Q8M) was solved at 1.42 A resolution using a Fusarium
oxysporum GH10 (PDB: 3U7B) as a molecular replacement
search model, with which ASPACDRAFT 127619 shares 51%
sequence identity. ASPACDRAFT 127619 crystallized with
two molecules in the ASU, each comprising a single (8/a)s
barrel containing an extended central cleft capable of binding
xylan oligosaccharide chains. Two Asn-linked GIcNAcs
resulting from EndoH digest of N-glycans were observed on
each protein monomer (Figure 4c).

We were unable to obtain a complex of ASPAC-
DRAFT_127619 with 8, possibly due to the slow reactivity
of 8 with ASPACDRAFT 127619 (as measured by
inactivation kinetics; Table 1). However, cocrystallization of
ASPACDRAFT_127619 with the substantially more reactive
xylobiose epoxide 5 furnished a 1.76 A complex with a single
molecule of § in each enzyme active site (PDB accession code
6Q8M). The reacted epoxide warhead bound to the
ASPACDRAFT 127619 nucleophile Glu260 in a *C; chair
conformation, with the terminal xylose also adopting a *C;
chair in the —2 subsite of the binding cleft.>* Reacted 5 made
direct H-bonds to the side chains of Asnl152, His104, Lys71,
Asné68, and Trp300 of ASPACDRAFT_127619, as well as a
C—H-m stacking interaction between the —1 subsite CS
methylene and Trp308 (Figure 4d).

We also calculated homology models for A. niger XInD and
XInC using the Phyre2 server’ and the apo AnidXInD and
ASPACDRAFT_127619 crystal structures as templates. In line
with the close sequence identity between the A. niger enzymes
and their homologues, we obtained 100% confidence models
for both XInD and XInC, which showed high structural
similarity to AnidXInD and ASPACDRAFT 127619 respec-
tively. The A. niger XInD model displayed full conservation of
active site residues compared to Anid XInD, while the XInC
model showed near complete conservation of active site
residues compared to ASPACDRAFT 127619 (Trp308 of
ASPACDRAFT_127619 substituted by an Arg(302) in the
XInC model; Supplementary Figure 9a,b). The close similarity
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Figure 4. Crystal structures of representative GH3 f-xylosidase and GHI0 f-xylanase enzymes. (a) Ribbon and surface representation of the
structure of GH3 f-xylosidase AnidXInD from A nidulans. N-glycans are shown using the Glycoblocks** representation (blue squares and green
circles). (b) Active site of AnidXInD bound to 8a after hydrolysis of the terminal xylan of 8. Electron density is REFMACS maximum-likelihood/o,
weighted 2F,—F, contoured to 1.1 o (0.24 ¢ /A%). (c) Ribbon and surface representation of the GH10 f-xylanase ASPACDRAFT_127619 core
catalytic domain. (d) Active site of ASPACDRAFT_127619 bound to reacted S. Electron density shown is REFMACS maximum-likelihood/a;,
weighted 2F,—F, contoured to 1.16 (0.32 e"/A%). (e) Conformational FELs for mono-xylo-epoxide (1) and aziridine (2) ABPs indicate these

molecules have a ground state conformation centered around “Hj.

between the A. niger enzyme models and the A. nidulans/
aculeatus crystal structures suggests that structural and kinetics
data obtained using the Aspergillus homologues are likely to
reflect activities of the native A. niger enzymes.

One unexpected result from our proteomics experiments
was the lack of ABP reactivity displayed by the A. niger GHI11
P-xylanase XInB, which was present in total xylan-induced
secretomes but not pulled down by biotin ABP 9 (Figure 3c).
This behavior contrasted sharply with the strong ABP
reactivity displayed by the GH10 f-xylanase XInD. Although
GHI10 and GH11 f-xylanases catalyze similar reactions, these
two CAZy families utilize distinct conformational itineraries to
process their substrates during hydrolysis.*® GH10 f-xylanases
are proposed to utilize a 'S; = [*H;]* - *C, conformational
itinerary proceeding from the Michaelis complex to formation

of the covalent intermediate®”*® (a *C, covalent intermediate
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conformation is reflected by our structures of ASPAC-
DRAFT 127619 with §). In contrast, GH11 f-xylanases are
proposed to operate via a [%5B]? transition state conformation,
likely accessed from a %S, skew boat conformation in the
Michaelis complex.*’

To rationalize the basis of ABP reactivity differences
between GH10 and GH11 enzymes, we calculated conforma-
tional free energy landscapes (FELs) for both xylo-epoxide (1)
and aziridine (2) ABP warheads, using ab initio metadynamics
with Cremer—Pople puckering coordinates ¢ and ¢ as
collective variables (Figure 4e).’”*® These FELs showed
both xylo-epoxide and xylo-aziridine ABPs to favor a *Hj
ground state conformation, matching the proposed [*Hj]*
transition state conformation utilized by GH10 enzymes and
rationalizing the strong reactivity of our ABPs toward this
family. In contrast, while B (the transition state conformation
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utilized by GH11 enzymes) was still a relatively low energy
ABP conformer, it was calculated to be approximately 6 kcal-
mol ™" higher in energy than *H;, which may, at least in part,
contribute to the poor reactivity of xylobiose ABPs with GH11
enzymes. Longer xylan mimicking ABPs may also be required
to effectively label GH11 enzymes. This is consistent with the
surprising observation that secretomes pretreated with § do
not hydrolyze 4MU-f-p-xylobioside (Supplemental Figure S),
suggesting XInB is not active on this substrate.

Supporting the notion that the >°B conformation is
unfavored but not necessarily inaccessible for xylo-configured
ABPs, we were able to obtain an in crystallo complex of §
reacted with the A. niger GHI11 enzyme XynA*' (41%
sequence identity with XInB; PDB accession code: 6QES),
although extended ligand soaking times (>24 h) were required
to achieve acceptable active site occupancy. The reacted
warhead of 5 adopted a distorted *S; skew boat bound to the
XynA catalytic nucleophile Glul06, supporting computational
predictions proposing °S; as the covalent intermediate
conformation utilized by GHI11 enzymes® (Supplemental
Figure 9¢,d; Note, herein we have numbered XynA residues
according to the full protein sequence, including the cleaved 27
amino acid signal peptide. Glul06 in our structure corresponds
to Glu79 in Vandermarliere et al.*!).

Substrate Competition of ABP Labeling. Competitive
ABP labeling is a well-established technique for the
identification of enzyme ligands or substrates.® In this
experiment format, a molecule that can interact with the
enzyme is allowed to compete with the ABP for active site
binding, leading to concentration-dependent loss of ABP
labeling intensity. To establish a proof of principle for ABP-
mediated discovery of substrates and inhibitors for biomass-
degrading enzymes, we investigated whether xylo-ABP labeling
could be competitively inhibited by a set of known xylanase
ligands.

Initial competitive ABP experiments were carried out using
the recombinant GH10 f-xylanase ASPACDRAFT 127619.
Labeling reactions were carried out for 10 min at room
temperature, using a low amount (100 nM) of ABP 8 to
maximize sensitivity of the ABP-enzyme interaction to
competition. Under these conditions, ASPACDRAFT 127619
labeling by 8 was effectively inhibited by 4MU-f-p-xylobioside
with an ICg, of 204 M. This IC, value compared well with
the Ky for hydrolysis of 4MU-f-p-xylobioside by ASPAC-
DRAFT 127619 (279 uM), suggesting labeling inhibition
reflected genuine active site competition of 8 by 4MU-f-0-
xylobioside (Figure Sa; Supplemental Figure 8a).

We next explored competing ASPACDRAFT_127619
labeling using polysaccharide substrates. Labeling by 8 was
effectively inhibited by solubilized BX (the substrate with
which the A. niger secretome had been induced; Figure 5b), as
well as by solubilized wheat arabinoxylan (WAX; Figure 5c),
with ICy’s of ~57 ug/mL and ~67 ug/mL respectively. No
effect on labeling was observed after competition with either
mixed linkage barley f-glucan or konjac glucomannan, which
are not f-xylanase substrates (Supplemental Figure 10a)b).
Analysis of BX and WAX hydrolysis kinetics by ASPAC-
DRAFT_127619 using a bicinchoninic acid (BCA) reducing
end assay gave apparent Ky, values of 196 and 357 pg/mL
respectively (Supplemental Figure 10c). The more potent IC,
values measured for BX and WAX ABP labeling inhibition,
compared to the K,  values for their hydrolysis, may reflect
ASPACDRAFT_127619’s interaction with “nonconsensus”
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Figure 5. ABP labeling of f-xylosidases and f-xylanases is inhibited by
competition with xylanase substrates. ASPACDRAFT 127619 label-
ing by 8 is inhibited by competition with (a) 4MU-f-p-xylobioside,
(b) BX, (c) WAX, and (d) insoluble AZCL-linked WAX. (e) ABP
Labeling of XInC and XInD in A. niger secretomes is competed by BX.
This gel has been contrast adjusted at the dotted line to best show
change in labeling intensity for each band. Data points are mean +
standard deviation from three (e) or four (a—d) technical replicates.

xylan sites, which are not turned over enzymatically but can
still compete with 8 for active site occupancy.

Since xylans are typically found in insoluble form, we also
investigated whether labeling by 8 could be inhibited by
insoluble xylan substrates. Using AZCL dye conjugated
insoluble WAX as a competitor, clear inhibition of ABP
labeling was observed with an IC, of 34 ug/mL (Figure 5d).
Interaction of AZCL-WAX with ASPACDRAFT 127619 was
confirmed by the colorimetric release of solubilized AZCL
upon enzymatic degradation of the insoluble xylan, although
the apparent K, for this reaction was substantially higher
(11.44 mg/mL) than the ICy, from competitive ABP labeling
(Supplemental Figure 10d). As with hydrolysis of soluble BX
and WAX, this discrepancy between K, and IC,, may reflect
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Figure 6. ABP analysis of enzyme thermal denaturation in A. niger secretomes. Both XInC and XInD bands are stable up to 60 °C, whereupon XInC
slowly loses activity with increased heating times. XInC activity was completely abolished within $ min at 70 °C, whereas extended heating at 80 °C

was required to abolish XInD activity.

unproductive enzyme—substrate binding events that do not
result in turnover.

Lastly, we investigated whether we could compete ABP
labeling of enzymes within A. niger secretomes. To achieve
optimum labeling of secretome enzymes, the competitive
labeling reaction was adjusted to 20 min incubation at 37 °C
with 1 uM ABP 8 (Supplemental Figure 10e). We controlled
for changes to ICs, values arising from these more stringent
labeling conditions by reassessing competition of ASPAC-
DRAFT_127619 labeling by BX. Under the more stringent
labeling conditions, IC, for competition of 8 by BX was ~10X
less potent than previously calculated (596 pg/mL vs. 57 ug/
mL), consistent with a 10X increase in the concentration of 8
(Figure Sb vs. Supplemental Figure 10f).

BX inhibited labeling of both XInD and XInC in BX-induced
secretomes, with ICg, values of ~300 pug/mL and ~4.42 mg/
mL respectively (Figure S e). It is likely that some of the
observed XInD labeling inhibition was effected by short xylo-
oligosaccharides released from the XInC reaction, rather than a
direct interaction with BX. Interestingly, IC, for BX
competition of XInC labeling in secretomes was approximately
an order of magnitude less potent than that observed for
ASPACDRAFT_127619 under the same conditions (4.42 mg/
mL vs 596 pug/mL; Figure Se versus Supplemental Figure 10f),
indicating poorer xylan affinity for XInC compared to
ASPACDRAFT_127619. This was confirmed by competitive
ABP labeling of A. niger secretomes spiked with ASPAC-
DRAFT_127619—at high BX concentrations, labeling of
ASPACDRAFT_127619 in spiked secretomes was substan-
tially more inhibited than native XInC (Supplemental Figure
10g), consistent with stronger affinity between ASPAC-
DRAFT_127619 and BX, compared to A. niger XInC and BX.

Evaluation of Enzyme Stability. Industrial breakdown of
plant biomass often necessitates the use of harsh chemical

1075

283

conditions and/or high temperatures*’ which can denature
many otherwise useful enzymes. ABP profiling is well placed to
assess the stabilities of multiple enzymes within their native
context and thus provides a useful tool for the discovery of
enzymes that are stable under industrially relevant conditions.
We assessed A. niger secretome enzyme stability by
preincubating day 6 xylan-induced secretomes at defined
temperatures, before cooling and labeling with 8 (Figure 6).
Both XInD and XInC bands remained stable after 60 min
preincubations at 40 and S0 °C. At 60 °C, the lower XInC
band gradually lost labeling intensity with increasing
preincubation times, indicating gradual thermal denaturation
of this enzyme. By 70 °C, all XInC activity was abolished
within 5 min. Consistent with previous studies,** XInD was
found to be to be highly thermostable, retaining full activity-
based labeling even after 2 h preincubation at 70 °C. As
expected from ABP labeling, secretomes preincubated 70 °C
for 30 min retained the ability to hydrolyze 4MU-f-p-xyloside
but not 4MU-p-p-xylobioside (Supplemental Figure S).
Heating to 80 °C was required to abolish XInD Ilabeling,
although a small amount of labeling was still observed even
after 30 min at this temperature. Similar analyses of AnidXInD
and ASPACDRAFT 127619 showed the recombinant en-
zymes to be substantially less thermally resistant than their A.
niger counterparts, with loss of labeling intensity observed for
both enzymes even after 40 °C preincubations (Supplemental
Figure 11). Taken together, these experiments demonstrate the
suitability of ABPs for assessing the stability of enzymes in
isolation as well as within complex secretome mixtures.

l DISCUSSION

Plant polysaccharides are the most abundant biopolymers on
earth. Recent analyses indicate an annual production of plant
biomass on the >10 gigatonne scale suggesting a global
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terrestrial pool of greater than 2000 gigatonnes.***® Plant
biomass therefore has considerable potential for exploitation as
a renewable energy source.”’ > Effecting the breakdown of
plant biomass into useful small molecules will form an
important part of the sustainable biofuel and chemical
industries of the future. Research toward this goal necessitates
the discovery of enzymes that can catabolize cellulose and
hemicelluloses in a controlled and well-defined manner.

Traditional approaches toward enzyme detection, such as
the use of fluorogenic or colorimetric activity assays to detect
glycosidases, are limited in sensitivity and lack the ability to
resolve multiple overlapping enzyme activities in complex
samples. Additionally, there is limited scope for leveraging
information from activity assays toward direct identification of
the enzymes responsible for such activities. Conversely, omics-
based approaches, which aim to detect changes in gene
expression patterns in response to changes in the external
environment, offer limited insight into the functions of
numerous identified up- or down-regulated genes and secreted
proteins. Recent transcriptomic and proteomic analysis of the
response of Pycnoporus coccineus to different biomass substrates
revealed four gene clusters which were upregulated in response
to lignocellulosic biomass.”’ While many of these genes and
secreted proteins could be confidently annotated as carbohy-
drate-active enzymes, their potential utility, as dictated by pH—
activity profile, thermal stability, and substrate specificity,
remains unknown.

The use of ABPs for the simultaneous characterization of
multiple enzyme activities fills this gap. Here, we have
presented a suite of cyclophellitol-derived ABPs, which provide
a rapid and convenient method for screening complex samples
for xylan-specific enzymes in their native contexts. Using
biotin-tagged ABPs, we were able to identify a specific subset
of three enzymes with known f-xylanase, f-xylosidase, or f-
glucosidase activities out of all the proteins present in a BX-
induced A. niger secretome. Using a single fluorescent ABP, we
were able to track changes in the enzymatic composition of
BX-induced A. niger secretomes over several days, visualizing
the dynamic accumulation and disappearance of multiple
enzyme activities over time. Such information on the response
of saprophytes grown under different conditions provides
valuable information on the strategies employed by these
organisms to catabolize complex substrates.

One of our key motivations for the development of f-
xylanase and f-xylosidase ABPs was the desire to create tools
for identification of enzymes that may be useful in industrial
biomass breakdown. Industrial processes typically require
enzymes with well-defined activities and high stability,
properties which are well suited for investigation using ABP-
based approaches. Enzyme specificity can be readily charac-
terized using competitive ABP labeling strategies, which
measure the susceptibility of ABP labeled enzymes to
inhibition by substrates or ligands of interest. Enzyme stability
can be assessed by preincubating secretomes under the
(potentially) denaturing conditions of interest and observing
which enzymes remain responsive to subsequent ABP labeling.
We have shown here that XInC and XInD in A. niger
secretomes are substantially more resistant to thermal
denaturation than their recombinant homologues ASPAC-
DRAFT_127619 and AnidXInD, which may reflect both
intrinsic differences in enzyme stabilities and/or the presence
of stabilizing factors within the A. niger secretome, which
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protect XInC and XInD from the effects of higher temper-
atures.

Although A. niger itself is a well-characterized model
organism, the ABP workflow is generally applicable and
adaptable to the discovery of unknown enzymes from novel
organisms. Work to discover such enzymes will also necessitate
the development of further ABPs with distinct specificities,
which can target the wide range of glycosidase activities
involved in breakdown of plant polysaccharides. We have
demonstrated here that simple elongation of monomeric xylose
ABPs to mimic a xylobiose moiety is a viable strategy for
expanding the scope of cyclophellitol-derived ABP reactivity
from f-xylosidases to f-xylanases. Further ABP elaboration,
such as the development of structures that mimic branched
oligosaccharide substrates, may allow for the precise inter-
rogation of yet more glycosidases with distinct substrate
specificities.

One limitation of our current generation of ABPs is their
lack of reactivity with retaining glycosidases that utilize
conformational itineraries not involving the *H, conformation,
the ground state conformation typically favored by cyclo-
phellitol-derived ABPs.*” Inverting glycosidases, which do not
utilize a covalent enzyme—substrate intermediate during their
catalytic cycles, are also invisible to cyclophellitol and its
derivatives. Development of novel warhead chemistries that
effectively label the active site of these diverse glycosidases is
an obvious area where future ABP design efforts should be
focused. Ultimately, we envision that the creation of a
comprehensive library of suitable ABPs will allow for dynamic
analysis of all glycosidases produced by a saprophyte in
response to growth on defined substrates. Such proteomic level
information will complement the increasing plethora of
genomic level information that has become available since
the advent of high-throughput DNA sequencing technologies.
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ABSTRACT: Gaucher disease is caused by inherited
deficiency in glucocerebrosidase (GBA, a retaining /-
glucosidase), and deficiency in GBA constitutes the largest
known genetic risk factor for Parkinson’s disease. In the
past, animal models of Gaucher disease have been
generated by treatment with the mechanism-based GBA
inhibitors, conduritol B epoxide (CBE), and cyclo-
phellitol. Both compounds, however, also target other
retaining glycosidases, rendering generation and inter-
pretation of such chemical knockout models complicated.
Here we demonstrate that cyclophellitol derivatives
carrying a bulky hydrophobic substituent at C8 are potent
and selective GBA inhibitors and that an unambiguous
Gaucher animal model can be readily generated by
treatment of zebrafish with these.

lucocerebrosidase (acid glucosylceramidase, GBA, EC

3.2.1.45) is a lysosomal retaining f-glucosidase that
belongs to the glycoside hydrolase (GH) 30 family (www.cazy.
org)' and degrades the glycosphingolipid, glucosylceramide,
through a two-step Koshland double displacement mechanism
(Figure 1la). Inherited deficiency in GBA causes the most
common autosomal recessive lysosomal storage disorder,
Gaucher disease.” Individuals carrying heterozygous mutations
in the gene coding for GBA do not develop Gaucher disease
but have a remarkable increased risk for developing Parkinson’s
disease (PD) and Lewy-body dementia.* > Appropriate animal
models linking impaired GBA functioning to Gaucher disease
and Parkinson’s disease are imperative both for understanding
the pathophysiology of these diseases and for the development
of effective treatments for these. Because complete genetic
abrogation of GBA hampers animal viability due to skin
permeability problems,® research models have been generated
in the past in a chemical knockdown strategy by making use of
the mechanism-based, covalent, and irreversible retaining f-
glucosidase inhibitor, conduritol B epoxide (CBE, 1, Figure
1b), or its close structural analogueue, cyclophellitol (2, Figure
1b).”* One complication in the use of these compounds is
their relative lack of selectivity.” We found that cyclophellitol 2
is unsuited for creating a reliable Gaucher animal model

is unsuited for creating a reliable Gaucher animal model
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because it targets GBA and GBA2 with about equal efficiency.’
On the other hand, CBE 1 exhibits some GBA selectivity but it
also inhibits lysosomal a-glucosidase (GAA),'°™"* non-
lysosomal glucosylceramidase (GBA2),'*"> and lysosomal f-
glucuronidase (GUSB).' Effective mouse models can be
generated with CBE 1, but the therapeutic window is rather
narrow and varies in cellular and animal models.

Recent research from our group has revealed that function-
alized cyclophellitol derivatives carrying a BODIPY substituent
at C8 (cyclophellitol numbering, the primary carbon
corresponding to C6 in glucose) are very potent and very
selective activity-based probes (ABPs) for monitoring GBA
activity in vitro, in situ, and in vivo.'”'® The presence of a
bulky and hydrophobic substituent at this position at once
proved beneficial for GBA inactivation (ABPs 3 and 4, Figure
1c,d) proved to inhibit GBA in the nanomolar range, whereas
cyclophellitol 2 is a high nanomolar to micromolar GBA
inactivator) and detrimental to inhibition of other retaining -
glucosidases. Following these studies, Vocadlo and co-workers
designed a set of fluorogenic substrates featuring a fluorophore
at C6 of a p-glucoside, the aglycon of which carried a
fluorescence quencher, compounds that proved to be very
selective GBA substrates in situ.'” These results altogether
evoked the question whether cyclophellitols bearing a simple,
hydrophobic moiety at C8, such as compounds 6 and 7
(Figure 1d), would be suitable compounds for generating
chemical knockdown Gaucher animal models. We show here
the validity of this reasoning in the generation of a GBA-
deficient Dario rerio zebrafish model, as revealed by the
accumulation of elevated levels of the Gaucher harbinger
lysolipid, glucosylsphingosine, using cyclophellitol derivatives 6
and 7.

At the onset of our studies, we sought for structural support
for the design of compounds 6 and 7. We have in the recent
past synthesized CyS-functionalized cyclophellitol § (unpub-
lished) and obtained a crystal structure of human recombinant
GBA soaked with this ABP (reported here). As expected
(Figure 2a), the active site nucleophile (in both molecules of
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Figure 1. (a) Glucocerebrosidase (GBA) hydrolyses glucosylceramide in a two-step double displacement mechanism to yield glucose and ceramide.
(b) Chemical structure of CBE 1 and cyclophellitol 2. (c) Mechanism-based inactivation of GBA by glucopyranoside-configured cyclitol epoxides
(shown for cyclophellitol). (d) Structures of C8-extended cyclophellitol derivatives used in the here-presented studies: GBA activity-based probes
ABPs 3-S5 and selective inhibitors 6 and 7 (see the full chemical structures of ABPs 3—5 and 8—14 in the Supporting Information (SI)).

Y RS “inwards” position of O6 (SI, Figure 2a) and a narrower and
vl less hydrophobic pocket (SI, Figure 2b), which may partially
K mitigate against the binding of O6-functionaised probes, thus
) allowing sufficient discrimination for GBA over GBA2.”>*'
~ Biphenyl-cyclophellitol 6 and adamantyl-cyclophellitol 7
b VR were synthesized following adaptations of literature cyclo-
& e phellitol syntheses (see SI for synthesis details of CyS-
cyclophellitol ABP § and compounds 6 and 7) to generate
superior selective GBA inhibitors for the generation of a
Gaucher model zebrafish.”>>}

Although soaking of GBA crystals with 6 did not yield
suitable structures for structural analysis (SI, Figure S2),
soaking with 7 did (Figure 2c) and again revealed binding of
the hydrophobic moiety (here, the adamantane) to the same
hydrophobic cavity and pocket occupied by the O6 linker on
CyS ABP 5. Several hydrophobic residues, including Tyr313,
Phe246, and Trp348 provide the wide cavity that is able to
accommodate different hydrophobic O6 substituents which is
absent in other human f-glucosidases and which provides the
structural basis for the inhibitory (and substrate) preferences

Figure 2. Structure of GBA reacted with ABP 5 and adamantyl- of GBA.
cyclophellitol 7. (a) GBA dimer, with the cyclophellitol and linker We evaluated the in vitro activity and selectivity of
moiety of § shaded in yellow and a single observed CyS$ in pink. (b) compounds 6 and 7 toward GBA and the two major off-target

Zoomed view of a GBA monomer reacted with ABP §. (c) Structure glycosidases of CBE 1, GBA2 and GAA, by preincubating the
05 GBA E’ith a‘jiamarl‘ty}ll’t‘iyccll?ghemml 7. The ant(le:-adamantl)'l mloiet); inhibitors with recombinant human GBA (rGBA, Cerezyme),
of 7 is observed in slightly different positions in the two molecules o
the asymmetric unit (PDB 6Q6L, S, Figure S2), reflecting its binding human .GBAZ (from Iysates of GBA2 overexpressed cells), and
thr . o . recombinant human GAA (rGAA, Myozyme) for 3 h, followed
ough predominantly hydrophobic interactions. - .
by enzymatic activity measurement. We showed that both
compound 6 and 7 were nanomolar inhibitors of rGBA
the asymmetric unit) had reacted with the epoxide to yield the (apparent ICg, values = 1.0 nM), which were 4000-fold more
covalently bound cyclitol in “C; conformation, with the Cy5 potent than CBE 1 (apparent ICs, values = 4.28 uM) (Figure
moiety, via its flexible linker, clearly bound in one molecule of 3a, SI, Figure S3) with improved lipophilic ligand efficiencies
the asymmetric unit (the differences may reflect crystal packing (LipE) (SI, Table S2). Both compounds 6 and 7 were rather

constraints in a soaking experiment) accommodated by a inactive toward GBA2 and GAA (apparent ICs, values >100
hydrophobic pocket in GBA. Previous studies by us on the #M), similar to ABP 3 and § (Figure 3a, SI, Figure $4). When
bacterial glycoside hydrolase, Thermoanaerobacterium xylano- comparing their selectivity toward GBA, both compounds 6
lyticum TxGH116 p-glucosidase, a close homologue of human and 7 exhibited ICg, ratio (GBA2/GBA and GAA/GBA) of
GBA2 with a conserved active site, instead showed an >100000, thus making them 4000 times and 200 times more
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a CBE1 CP2 ABP 3 ABP 5 6 7
(nM) (nM) (nM) (nM) (nM) (nM)

In vitro

rGBA 4,280 29.6 1.20 3.20 1.06 0.96
+500 +240¢ +0.30 *017 +0.19 +0.17

GBA2 101,000 297 >108 412,000 >10s >10s

(HEK293T +20,100 +3.13 +10,100

lysates)

rGAA 1,900,000 >10% >108 > 108 > 108 >108
+192,000

Ratio (in vitro)

GBA2/ 24 1 >10s >10¢ >10s >10s

GBA

GAA/ 444 >108 >100 >108 > 108 >108

GBA

b CBE 1 CP2 ABP 3 ABP 5 6 174
(nM) (nM) (nM) (nM) (nM) (nM)

In vivo (Danio rerio larvae)

GBA 4.41 x1042 83a 316+ 284+ 585+ 394
8.88 315 244 1.21

GBA2 8.90x10sa 59a >10¢ >10¢ >10¢ >10¢

GAA 9.55x 1082 > 1052 >104 >10¢ >10¢ >10¢

Ratio (in vivo)

GBA2/ 22 0.714 >316 >35 >1710 >2540
GBA
GAA/ 233 >120 >316 >35 >1710 >2540
GBA

# Values from ref. 9

c In vivo 6 (M) In vivo 7 (UM)
o N o N
oOoNSQ PSS
N Q > SIS IR
RS RS NN

GBA»>
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o
>
GBA|—======= = r 100
GBA> - e 75
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100
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50

6 7 CBE 1

o
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0.15 * T
0.10

C18-Glc-Sph
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Figure 3. (a) Apparent ICj, values for in vitro inhibition of GBA,
GBA2, and GAA in recombinant enzymes (rGBA and rGAA) or
overexpressed cell lysates (GBA2) by compounds 1, 2, 3, 5, 6, and 7.
Error ranges depict standard deviations from biological triplicates. (b)
Apparent ICg, values for in vivo inhibition in 5-day treated zebrafish
embryo with compounds 1, 2, 3, S, 6, and 7. Error ranges depict
standard deviations from n = 12—24 individuals. (c) Competitive
ABPP in lysates of zebrafish treated in vivo with compounds 6 and 7
using broad-spectrum retaining f-glucosidase ABP 8 and selective
GBA ABP § as readout. (d) Glucosylsphingosine levels produced in
zebrafish embryos treated for 5 days with inhibitors 6, 7 or CBE 1.°
Error ranges depict standard deviations from n = 3 individuals. N/A,
not analyzed; *, p < 0.5; *** p < 0.001.
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Figure 4. In vivo targets of ABP 3 and 7 in brains of adult zebrafish.
Competitive ABPP in adult zebrafish homogenates with selective
GBA ABP § (a) or broad-spectrum retaining f-glucosidase ABP 8 (b)
as read-out.

selective than CBE 1 (ICs, ratio = 23.6 for GBA2/GBA and
444 for GAA/GBA) (Figure 3a). To evaluate the in vivo
activity of compound 6 and 7, compounds were added to the
egg—water containing zebrafish (Danio rerio) embryos and
incubated for S days at 28 °C before subsequent homoge-
nization and enzyme selectivity analysis by appropriate ABP
labeling.”** Quantification of ABP-labeled bands revealed that
compounds 6 and 7 had in vivo apparent ICy, values toward
GBA of 4—6 nM, and that they were 5—70-fold more potent
than ABP 3 or § and 7500-fold more potent than CBE 1
(Figure 3b, SI, Figure SS) in the zebrafish larvae. More
importantly, an improved selective inactivation of GBA was
achieved with both compounds 6 and 7. At a concentration of
0.1-10 uM of compound 6 or 7, ABP labeling of GBA with
broad-spectrum retaining f-glucosidase ABP 8 (SI, Figure S1)
and GBA specific ABP § was abrogated (Figure 3c), while
other enzymes such as GBA2, LPH (Figure 3c), or GAA, ER
a-glucosidase GANAB, and lysosomal f-glucuronidase GUSB
(SL, Figure S6a, S6b) were not affected.

At 0.1-10 uM of inhibitor 6 or 7, we also observed 10—30-
fold elevation in the level of glucosylsphingosine (GlcSph),
which is known to be formed by acid ceramidase-mediated
conversion of accumulating GlcCer in lysosomes.”>*® There-
fore, this observation also strongly points to in vivo
inactivation of lysosomal GBA. For comparison, reaching
similar GlcSph levels in the zebrafish with CBE required
1000—10000-fold higher concentration in contrast with
compounds 6 or 7 (Figure 3d), concentrations at which
GBA2 and GAA may also be targeted (Figure 3b). Finally, we
investigated the brain permeability of these new inhibitors, a
crucial feature for their future application in the study of
neuropathic Gaucher disease and Parkinson’s disease. Adult
zebrafish of 3 months’ age were treated with DMSO, ABP 3, or
compound 7 (1.6 nmol/fish, approximately 4 pmol/kg)
administered via food intake, and after 16 h brains and other
organs were isolated, homogenized, and analyzed by ABP
labeling using ABP S (GBA), ABP 8 (GBA2 + GBA), ABP 11
(GAA at pH 4.0 and ER a-glucosidase GANAB at pH 7.0),
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and ABP 13 (lysosomal f-glucuronidase GUSB) (SI, Figure
S1). Labeling of brain homogenate of adult zebrafish with ABP
S resulted in considerable GBA labeling in control and ABP 3-
treated fish, but no labeling in brain homogenates from fish
treated with compound 7 (Figure 4). Labeling by the broad-
spectrum f-glucosidase ABP 8 showed that GBA2 was not a
target of compound 7, nor was the lower running band (48
kDa), which we hypothesize to be the cytosolic S-glucosidase,
GBA3. We noted that the expression level of this protein is
likely variable among individual fish, as 4 out of 6 fishes in the
control group lacked this band. In the visceral organs (both
liver and spleen), both ABP 3 and compound 7 selectively
abrogated GBA while not affecting the labeling on other tested
glycosidases (SI, Figure S7).

To summarize, crystallographic studies aided the rational
design of novel cyclophellitol analogues 6 and 7, which turned
out to be very potent and selective GBA inhibitors, also in
zebrafish embryos and adult zebrafish (GBA2/GBA inhibition
ratio >1000). Compound 7, which also completely block GBA
activity in the brain, is in our opinion superior to CBE 1 and
CP 2 for generating GBA deficiency on demand in zebrafish,
thus to create zebrafish models for neuropathic Gaucher, to
assist research in the context of neuropathic GD and PD.
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a-D-Gal-cyclophellitol cyclosulfamidate is

a Michaelis complex analog that stabilizes
therapeutic lysosomal a-galactosidase A in Fabry
diseaset

Marta Artola, £ Christinne Hedberg, &2 Rhianna J. Rowland, 2 Lluis Raich,®
Kassiani Kytidou,? Liang Wu,© Amanda Schaaf,? Maria Joao Ferraz,® Gijsbert A. van der
Marel,? Jeroen D. C. Codée, (92 Carme Rovira, 19 Johannes M. F. G. Aerts, (9°
Gideon J. Davies {2 *¢ and Herman S. Overkleeft () *@

Fabry disease is an inherited lysosomal storage disorder that is characterized by a deficiency in lysosomal a.-p-
galactosidase activity. One current therapeutic strategy involves enzyme replacement therapy, in which
patients are treated with a recombinant enzyme. Co-treatment with enzyme active-site stabilizers is
advocated to increase treatment efficacy, a strategy that requires effective and selective enzyme stabilizers.
Here, we describe the design and development of an a-p-gal-cyclophellitol cyclosulfamidate as a new class
of neutral, conformationally constrained competitive glycosidase inhibitors that act by mimicry of the
Michaelis complex conformation. We found that p-galactose-configured a-cyclosulfamidate 4 effectively
stabilizes recombinant human «-p-galactosidase (agalsidase beta, Fabrazyme®) both in vitro and in cellulo.

Introduction

Deficiency of a-galactosidase A (a-gal A, EC 3.2.1.22, a retaining
glycosidase of the GH27 glycoside hydrolase family (http://
www.cazy.org)') underlies Fabry disease. This inherited lyso-
somal storage disorder is characterized by toxic accumulation
of glycosphingolipid globotriaosylceramide (Gb3) in lysosomes
and its sphingoid base, globotriaosylsphingosine (lyso-Gb3) in
plasma and tissues.*® Several mutations in the GLA gene
encoding a-gal A can result in diminished protein levels and/or
enzyme activity, leading to altered metabolite levels and a range
of Fabry disease phenotypes. The accumulation of glyco-
sphingolipid metabolites is thought to cause progressive renal

“Department of Bio-organic Synthesis, Leiden Institute of Chemistry, Leiden University,
Einsteinweg 55, 2333 CC Leiden, The Netherlands. E-mail: h.s.overkleeft@lic.
leidenuniv.nl

*Department of Medical Biochemistry, Leiden
2333 CC Leiden, The Netherlands
‘Department of Chemistry, York Structural Biology Laboratory, University of York,
Heslington, York YO10 5DD, UK. E-mail: gideon.davies@york.ac.uk

Departament de Quimica Inorganica i Organica (Seccié de Quimica Organica), Institut

of Chenmistry, Ei 55,

2]

de Quimica Teorica i Computacional (IQTCUB), Universitat de Barcelona, Marti i
Franques 1, 08028 Barcelona, Spain

‘Fundacio Catalana de Recerca i Estudis Avancats (ICREA), Passeig Lluis Companys
23, 08010 Barcelona, Spain

+ Electronic supplementary information (ESI) available: Supplementary Fig. S1 to
S7, Tables S1 and S2, materials and methods (biological and biochemical
methods, DFT calculations, crystallography and chemical synthesis), and NMR
spectra. See DOI: 10.1039/c9sc03342d

289

and cardiac insufficiency and CNS pathology in Fabry patients.*
Enzyme replacement therapy (ERT) for Fabry disease involves
intravenous treatment with recombinant human a-gal A (agal-
sidase beta, Fabrazyme® or agalsidase alpha, Replagal®), but
the clinical efficacy of this therapy is limited.>” 1-Deoxy-
galactonojirimycin (Gal-DNJ 8, Migalastat®, Fig. 1B) has
recently been approved as a pharmacological chaperone (PC) for
the treatment of Fabry disease in patients with amenable
mutations.® Gal-DN]J 8 binds mutant forms of a-gal A, which are
catalytically competent but otherwise targeted for degradation
due to misfolding. Gal-DN] 8 stabilizes the protein fold, allow-
ing the mutant a-gal A to be trafficked to lysosomes. However,
PC therapy for Fabry disease is limited to specific mutations and
its efficacy is hotly debated.”** For this reason, an attractive
alternative therapeutic intervention strategy, proposed recently,
comprises jointly administering a recombinant enzyme and
a pharmacological chaperone.**¢ This strategy aims to stabilize
the recombinant enzyme in circulation such that larger
proportions may reach disease affected tissues, permitting the
use of extended intervals between injections and lower enzyme
dosages, which should diminish side effects, improve the
patient's lifestyle and reduce treatment costs.'”*®* For this
strategy to become clinical practice, allosteric enzyme stabi-
lizers or orthosteric competitive a-gal A inhibitors that prevent
enzyme unfolding and are displaced by the accumulated
metabolites in the lysosome recovering the glycosidase activity,
with good selectivity and pharmacokinetic/pharmacodynamic
properties, are required.'*'®*> We argue that the discovery of
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such commodities would be greatly facilitated by the design of
new inhibitor templates.

Human a-gal A hydrolyzes its substrate following a Koshland
double displacement mechanism, resulting in net retention of
stereochemistry at the anomeric center of the produced gal-
actopyranose.”>*' The reaction coordinates by which a-gal A
processes its substrate to form the intermediate covalent adduct
are ’C, — "H} — 'S, with respect to the conformation of the
galactopyranose moiety in the Michaelis complex — TS —
covalent intermediate complex (Fig. 1A).2>>* This same reaction
itinerary is also employed by GH31 retaining a-glucosidases,
with the difference that a glucopyranose, rather than a gal-
actopyranose, is captured in the enzyme active site.*® We have
recently shown that a-glc-cyclosulfate 1 (Fig. 1B) potently,
selectively and irreversibly inhibits retaining a-glucosidases.
Compound 1 in free solution predominantly resides in a *C,
chair conformation, thus mimicking the initial Michaelis
complex conformation utilized by a-glucosidases* allowing
facile interception by the catalytic nucleophile.

We reasoned that a-gal-cyclosulfate 2 would covalently and
irreversibly inhibit a-gal A with equal efficiency and selectivity
following the same mode of action (Fig. 1B and C). Building on
this concept, we further hypothesized that substitution of one
or both of the cyclosulfate ring oxygens for nitrogen, as in
compounds 3-5, would lead to competitive a-gal A inhibitors

because of the decreased leaving group capacity of
cyclosulfamidates/cyclosulfamides, when compared to cyclo-
sulfates (Fig. 1D). Such compounds would then offer competi-
tive enzyme inhibitors to be tested as stabilizers of recombinant
a-galactosidase A for Fabry treatment. Here, we show the val-
idity of this reasoning by revealing a-gal-cyclosulfamidate 4 as
a first-in-class, effective and selective, competitive a-gal A
inhibitor. Structural and computational analysis of the confor-
mational behavior of compound 4 in solution and in the active
site of human a-gal A supports our design and provides
a molecular rationale why compound 4 is an effective a-gal A
inhibitor. We also show compound 4 to be effective in stabi-
lizing recombinant a-gal A in vitro and in cellulo and that
sphingolipid levels in Fabry fibroblasts are effectively corrected
by co-treatment with a-gal A and 4.

Results

Synthesis of a-p-galactose configured cyclosulfate 2 and
cyclosulfamidate 4

Benzoylated diol 11 (see the ESI and Scheme S1f for its
synthesis) was treated with thionyl chloride and subsequently
oxidized with ruthenium trichloride and sodium periodate to
afford protected cyclosulfate 12. a-Gal-cyclosulfate 2 was ob-
tained after benzoyl removal using methanolic ammonia
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(Scheme 1A). The synthesis of cis-1-amino-6-hydroxy cyclo-
hexane 18, a key intermediate in the synthesis of o-gal-
cyclosulfamidate 4 proceeded through oxazolidinone 17,
which was obtained from trans-azido alcohol 13 (itself obtained
from perbenzylated galacto-cyclophellitol, see the ESIf) as
depicted in Scheme 1B. Hydrolysis of the carbamate in 17 and
N-bocylation provided 19, which was transformed into fully
protected cyclosulfamidate 20. Global deprotection finally yiel-
ded the target compound 4. The synthesis of compounds 3, 5
and 9 (Fig. 1B) and intermediates follows related strategies, as is
described in the ESL{

a-p-Galactose configured cyclosulfate 2, cyclosulfamidates 3
and 4, and cyclosulfamide 5 are predominantly in the *C,
conformation

Free energy landscapes (FELs) of inhibitors report the confor-
mational behavior in solution well, and can therefore be used to
predict the selectivity for GH active sites.”* We calculated the
conformational FELs of compounds 2-5 using ab initio meta-
dynamics (Fig. 24, S1 and S2t). The FEL of a-gal-cyclophellitol
cyclosulfate 2 is strongly biased towards “C,, with a secondary
minimum around B, s. This B, s conformer is unlikely to be
enzyme active-site-reactive as it exhibits an equatorial C1-O
bond (Fig. S21). The *C; minimum of the substrate extends
towards the TS-like “H; conformation, indicating that cyclo-
sulfate 2 in a “H; conformation could be transiently populated

A
v.0 n.0
OH 0§ 0§
BzO ~OH a BzO <0 b HO o
BzO "'OBz BzO OBz HO ‘OH
OBz 0Bz OH
1 12 2
o)
8 OH X Q_/<
. “_.NH
BnO Xy BnO +NHBoc f 8o R
BnO “'0Bn BnO' “'0OBn BnO “'0Bn
OBn OBn OBn
13: X=N3 15: X = OH 17
14:X=NH2:IC 16:X = OMs =) © lg
Q Q
Q_S‘:O Q_S\zo OH
“_NH A aNL X
HO 3 i BnO Ny a BnO :
HO “OH BnO' “OBn BnO “OBn
OH OBn OBn
4 20: X = Boc 18: X = NH,
2 %x-H <IN 18: X = NHBoc < @

Scheme 1 Synthesis of a-D-galactose configured cyclosulfate 2 (A)
and cyclosulfamidate 4 (B). Reagents and conditions: (a) (i) SOCL,, Et3N,
imidazole, DCM, 0 °C; (i) RuCls, NalO,4, CCly, MeCN, 0 °C, 3 h, 12: 56%
and 20: 59%; (b) NHz, MeOH, rt, 3 h, 34%; (c) PtO2, Ha, THF, rt, 4 h, 99%;
(d) Boc,O, EtzN, DCM, rt, 16 h, 15: 93% and 19: 99%; (e) imidazole,
MsCl, EtzN, CHClz, rt, 16 h; (f) DMF, 120 °C, 2 days, 47% over 2 steps; (g)
1M NaOH, EtOH, 70 °C, 3h, to rt, 16 h, 86%; (h) TFA, DCM, rt, 16 h, 71%;
(i) PA(OH)2, Hz, MeOH, rt, 18 h, 57%.
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Fig. 2 Conformational free energy landscapes and crystal structures
of a-gal-cyclosulfate 2 and a-gal-cyclosulfamidate 4 in a-gal A
(agalsidase beta). (A) a-Gal-cyclosulfate 2 and a-gal-cyclosulfamidate
4 adopt “C, ground state conformations. The x and y axes of each
graph correspond to the ¢ and # Cremer—Pople puckering coordi-
nates (in degrees), respectively. Isolines are 1 kcal mol™. (B) a-Gal-
cyclosulfate 2 (left) reacts with the Asp170 nucleophile and adopts a *Ss
conformation covalent adduct (i.e., “intermediate-like") in complex
with agalsidase beta. Unreacted 4 (right) in complex with agalsidase
beta adopts a 4C1 “Michaelis-like” conformation in the active site.
Electron density for protein side chains and ligands is REFMAC
maximume-likelihood/sA-weighted 2F, — F. contoured to 0.21 elec-
trons per A® for 2 and 4. Nuc = nucleophile; a/b = acid/base.

on-enzyme, favoring the nucleophilic attack and formation of
a glycosyl-enzyme adduct. The FELs of 3-5 show that substitu-
tion of the cyclic sulfate trap by cyclic sulfamidates (3 and 4) or
sulfamide (5) does not significantly affect the conformational
preferences. The local B, s minimum in 4 is more pronounced,
probably due to a hydrogen bond between the 2-OH and one
cyclosulfamidate oxygen (Fig. S21).

a-p-Galactose configured cyclosulfate 2 and isosteres 4 and 5
inhibit a-gal A in vitro

a-Gal-cyclosulfate 2, a-gal-cyclosulfamidates 3 and 4, and a-gal-
cyclosulfamide 5, as well as the known a-galactosidase inhibi-
tors a-gal-cyclophellitol 6,” a-gal-cyclophellitol aziridine 7,”
Gal-DNJ 8% and B-gal-cyclosulfate 9 were evaluated on their
inhibitory potential against recombinant human GH27 a-
galactosidase A (a-gal A, Fabrazyme®, agalsidase beta) and their
selectivity over human p-galactosidases, galactosidase beta 1
(GLB1, GH35) and galactosylceramidase (GALC, GH59). We first
determined the apparent ICso values by using fluorogenic 4-
methylumbelliferyl (4MU)-a- or -B-p-galactopyranose substrates
(Table 1). a-Gal-cyclosulfate 2 effectively inhibits a-gal A on a par
with a-gal-cyclophellitol 6 (apparent ICs, = 25 vs. 13 pM,
respectively), although less potently than a-gal-cyclophellitol
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Table 1 Apparent ICsq values for in vitro inhibition of human recombinant a-galactosidase A (agalsidase beta), B-galactosidase GLB1 in human
fibroblast lysates and GALC overexpressed in HEK293 cells. Inactivation rates and inhibition constants (kinact and K)) in human recombinant a-

galactosidase A (agalsidase beta); N.D., not determined

Compd. In vitro In vitro In vitro Kinetic Kinetic
a-gal A B-gal B-gal parameters parameters
(agalsidase beta) (GLB1) (GALC) a-gal A a-gal A
apparent apparent apparent (agalsidase beta) (agalsidase beta)
ICso (uM) ICso (M) ICso (uM) Kinace (min™") and K; (uM) Kinacl/Ki
or K; (uM) (min~* pM™Y)
a-Gal-cyclosulfate 2 25+ 2.5 >1000 >1000 Irreversible 0.25
K = 237
Kinact = 0.06
a-Gal-cyclosulfamidate 3 >1000 39 +4.6 95 + 14 N.A. N.A.
a-Gal-cyclosulfamidate 4 67 + 4.7 >1000 >1000 Competitive —
K, =110
a-Gal-cyclosulfamide 5 423 + 58 38 +1.7 191 + 5.5 N.D.“ N.D.“
a-Gal-cyclophellitol 6 13 + 0.95 0.84 + 0.13 4.2 + 0.51 Irreversible 0.55
Ky = 430
kinacl =0.24
a-Gal-cyclophellitol 0.040 + 0.005 0.93 + 0.06 1.1 £+ 0.30 Irreversible 16.4
aziridine 7 N.D.?
Gal-DNJ 8 0.079 + 0.004 42 = 0.72 433 £+ 39 Competitive —
K, =0.23
B-Gal-cyclosulfate 9 >1000 >1000 >1000 N.A. N.A.

“ Due to weak inhibition. ” Due to fast inhibition; N.A., not applicable. Reported values are mean + standard deviation from 3 technical replicates.

aziridine 7 (apparent ICso = 40 nM). Cyclosulfamidate 4, with
the sulfamidate nitrogen taking up the position occupied by the
anomeric oxygen in the natural substrate, proved to be a rather
good inhibitor (ICs, = 67 uM), whereas isomer 3 is inactive and
sulfamide 5 considerably less potent (IC5, = 423 pM).

We also measured the apparent ICs, values for inhibition
against two human B-galactosidases: GLB1 (measured in
human fibroblast lysates) and GALC (measured in over-
expressing HEK293 cell medium). Cyclosulfate 2 and cyclo-
sulfamidate 4 appear to be more selective than cyclophellitol
epoxide 6 and aziridine 7, and we reason that this is due to the
“C, conformation adopted by 2 and 4, which corresponds to the
Michaelis complex conformation in a-galactosidases, but not in
B-galactosidases (compound 2 is inactive up to 1 mM whereas 6
and 7 display low micromolar activity towards GLB1 and GALC).
B-Gal-cyclosulfate 9, which in principle neither mimics the
Michaelis complex nor the transition state conformation of -
galactosidases,** is inactive against B- and a-galactosidases up
to 1 mM. Cyclosulfamidate 4 and Gal-DN]J 8 show selectivity over
a-glucosidase GAA, but both inhibit human recombinant B-
glucosidase (GBA) (Table S1t).

We next explored the reversibility of inhibition by our new
cyclic sulfate analogues. Enzymes were pre-incubated for different
time periods (30, 60, 120, and 240 min) with inhibitors at
concentrations of their corresponding apparent ICs, values, after

which residual a-gal A activity was determined (Fig. S31). Whilst
cyclosulfate 2 is an irreversible inhibitor (showing a decrease in a-
galactosidase activity with longer incubation time), cyclo-
sulfamidate 4 and cyclosulfamide 5 are reversible inhibitors as
revealed by a constant residual activity with extended incubation
times. This was confirmed by kinetic studies monitoring the
absorbance generated by the hydrolysis of the 2,4-dinitrophenyl-a-
p-galactopyranoside substrate (2,4-DNP-a-gal) (Table 1). The irre-
versible inhibitors 2, 6 and 7 follow pseudo-first order kinetics.
Although a-cyclosulfate 2 has a similar ki,.c/K; ratio to a-cyclo-
phellitol 6 (Kinac/K; = 0.25 vs. 0.55 min~* mM ', respectively), it
has a stronger initial binding constant (K;) and a slower inacti-
vation rate constant (Kinact) (2: Ki = 237 pM and Kipaee =
0.06 min~%; 6: K; = 430 uM and kipaee = 0.24 min~?). Only a Kinael/
K; ratio could be measured for a-aziridine 7 due to fast inhibition
(Kinact/Ks = 16.4 min~* mM ). Kinetics with increasing 2,4-DNP-
a-gal concentrations showed that cyclosulfamidate 4 reversibly
inhibits a-galactosidase with a K; of 110 pM.

Structural analysis of a-gal-cyclosulfate 2 and o-gal-
cyclosulfamidate 4 in complex with agalsidase beta

Firstly, in order to confirm the covalent inhibition by the cyclic
sulfate, the X-ray structure of agalsidase beta in complex with 2
(PDB:6IBM) was determined to 1.99 A, revealing a single
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molecule of 2 covalently bound to the enzyme active site (Fig. 2B).
The observed electron density unambiguously shows that a-
cyclosulfate 2 has reacted by attack of the catalytic nucleophile
Asp170 to form a covalent enzyme-inhibitor complex. This
covalent complex adopts a 'S; conformation, consistent with the
conformation of the covalent intermediate in the a-galactosidase
reaction itinerary (Fig. 1A). Upon nucleophilic attack to the cyclic
sulfate, the sulfate forms hydrogen bonds with Asp231 and
Cys172, the latter suffering a shift in position.

Armed with the knowledge that 2 indeed forms a covalent
adduct to agalsidase beta, we moved on to ascertain if the
cyclosulfamidate 4 would, as envisaged, function as a non-
covalent, active-centre-directed, inhibitor of the enzyme-
replacement enzyme. In contrast to cyclosulfate 2, cyclo-
sulfamidate 4 (PDB:6IBK determined to 2.07 A) was indeed
shown to reversibly bind the catalytic site (Fig. 2B). As expected,
the a-galactose configured cyclosulfamidate 4 adopts a *C,
“Michaelis-like” complex conformation in the active site.
Interestingly, the NH from the cyclosulfamidate moiety forms
a hydrogen bond with the acid/base Asp231.

Thermostability of agalsidase beta in the presence of o-
cyclosulfamidate 4 and Gal-DNJ 8

Competitive o-galactosidase inhibitors, including Gal-DNJ 8,
are currently investigated in clinical studies as stabilizers of the
recombinant enzyme, where they are employed to enhance
enzyme replacement efficacy. In such a treatment regime, the
enzyme and active site inhibitor are administered jointly.*****¢
The stability of a recombinant enzyme relative to the tempera-
ture is considered to reflect well its stability in body circula-
tion,* and can be measured with ease, also in the presence of
competitive inhibitors designed to stabilize the protein fold.***
Accordingly, we performed thermal stability assays (TSAs) on
agalsidase beta alone and in the presence of increasing
concentrations of 2, 4 or 8.

Thermal melting profiles of lysosomal a-gal A revealed that a-
gal A is most thermostable at pH 5.5 (Fig. 3A and S4t), which is
consistent with o-gal A being a lysosomal enzyme. ao-Gal-
cyclosulfamidate 4 stabilizes a-gal A at pH 7.4 with a ATmy,,x of
17.4 °C, compared to a ATmy,y of 34.3 °C produced by Gal-DN]J 8
(Fig. 3A and S4t). TSA effects at acidic pHs were lower for both 4
and Gal-DN] 8, with recorded ATm,,, values of 9.3 °C and 22.3 °C
for 4 and Gal-DN] 8, respectively at pH 5.5, and ATm,,, values of
9.7 °C and 21.2 °C for the same compounds at pH 4.5. Surpris-
ingly, we observed no thermostabilization effect on a-gal A in the
presence of a-gal-cyclosulfate 2, despite this compound being an
irreversible a-galactosidase inhibitor. Possibly, the sulfate group
does not provide the optimal enzyme-ligand interactions to
induce stabilization of a-galactosidase when the ring is in the 'S,
conformation adopted by covalently bound 2, compared to the *C;
conformations adopted by both 4 and Gal-DNJ 8.

Stabilization of agalsidase beta by a-cyclosulfamidate 4 in cell
culture medium

Agalsidase beta shows poor stability in plasma at a pH of 7.3-
7.4, with only ~25% of the hydrolytic activity being retained
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after incubation of the enzyme at 1 pg mL ™" in human plasma
for 30 minutes.*® Given the stabilizing effect observed for 4 in
the above-described TSAs, we investigated the ability of this
compound to stabilize agalsidase beta in culture medium at
physiological pH compared to Gal-DN]J 8.** We first investigated
the stabilization effect of the inhibitors in culture medium
alone, as a surrogate measure for plasma stability (Fig. 3B and
C). Incubation of agalsidase beta (25 pL of 2.5 pg uL™") in cell
culture medium (Dulbecco's Modified Eagles Medium/Nutrient
Mixture F-12 (DMEM/F12), supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin) led to 80% loss of
activity within 15 min, in line with the poor stability of this
enzyme in blood plasma. To assess the stabilizing effects of 2, 4
and Gal-DN] 8 in cell culture media, agalsidase beta was incu-
bated with increasing concentrations of these compounds, fol-
lowed by capture of the enzyme on concanavalin A (ConA)
sepharose beads, washing to remove the bound inhibitor, and
quantification of residual a-galactosidase activity with the 4MU-
a-gal substrate. Media stabilization of agalsidase beta followed
the same trend as observed in TSAs, with 2 failing to stabilize
the enzyme and instead irreversibly inhibiting agalsidase beta.
In contrast, a-gal-cyclosulfamidate 4 and Gal-DNJ 8 both pre-
vented inactivation of agalsidase beta in cell culture media (pH
7.2) and ~75% residual a-gal-A activity was retained after
incubation with 4 (at 500 pM) or Gal-DN] 8 (at 50 pM) (Fig. 3C).

Competitive activity-based protein profile (ABPP) on
recombinant a-galactosidases

We studied the binding of a-cyclosulfamidate 4 and Gal-DN]J 8
to the commercial o-galactosidases: agalsidase beta
(Fabrazyme®), agalsidase alpha (Replagal®) and o-galactosi-
dase B (N-acetylgalactosaminidase, NAGA) by competitive
activity-based protein profiling (ABPP, Fig. 4). Enzymes were
incubated with increasing concentrations (ranging from 0 to
1000 uM) of both a-cyclosulfamidate 4 and Gal-DNJ 8 for 30 min
at 37 °C, followed by incubation with 0.2 uM of an a-galactosi-
dase Cy5 activity-based probe (ABP 10, Fig. S5t) for 30 min at
37 °C. After incubation, the samples were analyzed using
sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE), fol-
lowed by a fluorescent scan of the gels as previously
described.””** Competitive ABPP revealed that a-cyclo-
sulfamidate 4 (100-500 pM) and Gal-DN]J 8 (1-10 pM) inhibit
both recombinant human a-galactosidases and N-
acetylgalactosaminidase.

In situ treatment of cultured fibroblasts from patients with
Fabry disease

We next investigated whether the stabilizing effect of a-cyclo-
sulfamidate 4 towards agalsidase beta produced an improve-
ment in the cellular uptake of the enzyme by fibroblasts. We
performed in situ studies in 5 different primary cell lines ob-
tained from adult male volunteers: wild-type (WT, control)
representing normal a-gal A activity, 2 classic Fabry mutant
fibroblasts (R301X and D136Y) with no a-gal A activity and 2
atypical variant Fabry mutants (A143T and R112H) with
substantially lowered residual a-gal A activity. Fibroblasts were
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Fig. 3 Effect of a-cyclosulfamidate 4 and Gal-DNJ 8 on the thermal stability and cell culture medium stability of agalsidase. (A) Heat-induced
melting profiles of lysosomal a-gal A recorded by thermal shift assay, measured at pH 4.5, 5.5 and 7.4 in the presence of a.-cyclosulfamidate 4 and
Gal-DNJ 8. Melting points (Tm) were determined through thermal shift analyses by monitoring the fluorescence of Sypro Orange dye (Aem 585
nm) as a function of temperature (see the ESIt). (B) Schematic representation of stabilization effect assay. Agalsidase beta was incubated with an
inhibitor for 15 min in DMEM/F-12 medium and subsequently incubated with ConA sepharose beads for 1 h at 4 °C and washed to remove the
inhibitor. Residual «-gal activity was quantified with the 4-MU-a-gal substrate. (C) Percentage of a-gal A residual activity after 15 min of
incubation in DMEM/F-12 medium in the presence of inhibitors a-gal-cyclosulfamidate 4 (at 0, 100, 200, and 500 uM) and Gal-DNJ 8 (0, 1, 10
and 50 pM), followed by post final ConA purification. Percentages are calculated considering the 100% activity of a-gal A obtained at 0 min

incubation time (n = 2, error bars indicate mean =+ standard deviation).

incubated with 0.5% DMSO (untreated) or either 4 (200 pM) or
Gal-DN] 8 (20 pM) (in blue), agalsidase beta (100 ng) or with
a combination of both enzyme and stabilizing agent (in green)
(Fig. 5A). After 24 h treatment, the cells were harvested and

homogenized, and the intracellular a-gal A activity of the cor-
responding cell lysates was measured. The WT cell line pre-
sented normal o-gal A activity while untreated classic Fabry
patients (R301X and D136Y) and variant mutation samples
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Fig. 4 Competitive ABPP in a-galactosidases. a-Galactosidases
(agalsidase beta 200 ng and agalsidase alpha 200 ng) and «-N-ace-
tylgalactosaminidase (NAGA, 200 ng) were pre-incubated with a-
cyclosulfamidate 4 (0-1000 puM) or Gal-DNJ 8 (0-1000 pM) for
30 min followed by fluorescent labelling with Cy5 a-galactosidase ABP
10. ABP: activity-based probe, CBB: Coomassie brilliant blue staining.
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(A143T and R112H) showed reduced enzymatic activity. None of
the cell lines, not even classical Fabry fibroblasts R301X and
D136Y, showed a significant increase in a-gal A activity when
incubated with 4 (200 pM) or 8 (20 uM) alone for 24 h. Of note,
Gal-DNJ 8 is known to enhance a-gal A activity in R301Q
lymphoblasts after in situ 4 day treatment of a 100 uM daily
dose.** Treatment with agalsidase beta showed a considerable
increase in a-gal A activity in all the studied cell lines. This effect
was improved in most cases with the combinatorial treatment
of agalsidase beta and 4 or 8 after 24 h of incubation. We also
measured a-gal A activity in media in order to confirm that the
increase in a-gal A activity in cell lysates is due to stabilization of
the enzyme (Fig. 5B). Thus, culture media were collected before
harvesting the cells and a-gal A activity was measured after
ConA purification. a-Gal A activity in media was at least double
in all the cell lines treated with a-cyclosulfamidate 4 (200 pM) or
Gal-DN] 8 (20 pM), consistent with these compounds preventing
a-gal A degradation during cell culture.

Gb3 and lysoGb3 levels are corrected by a-cyclosulfamidate 4

Generally, Fabry patients present elevated Gb3 which is further
metabolized by acid ceramidase into lysoGb3 in lysosomes.*
LysoGb3 constitutes a signature of Fabry disease and allows
diagnostic monitoring of disease progression,>***** and has
been linked to neuronopathic pain and renal failure through its
effect on nociceptive neurons and podocytes.**** We investi-
gated whether co-administration of a-cyclosulfamidate 4 and
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Fig.5 Effectona-gal Aactivity in fibroblast culture and medium following treatment with a.-cyclosulfamidate 4 and Gal-DNJ 8. (A) Fibroblasts of
WT, classic Fabry (R301X and D136Y) and variant Fabry (A143T and R112H) were untreated or incubated with a-cyclosulfamidate 4 (200 uM), Gal-
DNJ 8 (20 uM), agalsidase beta (200 ng mL™) or a combination of enzyme and stabilizing agent for 24 h. Then, the medium was collected, cells
were harvested, and a-gal A activity was measured in the cell homogenates by 4-MU-a-gal assay. In all cell lines co-administration of a-
cyclosulfamidate 4 or Gal-DNJ 8 with agalsidase beta increased intracellular a-gal A activity when compared to cells treated with only agalsidase
beta. (B) a-Gal A activity in cell culture medium samples was measured after ConA purification. a-Gal A activity is at least two times higher in all
the cell lines treated with a-cyclosulfamidate 4 (200 uM) or Gal-DNJ 8 (20 uM). Reported activities are mean =+ standard deviation from two
biological replicates, each with two technical replicates, *p < 0.5; **p < 0.01; ***p < 0.001.
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Gal-DN]J 8 with agalsidase beta would also have a positive effect
in correcting these toxic metabolite levels. Gb3 and lysoGb3
levels from in situ treated cells were measured by LC-MS/MS
(Fig. 6). Normal Gb3 and lysoGb3 levels observed in wild-type
cells are in the range of around 2000 pmol mL™* and 2 pmol
mL~" of Gb3 and lysoGb3, respectively. Cultured fibroblasts
from classic Fabry patients (R301X and D136Y) treated with
agalsidase beta resulted in a reduction of Gb3 and lysoGb3. This
reduction was similar when fibroblasts were treated with the
combination of a-cyclosulfamidate 4 (200 uM) or Gal-DNJ 8 (20
uM) and agalsidase beta. A variant Fabry A143T cell line pres-
ents normal Gb3 and lysoGb3 basal levels, whereas in R112H
fibroblasts, these metabolites are increased and not corrected
by agalsidase beta itself or inhibitor-agalsidase beta combina-
tion treatment (Fig. S67).

In situ 4 day treatment of cultured fibroblasts: increased o-gal
A activity and Gb3 metabolite correction by a-
cyclosulfamidate 4

We next investigated whether the beneficial effect could be
potentiated by extended incubation treatments. Thus, WT and
classic Fabry (R301X) fibroblasts were treated with agalsidase
beta (200 ng mL™") or with a combination of enzyme (200 ng
mL ") and a-cyclosulfamidate 4 (200 uM) or Gal-DNJ 8 (20 uM)
for 4 days. Fibroblasts were treated every 24 h with new medium
and/or enzyme with or without inhibitor, and medium samples
were collected for a-gal A activity quantification (see ESI
Fig. S71). a-Gal A activity was 3-4 times higher in fibroblasts
treated with the combination of recombinant a-gal A and a-
cyclosulfamidate 4 (200 pM) or Gal-DN]J 8 (20 uM) than those
treated with agalsidase beta alone (Fig. 7A). This increase in a-
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Fig. 6 Gb3 and lyso-Gb3 quantification in cultured fibroblasts treated

with agalsidase beta co-administrated with a-cyclosulfamidate 4 and
Gal-DNJ 8. Gb3 (A) and lysoGb3 (B) levels (pmol mL™* of sample)
measured by LC-MS/MS in Fabry fibroblasts from WT and classic Fabry
patients (R301X and D136Y) treated with agalsidase beta (200 ng mL™)
with or without a-cyclosulfamidate 4 (200 uM) and Gal-DNJ 8 (20 uM)
for 24 h. Reported activities are mean =+ standard deviation from two
biological replicates, each with two technical replicates, *p < 0.5; **p <
0.01.

Edge Article

gal A activity correlates with the reduction of lyso-Gb3 from ~14
pmol mL ™" to ~4 pmol mL™" in the cell lysates of Fabry (classic
R301X) fibroblasts (Fig. 7B). We finally studied whether the
amount of required ERT could be decreased when stabilized
with 4 or Gal-DNJ 8 and still produce a similar effect. WT and
Fabry (classic R301X) fibroblasts were treated with agalsidase
beta at 200 ng mL™" and 100 ng mL™". A reduction in toxic
metabolites can be achieved in 4 days with half the concentra-
tion of enzyme (100 ng mL ') when either a-cyclosulfamidate 4
(200 pM) or Gal-DNJ (20 uM) is added (Fig. 7C and D), with
a similar reduction of toxic lyso-Gb3 from ~10 pmol mL ™" to
~5-6 pmol mL™" in the cell lysates of Fabry (classic R301X)
fibroblasts (Fig. 7E).

Discussion

ERT with intravenous administration of recombinant human a-
p-galactosidase (agalsidase beta, Fabrazyme® or agalsidase
alpha, Replagal®) reduces the levels of Gb3 and lyso-Gb3 in
some tissues of Fabry patients, but its clinical efficacy is still
limited.>”** The limited enzyme stability in plasma is a major
drawback, and it is for this reason that enzyme active site
binders that stabilize recombinant enzyme in circulation are
pursued - with Gal-DNJ 8 (Migalastat®) currently in use in the
clinic as the benchmark. Here we report the design and synthesis
of the first-in-class conformational glycosidase inhibitor and o-
gal A stabilizing agent, a-cyclosulfamidate 4. We show that this
compound reversibly and selectively inhibits agalsidase beta
with an ICs, value of 67 uM and a K; of 110 uM. Ab initio meta-
dynamics calculations and structural analysis of a-cyclo-
sulfamidate 4 in complex with agalsidase beta show that this
inhibitor binds in a *C, conformation mimicking the Michaelis
complex conformation. We demonstrate that a-cyclosulfamidate
4 stabilizes recombinant human a-p-galactosidase (agalsidase
beta, Fabrazyme®) in thermal stabilization assays and show that
this prevents its degradation in cell culture medium. We further
show that both a-gal-cyclosulfamidate 4 and Gal-DN]J 8 stabilize
the enzyme more significantly at neutral pH than under acidic
conditions (ATmy,, difference of 8.1 °C for 4 and ATmy,y
difference of 12.2 °C for Gal-DN] 8).

To further study the stabilizing effect, we investigated
whether a-gal-cyclosulfamidate 4 and Gal-DNJ 8 would stabilize
a-gal A activity under in situ cell conditions. Treatment of
fibroblasts (WT, classic and variant Fabry cell lines) with only a-
gal-cyclosulfamidate 4 (at 200 pM) and Gal-DN] 8 (at 20 pM) for
24 h shows no effect on a-p-galactosidase activity. However, we
observe an increased a-p-galactosidase activity in all cells
treated with the combination of agalsidase beta and stabilizing
agents (4 at 200 pM and 8 at 20 pM) when compared to the cells
treated only with agalsidase beta. This result also correlates
with an increased a-p-galactosidase activity in the cell medium
of the cells treated with enzyme and 4 or 8. The stabilizing effect
is more pronounced when cells are treated for longer time (4
days), suggesting that the agalsidase beta complexed with a-gal-
cyclosulfamidate 4 or Gal-DN]J 8 is stabilized in the cell medium,
internalized and dissociated from the reversible inhibitor in the
lysosomes. Finally, co-administration of a-cyclosulfamidate 4 or
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Fig.7 Effect on a-gal A activity and lyso-Gb3 correction in cultured fibroblasts treated with a-cyclosulfamidate 4 and Gal-DNJ 8. Fibroblasts of
WT and classic Fabry (R301X) were incubated with agalsidase beta (200 ng mL™?) or the combination of enzyme (200 ng mL™* or 100 ng mL™%
and stabilizing agent (4 200 uM or 8 20 uM) for 4 days. Then, the medium was collected, cells were harvested, and a-gal A activity was measured
in the cell homogenates by 4-MU-a-gal assay. (A) Intracellular a-gal A activity in fibroblasts treated with agalsidase beta (200 ng mL™?) or the
combination of a-cyclosulfamidate 4 (200 uM) or Gal-DNJ 8 (20 uM) with agalsidase beta (200 ng mL™) for 4 days. (B) LysoGb3 levels measured
by LC-MS/MS in Fabry fibroblasts from panel A. (C) Intracellular a-gal A activity is comparable in cell lines treated with the combination of a-
cyclosulfamidate 4 (200 pM) or Gal-DNJ 8 (20 uM) but this requires only half the concentration of agalsidase beta (100 ng mL™). (D) Intracellular
a-gal A activity per ng of agalsidase beta in fibroblasts treated with agalsidase beta (100 ng mL™?) or the combination of a-cyclosulfamidate 4
(200 pM) or Gal-DNJ 8 (20 M) with half the concentration of agalsidase beta (100 ng mL™2. (E) LysoGb3 levels measured by LC-MS/MS in Fabry
fibroblasts from panel C or D. Reported lipid levels are mean + standard deviation from two biological replicates, each with two technical

replicates, *p < 0.5; **p < 0.01; ***p < 0.001.

Gal-DN] 8 with agalsidase beta highlights a similar correction of
toxic Gb3 and lyso-Gb3 metabolite levels as with the ERT alone.
Importantly, similar a-gal A activity and correction of toxic
metabolites is achieved with half the concentration of agalsi-
dase beta when this is stabilized by a-cyclosulfamidate 4 or Gal-
DNJ 8. The synergy between Gal-DNJ 8 and the human
recombinant a-gal A in cultured fibroblasts from Fabry patients
has recently been demonstrated both in agalsidase alpha and
beta.**** This synergism, together with our agalsidase beta
stabilization results, supports the idea that the efficacy of
a combination treatment may be superior to ERT or PC alone for
several reasons. Co-administration of ERT and the active site
inhibitor may be effective in all Fabry patients, independent of
mutations in their endogenous a-gal A. Furthermore, stabili-
zation of the recombinant human a-gal A by a stabilizing agent
may reduce the required enzyme dosages or extend IV injection
intervals, and therefore improve the patient's lifestyle and
reduce side effects and treatment costs.

Conclusions

In conclusion, we have developed a new class of a-p-galactosi-
dase inhibitors based on cyclophellitol cyclosulfamidate as
a conformational Michaelis complex isostere. Although cyclo-
sulfamidate 4 is a 1000-fold weaker inhibitor of recombinant a-
gal A compared to Gal-DNJ 8 in vitro, it stabilizes a-gal A in
cellulo at only 10 fold higher concentration, and we argue that
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non-basic, competitive glycosidase inhibitors are attractive
starting points for clinical development as stabilizers of
(recombinant) glycosidases in the context of lysosomal storage
disorders. Also, compound 4 together with its structural iso-
steres (3 and 5) comprise a new class of competitive glycosidase
inhibitors, and stabilizes agalsidase beta for the first time, not
by the glycoside configurational mimicry and basic nature that
is the hallmark of iminosugars (including Migalastat®), but by
configurational and conformational mimicry of the Michaelis
complex. Michaelis complex or product-like conformational
competitive inhibitors have been reported to act on other
glycosidases, for instance, thio-oligosaccharides*-*¢ and kifu-
nensine.*** We believe that transferring the structural charac-
teristics of our cyclosulfamidates to differently configured
structural analogues may yield potent and selective competitive
inhibitors targeting glycosidases and that these may have bio-
logical or biomedical value in their own right, be it as stabilizing
agents or as classical enzyme inhibitors.
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The lysosomal glycoside hydrolase B-glucocerebrosidase (GBA; sometimes
called GBA1 or GC,) catalyses the hydrolysis of glycosphingolipids. Inherited
deficiencies in GBA cause the lysosomal storage disorder Gaucher disease
(GD). Consequently, GBA is of considerable medical interest, with continuous
advances in the development of inhibitors, chaperones and activity-based
probes. The development of new GBA inhibitors requires a source of active
protein; however, the majority of structural and mechanistic studies of GBA
today rely on clinical enzyme-replacement therapy (ERT) formulations, which
are incredibly costly and are often difficult to obtain in adequate supply. Here,
the production of active crystallizable GBA in insect cells using a baculovirus
expression system is reported, providing a nonclinical source of recombinant
GBA with comparable activity and biophysical properties to ERT preparations.
Furthermore, a novel crystal form of GBA is described which diffracts to give
a 0.98 A resolution unliganded structure. A structure in complex with the
inactivator 2,4-dinitrophenyl-2-deoxy-2-fluoro-B-p-glucopyranoside was also
obtained, demonstrating the ability of this GBA formulation to be used in
ligand-binding studies. In light of its purity, stability and activity, the GBA
production protocol described here should circumvent the need for ERT
formulations for structural and biochemical studies and serve to support GD
research.

1. Introduction

B-Glucocerebrosidase (glucosylceramidase; GBA; EC 3.2.1.45;
often termed GBA1l or GC,,) is a membrane-associated
lysosomal enzyme belonging to the GH30 family of glycoside
hydrolases (http://www.cazy.org; Lombard et al., 2014). GBA is
responsible for catalysing the hydrolysis of glycosphingolipids,
specifically glucosylceramide (GlcCer), by the hydrolytic
cleavage of B-linked glucose moieties from sphinogolipid
aglycones (Brady et al, 1965). Mechanistically, GBA is a
retaining B-glucosidase which hydrolyses its substrates with
net retention of B-anomeric stereochemistry (mechanisms are
reviewed in Gloster & Davies, 2010; Zechel & Withers, 2000).
Retention of anomeric configuration is achieved through the
Koshland double-displacement mechanism (Koshland, 1953)
using two key carboxylate-containing residues; in the case of
human GBA, Glu340 serves as the catalytic nucleophile and
Glu235 acts as the general acid/base (Fig. 1).

Inherited deficiencies in GBA activity cause an accumula-
tion of GlcCer within lysosomes, subsequently leading to the
most common lysosomal storage disorder, Gaucher disease
(GD; Grabowski & Horowitz, 1997; Brady et al., 1966).
Traditionally, GD is classified into three clinical phenotypes
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based on the presence of neurological manifestations and
the rate of neuronopathic disease progression (Zhao &
Grabowski, 2002). The non-neuropathic form, GD type 1, is
the most common clinical type, accounting for over 90% of
GD cases (Mistry et al., 2011; Mehta, 2006). Types 2 and 3 are
less common neuronopathic forms of GD involving the central
nervous system (CNS), with a continuum of phenotypes
ranging from death in utero to slowly progressive CNS
deterioration over decades (Davies et al., 2007; Erikson et al.,
1997). Consequently, GBA is of significant clinical importance.

Enzyme-replacement therapy (ERT) was introduced in the
early 1990s as a first-line treatment for GD. The aim of ERT is
to correct for the underlying GBA deficiency and alleviate
clinical symptoms by supplying patients with active exogenous
enzyme (Beck, 2018; Mistry & Abrahamov, 1997). In 1991,
Ceredase (alglucerase), a glyco-modified GBA formulation
purified from human placenta (Barton et al, 1990, 1991;
Furbish et al., 1977), was approved for ERT. Subsequently,
the Genzyme Corporation (Sanofi Genzyme, Cambridge,
Massachusetts, USA) developed Cerezyme (imiglucerase), a
recombinant formulation with mannose-terminated N-glycans
produced in a Chinese hamster ovary (CHO) cell line
(Serratrice et al, 2016; Deegan & Cox, 2012). However,
Cerezyme production was halted in 2009 by a vesivirus
infection at Genzyme’s production facility (Qiu et al., 2013),
promoting the development of alternative ERTs. In 2010,
velaglucerase alfa (VPRIV; Shire HGT, Lexington, Massa-
chusetts, USA), a recombinant product produced by specific
gene activation in an HT-1080 cell line, was licenced for use
(Ben Turkia et al., 2013; Brumshtein et al., 2010). Later, tali-
glucerase alfa (Elelyso; Pfizer, New York, USA), a plant-
derived variant expressed in carrot-root cells, was approved in
the US (Zimran et al., 2016; Aviezer et al., 2009; Shaaltiel et al.,
2007).

Given the hydrophobic nature of GBA and the post-
translational glycosylation that is required to ensure proper
folding, GBA cannot be produced in prokaryotic systems
(Grace & Grabowski, 1990). Consequently, eukaryotic
systems with the necessary post-translational modification
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capabilities must be employed, as exemplified by the existing
ERT expression systems. In addition to these expression
platforms, GBA production has been attempted in murine
cells (Fabrega et al., 2000), COS-1 cells (Grabowski et al.,
1989), seeds of the Arabidopsis thaliana plant (He et al., 2012),
glycoengineered Nicotiana benthamiana plants (Limkul et al.,
2016), Pichia pastoris (Sinclair & Choy, 2002) and baculoviral
expression vector systems (BEVS; Martin et al., 1988; Sinclair
et al., 2006; Sawkar et al., 2006). Such diversity demonstrates
the current lack of consensus on a robust and economical
platform for GBA production for nonclinical use. Accordingly,
there is a considerable ongoing reliance on expired ERT
formulations for biochemical, mechanistic and structural
studies. These ERT preparations can be incredibly costly, and
are often only obtainable under a Material Transfer Agree-
ment (MTA) and in limited supply. Given the clinical impor-
tance of GBA and the continuing development of novel GBA
chaperones (Goddard-Borger et al., 2012; Diot et al., 2011; Hill
et al.,2011; Marugan et al., 2011), inhibitors (Artola et al., 2019;
Kuo et al., 2019; Zoidl et al., 2019; Schroder et al., 2018) and
activity-based probes (ABPs; Artola et al, 2017, 2019;
Schréder et al., 2018; Beenakker et al, 2017), there is a
pressing need for reliable sources of recombinant GBA to
meet research demands and reduce the reliance upon ERT
formulations.

The use of baculovirus expression vectors was first
described in the 1980s and has since proved to be useful for
the production of many recombinant proteins (Chambers et
al., 2018; Bonning & Hammock, 1996; Cameron et al., 1989;
Luckow & Summers, 1988). The Autographa californica
multicapsid nucleopolyhedrovirus (AcMNPV) of the Baculo-
viridae family is the most applied baculoviral vector for
recombinant protein production (Jarvis, 2003; Possee, 1997;
Jarvis et al., 1996; Blissard & Rohrmann, 1990). Lepidopteran
insect-cell lines, such as Spodoptera fruigiperda (Sf9 cells) and
Trichoplusia ni (BTI-Tn-5B1-4, Tn5, High Five cells), have
been studied extensively as hosts for this viral vector
(Bieniossek et al., 2012; Fitzgerald et al., 2006; Wilde et al.,
2014; Jarvis et al., 1990). However, to our knowledge, no
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GBA hydrolyses glucosylceramide in a two-step double-displacement mechanism to yield ceramide and glucose with retention of B-stereochemistry.
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insect-cell-produced GBA has been approved for therapeutic
use because the glycoforms produced by insect cells can be
immunogenic (Hancock et al., 2008). Of note, High Five cells
modify glycoproteins with a core «-1,3-fucose, which can
induce immunogenic and allergic responses in humans.
Several strategies have been developed to address the issue of
incompatible N-glycosylation in insect-cell expression systems;
however, these remain in their infancy (Zitzmann et al., 2017).

Previous studies on the use of BEVS platforms for GBA
production have shown some success, albeit with inconsistent
results regarding protein quantity and quality. Early work by
Martin et al. (1988) using the AcMNPV vector and polyhedrin
promoter in Sf9 cells demonstrated GBA expression, with
enzymatic activity detected in both the cell extract and culture
medium. However, the efficiency of protein secretion was
called into question in subsequent studies (Berg-Fussman et
al., 1993; Grabowski et al., 1989). Additionally, Choy et al.
(1996) demonstrated that GBA produced in AcMNPV-
transfected Sf9 cells can be stored intracellularly. More
recently, Sinclair et al. (2006) employed the Orgyia pseudo-
tsugata multicapsid nucleopolyhedrovirus (OpNPV) for GBA
production in Sf9 cells to investigate the effect of the full-
length and shortened native signal sequences on GBA secre-
tion. The full-length signalling construct was reported to
produce 30% more enzymatic activity than the shortened
construct but, in contrast to previous studies (Xu &
Grabowski, 1998; Choy et al., 1996), both constructs resulted in
the secretion of the majority of the GBA into the medium
(Sinclair et al., 2006). In addition, wild-type GBA and an
N370S GD-associated mutant have been expressed in High
Five cells (Sawkar et al., 2006; Wei et al., 2011) to evaluate the
stability of the protein and its susceptibility to chaperone-
mediated stabilization; however, no information on protein
yield or secretion efficiency have been reported for this
expression system. Despite this success, little has since been
published with regard to the production of GBA using BEVS,
and there remains a lack of literature describing the estab-
lishment of a reliable baculoviral GBA expression platform
for academic research purposes.

As part of our long-standing interest in the development of
ABPs to study GBA and other glycosidases, we established a
BEVS platform for the production of recombinant GBA for
biochemical and structural studies. Here, we describe the
production of active human GBA in insect cells using a
MultiBac AcNPV-derived expression system (Bieniossek et
al., 2012), which circumvents the need for commercial sources
of GBA. In this approach, Sf9 cells were used to generate the
recombinant baculovirus, whilst High Five cells were
employed for the production of recombinant GBA. An
N-terminally truncated GBA gene, lacking its native signalling
sequence, was used in conjunction with the honeybee melittin
signal sequence (Tessier et al., 1991), a widely used secretion
signal in insect-cell expression, to drive the secretion of
recombinant GBA into the cell medium. This recombinant
GBA was active against the artificial substrate 4-methyl-
umbelliferyl-B-p-glucopyranoside and exhibited an optimum
thermal stability at pH 5.2, as expected for a lysosomal
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enzyme. Furthermore, our recombinant GBA was purified
with a typical yield of 3.6-4.6 mg per litre of cell medium,
providing sufficient protein for biochemical and structural
analysis. Consequently, our GBA was studied by X-ray crys-
tallography to generate a 0.98 A resolution unliganded
structure in a novel crystal form. This is the highest resolution
structure of GBA deposited to date, allowing exquisite atomic
resolution analysis of GBA that reveals two conformations of
the catalytic acid/base residue. A structure in complex with the
B-glucosidase inactivator 2,4-dinitrophenyl-2-deoxy-2-fluoro-
B-D-glucopyranoside was also obtained, demonstrating the
utility of this recombinant GBA for ligand-binding studies.
Taken together, our results provide a standard method for
nonclinical GBA production, which should help to reduce the
reliance on ERT preparations in future in vitro studies.

2. Materials and methods
2.1. Generation of the recombinant transfer plasmid

The N-terminally truncated GBA gene was subcloned from
the pGEn1-GBA plasmid (DNASU Clone ID HsCD00413213;
Fig. 2a; gene obtained from the Glycoenzyme repository;
http://glycoenzymes.ccrc.uga.edu/; Moremen et al., 2018) using
a Phusion (New England Biolabs) polymerase chain reaction
(PCR) with the forward primer 5-TACATTAGCTACATTT
ATGCGGCCCGCCCCTGCATCCCTAAAAGC-3' and the
reverse primer 5-CTAGTACTTCTCGACAAGCTTCTACT
GGCGACGCCACAGGTAG-3'.

The linearized pOMNI plasmid backbone, containing the
honeybee melittin signal sequence immediately following the
translation start codon (Fig. 2b), was obtained by restriction
digestion of an existing pOMNI plasmid using HindIII-HF and
Xmal (New England Biolabs). The original pPOMNI vector,
containing the Tn7 transposon sequences (Tn7L and Tn7R)
for Tn7 transposition, was kindly provided to the York
Structural Biology Laboratory by the Berger Laboratory,
University of Bristol. All DNA fragments were analysed on an
agarose gel (1%) and were purified by gel extraction using a
QIAquick Gel Extraction Kit (Qiagen).

The recombinant transfer plasmid was generated by
sequence- and ligation-independent cloning (SLIC) of the
GBA insert and linearized pOMNI backbone in One Shot
TOP10 Escherichia coli cells (Invitrogen) using standard
protocols (Li & Elledge, 2007, 2012). Briefly, the GBA insert
and linearized backbone were independently treated with T4
DNA polymerase (New England Biolabs) for 30 min, followed
by the addition of d-CTP. The GBA insert (1.0 ng pl™*) and
backbone (1.5ngpl™') were treated together with RecA
(New England Biolabs) in the presence of RecA buffer and
ATP for 1h at 37°C. The GBA insert and backbone were
transformed into One Shot TOP10 E. coli cells by heat shock.
The transfer-plasmid DNA was extracted and purified from
overnight cultures of successful colonies in Luria-Bertani
broth (LB) using a QIAprep Spin Miniprep Kit (Qiagen). The
transfer plasmid was verified by restriction-digest analysis with
HindIII and Sanger sequencing (Fig. 1c) using the forward
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primer 5-CAGCAGCGAAGTCGCCATAAC-3' and the  and the reverse primer 5~AGCGGATAACAATTTCACAC
reverse primer 5-CAGCCGGATCTTCTAGGCTC-3'. AGG-3'. The recombinant bacmid was purified from LB
cultures of successful colonies using a PureLink HiPure
Plasmid DNA Purification Kit (Invitrogen) and was verified
2.2. Generation of the recombinant bacmid by Phusion PCR using the forward primer 5-CAGCAGCG

The DH10EMBacY E. coli strain was generously providled =~ AAGTCGCCATAAC-3' and the reverse primer 5-CAGCC
by the Berger Laboratory, University of Bristol. The = GGATCTTCTAGGCTC-3' to amplify the GBA gene and the
DHI10EMBacY strain contains the EMBacY baculovirus  forward primer 5-CCCAGTCACGACGTTGTAAAACG-3'
shuttle vector (bacmid bMON14272) with a mini-attTn7 target ~ and the reverse primer 5-~AGCGGATAACAATTTCACAC
site, a tetracycline-resistant helper plasmid (pMON7124)  AGG-3' to amplify across the bacmid Tn7 insertion site.
encoding the transposase enzyme, a yellow fluorescent protein
(YFP) reporter gene, the LacZa gene and a kanamycin-
resistance selection marker.

The recombinant bacmid was produced using the Tn7 The recombinant baculovirus was generated and amplified
transposition method in DH10EMBacY cells (Bieniossek ez  in Sf9 cells (clonal isolate of S. frugiperda Sf21 cells; IPLB-
al., 2012; Fitzgerald et al., 2006; Geneva Biotech). Briefly, = Sf21-AE) purchased from Invitrogen. Adherent Sf9 cells were
purified transfer-plasmid DNA was transformed into  grown at 28°C for two days in 60 ml Insect-XPRESS protein-
DHI10EMBacY cells by electroporation. Super Optimal Broth free medium (Lonza Bioscience) supplemented with 2% fetal
medium supplemented with 20 mM glucose (SOC medium)  bovine serum (FBS). At log-phase growth, 2 ml of suspended
was added and the cells were incubated for 4 h at 37°C before Sf9 cells was seeded into each well of a six-well tissue-culture
blue/white screening on LB agar plates containing kanamycin plate at a density of 0.45 x 10° cells ml~" and allowed to settle
(50 pg ml™"), gentamicin (15 pg ml™?), tetracycline (15 pgml™"),  for 10 min in a humidified incubator at 28°C to establish an
IPTG (1 mM) and x-Gal (1x). White colonies were re- adherent culture. 180 pl of a transfection mixture containing
streaked and confirmed by Phusion colony PCR using the Insect-XPRESS medium (1.05 ml), recombinant bacmid DNA
forward primer 5-CCCAGTCACGACGTTGTAAAACG-3'  (~100 pg) and FuGENE HD (Promega) transfection agent

2.3. Production of the recombinant baculovirus
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(a) The GBA-pGEn1-DEST plasmid containing the N-terminally truncated GBA gene. (b) The linearized plasmid backbone used for SLIC. (c)
Sequenced GBA transfer plasmid generated by SLIC of the GBA (N-terminally truncated) insert and linearized plasmid backbone.
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(31.5 pl) was added dropwise to each well of the six-well
tissue-culture plate. The cells were incubated in a static
humidified incubator at 28°C until ~95% baculoviral trans-
duction was achieved (~2-3 days), as indicated by expression
of the EMBacY YFP marker gene. The supernatant was
collected by centrifugation at 200g for 5 min and FBS (0.2 ml)
was added to yield the viral P1 stock. A 50 ml culture of Sf9
cells was prepared at 1 x 10°cells ml™" in Insect-XPRESS
medium and infected with 1 ml of viral P1 stock. The culture
was incubated in a shaker incubator at 28°C and 87 rev min™"
until 95% transfection was achieved (~2-3 days). The super-
natant was collected by centrifugation at 200g for 5 min and
FBS (1 ml) was added to yield the viral P2 stock.

2.4. Expression of GBA in High Five cells

A suspension adapted High Five cell line (BTI-Tn-5B1-4,
Invitrogen) was prepared in a 60 ml culture in Express Five
Serum Free Medium supplemented with 20 mM L-glutamine
(Thermo Fisher Life Technologies). The culture was incubated
at 28°C and 87 revmin~' for ~24 h. When a critical cell
density (>2 x 10° cells mI™') had been reached, the culture
was successively passaged into 100 ml, 600 ml, 1.8 1 and 3.61
Express Five Serum Free Medium. The 3.6 1 culture (~1-2 x
10° cells ml™") was split into 6 x 600 ml cultures and infected
with 750 pl of baculovirus P2 stock. The cultures were incu-
bated at 28°C and 87 rev min~' until YFP fluorescence was
observed in 95% of the cells (~2-3 days). The supernatant was
harvested by centrifugation at 400g for 15 min at 4°C, followed
by further clearing of debris by centrifugation at 4000g for
60 min at 4°C. DTT and PMSF were added to achieve final
concentrations of 1 and 0.1 mM, respectively.

2.5. Protein purification

The conditioned supernatant was concentrated using a
KrosFlo Research IIi Tangential Flow Filtration System with a
30 kDa mPES hollow-fibre filter module. GBA was purified
using a previously outlined procedure (Sawkar et al., 2006),
with the addition of a size-exclusion step. Recombinant GBA
was extracted from the medium by hydrophobic interaction
chromatography using a TOYOPEARL Butyl-650C column
(Tosoh Bioscience). The column was pre-equilibrated with
1.5 column volumes (CV) of buffer A (20 mM sodium acetate,
150 mM NaCl pH 5.0) and the protein was isocratically eluted
into buffer B [20 mM sodium acetate, 150 mM NaCl, 50%(v/v)
ethylene glycol pH 5.0] over 5 CV. GBA-containing fractions
were pooled, diluted threefold in deionized water and purified
by cation-exchange chromatography using a HiTrap Heparin
Sepharose FF column (GE Healthcare) pre-equilibrated in
buffer A [20 mM sodium acetate, 50 mM NaCl, 20%(v/v)
ethylene glycol pH 5.0]. The protein was eluted with a linear
gradient over 20 CV into buffer B [20 mM sodium acetate, 1 M
NacCl, 20%(v/v) ethylene glycol pH 5.0]. Fractions containing
GBA were pooled, diluted 15-fold in 20% ethylene glycol and
purified by weak cation exchange on a HiTrap CM Sepharose
FF column (GE Healthcare) pre-equilibrated with buffer A
(30 mM sodium citrate, 0.01% Tween 80 pH 5.7). The protein
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Table 1
Macromolecule-production information.

The 5’ end of the forward primer was designed to be complementary to the
melittin signal sequence of the linearized p-OMNI backbone and the 5" end of
the reverse primer was designed to be compl ary to the multi-insertion
site of the linearized p-OMNI backbone (denoted in bold).

Source organism
DNA source

Homo sapiens

GBA-pGEn (DNASU: HsCD00413213;
Moremen et al., 2018)

TACATTAGCTACATTTATGCGGCCCGCCC
CTGCATCCCTAARARAGC

CTAGTACTTCTCGACAAGCTTCTACTGGCG
ACGCCACAGGTAG

pOMNI-derived vector (Sari et al., 2016)

DHI10EMBacY AcNPV-derived vector
(Fitzgerald et al., 2006)

Trichoplusia ni (BTI-Tn-5B1-4, High Five
cells)

ARPCIPKSFGYSSVVCVCNATYCDSFDPPT
FPALGTFSRYESTRSGRRMELSMGPIQA
NHTGTGLLLTLQPEQKFQKVKGFGGAMT
DAAALNILALSPPAQNLLLKSYFSEEGI
GYNIIRVPMASCDFSIRTYTYADTPDFQ
LHNFSLPEEDTKLKIPLIHRALQLAQRP
VSLLASPWTSPTWLKTNGAVNGKGSLKG
QPGDIYHQTWARYFVKFLDAYAEHKLQF
WAVTAENEPSAGLLSGYPFQCLGFTPEH
QRDFIARDLGPTLANSTHHNVRLLMLDD
QRLLLPHWAKVVLTDPEAAKYVHGIAVH
WYLDFLAPAKATLGETHRLFPNTMLFAS
EACGSKFWEQSVRLGSWDRGMQYSHSII
TNLLYHVVGWTDWNLALNPEGGPNWVRN
FVDSPIIVDITKDTFYKQPMFYHLGHFS
KFIPEGSQRVGLVASQKNDLDAVALMHP
DGSAVVVVLNRSSKDVPLTIKDPAVGFL
ETISPGYSIHTYLWRRQ

Forward primer
Reverse primer

Cloning vector
Expression vector

Expression host

Complete amino-acid sequence
of the construct produced

was eluted in a linear gradient over 20 CV into buffer B
(55 mM sodium citrate, 0.01% Tween 80 pH 6.3). GBA-
containing fractions were pooled, concentrated to ~1.5 ml
using a 30 kDa Vivaspin concentrator (GE Healthcare) and
purified using a Superdex S200 16/600 column (GE Health-
care) in SEC buffer (10 mM MES, 100 mM NaCl, 1 mM TCEP
pH 6.5). GBA-containing fractions were concentrated to
~10 mg ml~" using a 30 kDa Vivaspin concentrator. Typical
yields were 13-16.7 mg per preparation (3.6-4.6 mg per litre of
culture medium). Macromolecule-production information is
summarized in Table 1.

2.6. Michaelis—Menten kinetics

Michaelis-Menten kinetics were assayed using the fluoro-
genic substrate 4-methylumbelliferyl-B-p-glucopyranoside
(4-MU-GIc). GBA was prepared at 20 nM in kinetics buffer
[McIlvaine buffer; 150 mM disodium hydrogen phosphate,
citric acid pH 5.2 supplemented with 0.2%(v/v) taurocholate,
0.1% (v/v) Triton X-100 and 0.1%(v/v) bovine serum albumin
(BSA)]. 4-MU-Glc was prepared at 5 mM in kinetics buffer
and diluted twofold to yield solutions at 2.5, 1.25, 0.625, 0.313,
0.156, 0.078 and 0.039 mM. Each substrate solution (25 pl) was
added to the wells of a black 384-well polystyrene plate. GBA
(25 pl, 20 nM) was added to each well to give a final enzyme
concentration of 10 nM and final substrate concentrations of
2.5, 1.25, 0.625, 0.313, 0.156, 0.078, 0.039 and 0.0195 mM.
Activity against 4-MU-Glc was monitored continuously over
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5min at 37°C by measuring the fluorescence of liberated
4-MU (A, = 360-320nnm, A., = 450430 nm) using a
CLARIOstar Plus microplate reader (BMG Labtech). Assays
were performed in quadruplicate for each substrate concen-
tration. A linear calibration was generated by measuring the
fluorescence of the 4-MU product (A., = 360-320 nm, A, =
450-430 nm) prepared at serial dilutions of 125, 62.5, 31.25,
15.63, 7.81, 3.91, 1.95 and 0.98 uM in kinetics buffer. Each
4-MU concentration was measured in quadruplicate.

All data were processed using the Origin graphing software.
Using the 4-MU calibration, the rate of substrate hydrolysis
(V) was determined at each substrate concentration. The rates
(V) were plotted against substrate concentration [S] and fitted
by nonlinear regression to the Michaelis-Menten equation
{rate = Vinax[S])/(Km + [S])} to generate values of K, Vinax and
keat using the relationship kca = Vimax/[Enz].

2.7. Thermal stability

Triplicate 25 pl reactions of 2 pM GBA and 5x SYPRO
Orange dye (Fisher Scientific) were prepared in Mcllvaine
buffer at pH 5.2 and pH 7.0. The Thermofluor assay was
performed using a Stratagene Mx3005P qPCR instrument.
The SYPRO Orange dye was excited at A¢x = 517 nm and the
resulting fluorescence was monitored at A, = 585 nm with a
temperature ramp from 25 to 95°C at a rate of 2°C min .
Data analysis was performed using JTSA (http://paulsbond.-
co.uk/jtsa; Schulz et al., 2013). The average fluorescence was
plotted against temperature and fitted to a sigmoid 5 function
at each pH value. The melting temperature was estimated
from the midpoint of the transition.

2.8. Crystallization

2.8.1. Crystallization of recombinant GBA. Purified GBA
(10 mg ml™") was tested against a range of commercial crys-
tallization screens. An initial hit was found in well H8 of the
PACT premier HT-96 screen from Molecular Dimensions
(Newman et al., 2005) with conditions consisting of 0.2 M
sodium sulfate, 20%(w/v) PEG 3350, 0.1 M bis-Tris propane
pH 8.5. Optimization of the PEG 3350 concentration and the
buffer pH was performed in a 48-well MRC sitting-drop
vapour-diffusion format to yield thin, rod-like crystals at pH 7
and 7.5. Further optimization of the PEG 3350 and protein
concentrations resulted in larger crystals with the same
morphology. The final optimized conditions were 0.3 pl GBA
(10 mg m1™") plus 0.5 pl well solution [0.2 M sodium sulfate,
14% (v/iv) PEG 3350, 0.1 M bis-Tris propane pH 7.0].

2.8.2. Sequential seeding to avoid the presence of bis-Tris
propane in the active site. As bis-Tris propane and related
compounds are glycosidase inhibitors (for a review, see
Roberts & Davies, 2012) that would interfere with soaking
experiments, seeding was used to obtain crystals in non-bis-
Tris propane conditions. Crystals obtained in the presence of
bis-Tris propane were used to generate a concentrated seed
stock according to previously published protocols (Shaw
Stewart et al., 2011). In a 48-well MRC sitting-drop vapour-
diffusion format, dilutions of the concentrated seed stock

(1:100 and 1:1000) were used to screen into PACT premier
HT-96 well H8 conditions in which the bis-Tris propane had
been substituted with HEPES buffer pH 7 and 7.5. Through
optimization of the PEG 3350 concentration, HEPES
concentration, protein volume and seeding ratios, crystals
suitable for generating new seed stocks were obtained using
02 ul GBA (10mgml™") plus 0.2 pl well solution [0.2 M
sodium sulfate, 14% (v/v) PEG 3350, 0.25 M HEPES pH 7.0]
plus 50 nl seed solution (1:1000 dilution). These seed stocks
were used to rescreen previous HEPES-containing conditions
in a 48-well MRC sitting-drop format, resulting in crystals that
were suitable for analysis under the conditions 0.2 upl GBA
(10 mg ml™") plus 0.4 pl well solution [0.2 M sodium sulfate,
14%(v/v) PEG 3350, 0.25 M HEPES pH 7] plus 0.1 pl seed
solution (1:1000 dilution).

2.8.3. Complex with 2-deoxy-2-fluoro-g-p-glucopyrano-
side. 2,4-Dinitrophenyl-2-deoxy-2-fluoro-B-p-glucopyranoside
(2F-DNPGIc) was prepared using well established literature
protocols. Briefly, 3,4,6-tri-O-acetyl glucal was fluorinated
using Selectfluor in acetonitrile/H,O (Burkart et al., 1997) and
was then coupled with 1-fluoro-2,4-dinitrophenylbenzene,
separated and deprotected according to published procedures
(Namchuk et al., 2000). Instead of peracetylation, column
purification, crystallization and anomeric deacetylation to give
3,4,6-Ac-2F-Glc, DNP coupling on the Selectfluor reaction
mixture was performed to yield a mixture of 3,4,6-Ac-DNP-«o/
B-2F-glucoside/mannoside, which were separated using 2:9:9
ethyl acetate:dichloromethane:hexanes as the mobile phase
and recrystallization.

Crystals generated in HEPES conditions following multiple
rounds of seeding were soaked with 2F-DNPGlIc (synthesized
as above) overnight. The crystals were cryoprotected by
soaking in well solution supplemented with 25% ethylene
glycol prior to flash-cooling in liquid nitrogen for data
collection.

2.8.4. Crystallization of unliganded GBA. An initial hit was
also identified in well A5 of the JCSG-plus screen from
Molecular Dimensions (Newman et al., 2005) with conditions
consisting of 0.2 M magnesium formate, 20% (w/v) PEG 3350.
Optimization of the magnesium formate, PEG 3350 and
protein concentrations resulted in larger crystals with the
same morphology. The final optimized conditions were 0.6 pl
GBA (10 mg ml™") plus 0.5 pl well solution [0.2 M magnesium
formate, 19%(v/v) PEG 3350].

2.8.5. Cryoprotection. All crystals were cryoprotected with
well solution supplemented with 25%(v/v) ethylene glycol
prior to flash-cooling in liquid nitrogen for data collection.

2.8.6. Crystallization of Cerezyme. Prior to crystallization,
Cerezyme (a generous gift from Professor Hans Aerts,
Leiden) was deglycosylated with PNGase F (20 pl; New
England Biolabs) for five days at room temperature. The
digested material was purified by size-exclusion chromato-
graphy on a Superdex 75 16/600 column. Crystals were
obtained using hanging-drop vapour diffusion, based on
conditions outlined by Dvir et al. (2003). The drops consisted
of 1pl Cerezyme (9.1 mgml™) and 1ul well solution
consisting of 1.1 M ammonium sulfate, 0.19 M guanidine-HCI,
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Table 2
Crystallization.
PDB entry 6tjk PDB entry 6tjj PDB entry 6tjq PDB entry 6tnl
Method Sitting-drop vapour diffusion Hanging-drop vapour diffusion Sitting-drop vapour diffusion  Sitting-drop vapour diffusion
Plate type MRC Maxi 48-well 24-well XRL MRC Maxi 48-well MRC Maxi 48-well
Temperature (K) 293 293 293 293
Protein concentration (mg ml~") 10 10 10 10
Buffer composition of protein 10 mM MES, 100 mM NaCl, 20 mM MES, 100 mM NaCl 10 mM MES, 150 mM NacCl, 10 mM MES, 100 mM NaCl,
solution 1 mM TCEP pH 6.5 pH 6.5 1 mM TCEP pH 6.5 1 mM TCEP pH 6.5
Composition of reservoir 0.2 M Na,SO,, 14%(v/v) PEG 1.1 M (NH,),SO,, 0.19 M 0.2 M Na,SO,, 14%(v/v) PEG 0.2 M magnesium formate,
solution 3350, 0.1 M bis-Tris propane  guanidine-HCI, 0.04 M KCI, 3350, 0.25 M HEPES pH 7.0  19%(v/v) PEG 3350
pH 7.0 0.1 M sodium acetate pH 4.6
Volume and ratio of drop 0.8 (0.3:0.5) 2 (1:1) 0.7 (0.2:0.4, + 0.1 seed) 1.1 (0.6:0.5)
(protein:well) (ul)
Volume of reservoir (pul) 100 500 100 100
Table 3

Data collection and processing.

Values in parentheses are for the outer resolution shell.

PDB entry 6tjk

PDB entry 6tjj

PDB entry 6tjq

PDB entry 6tnl

Diffraction source
h

Beamline 104, DLS

Beamline 103, DLS

Beamline 104, DLS

Beamline 104-1, DLS

Wavelength (A) 0.9795 0.9763 0.9795 0.9159
Temperature (K) 100 100 100 100

Detector EIGER2 XE 16M EIGER2 XE 16M EIGER2 XE 16M PILATUS 6M-F
Rotation range per image (°) 0.1 0.1 0.1 0.1

Total rotation range (°) 360 360 360 360

Exposure time per image (s) 0.020 0.020 0.010 0.040

Space group P2, 222, P2, P1

a, b, c (A) 52.7,156.2, 68.3 110.1, 285.9, 91.9 53.1,76.4, 682 44.5,46.2, 642
By () 90, 102, 90 90, 90, 90 90, 102, 90 86, 75, 83
Resolution range (A) 66.75-1.56 (1.59-1.56) 77.44-1.59 (1.62-1.59) 52.01-1.41 (1.43-1.41) 31.70-0.98 (1.00-0.98)
Total No. of reflections 637325 (31169) 1531796 (74996) 689440 (33887) 394040 (1815)
No. of unique reflections 147746 (7162) 193710 (9517) 102363 (5031) 208682 (1518)
Completeness (%) 96.8 (94.7) 100 (100) 100 (99.7) 742 (10.9)+
Multiplicity 43 (4.4) 7.9 (1.9) 6.7 (6.7) 1.9 (12)

(llo(I)) 73 (0.7) 72 (05) 7.2 (0.4) 8.7 (1.0)

Ryim. 0.057 (0.90) 0.055 (2.34) 0.056 (1.66) 0.037 (0.49)
CCyp 0.99 (0.34)% 0.99 (0.68) 0.99 (0.36)F 0.99 (0.69)
Overall B factor from Wilson plot (A%) 18 24 18 7

1 The low completeness for the outer resolution shell (also reflected in the overall statistics) for PDB entry 6tn1 reflected integration into the corners of a square detector. § Data with

a low outer bin /o (I) (with a CC,,, of approximately 0.35) were used as they were reflected by improved maps with

0.04 M KCl, 0.1 M sodium acetate pH 4.6. Crystals were
transferred to a lithium sulfate cryoprotectant (0.2 M lithium
sulfate, 0.17 M guanidine-HCI, 0.04 M KCI, 0.1 M sodium
acetate pH 4.6) before flash-cooling in liquid nitrogen.
Crystallization information is summarized in Table 2.

2.9. Data collection, structure solution and refinement

Data for the bis-Tris propane complex were collected on the
104 beamline at the Diamond Light Source (DLS) and were
integrated using the DIALS pipeline in xia2 (Winter, 2010;
Winter et al., 2018). Data reduction was performed using
AIMLESS (Evans, 2006; Evans & Murshudov, 2013) from the
CCP4 suite (Winn et al., 2011) and the data were processed to
a resolution of 1.56 A. Molecular replacement using a
previously obtained structure of Cerezyme (Artola et al.,
2019) as the search model was conducted with Phaser (McCoy
et al., 2007).

Data for the 2F-Glc complex were collected on the 104
beamline at DLS and were integrated using the DIALS
pipeline in xia2. Data reduction was performed in AIMLESS
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ppropriate model- statistics at these resolutions.

and the data were processed to a resolution of 1.41 A. The
structure was solved by molecular replacement with
MOLREP (Vagin & Teplyakov, 2010) using the bis-Tris
propane complex structure obtained in this work as the search
model.

Data for the unliganded crystal were collected on the 104-1
beamline at DLS and were integrated using the autoPROC
pipeline (Vonrhein et al., 2011). Data reduction was performed
in AIMLESS and the data were processed to a resolution of
098 A. Molecular replacement using PDB entry 2ntl
(Lieberman et al., 2007) as the search model was conducted
using MOLREP.

Data for the Cerezyme crystal were collected on the 103
beamline at DLS to 1.71 A resolution and were integrated
using the DIALS pipeline in xia2. The structure was solved by
molecular replacement with MOLREP using PDB entry 2nt0
(Lieberman et al., 2007) as the search model.

Data-collection and processing statistics are summarized in
Table 3.

All structures were refined using REFMAC (Murshudov et
al., 2011) followed by multiple rounds of manual model
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Table 4
Structure solution and refinement.

Values in parentheses are for the outer resolution shell.

PDB entry PDB entry PDB entry PDB entry
6tjk 6tjj 6tjq 6tnl
Resolution range (A)  66.75-1.56  77.44-1.59  52.01-141  31.70-0.98
(1.59-1.56) (1.62-1.59) (1.43-1.41) (1.00-0.98)
Completeness (%) 96.8 (94.7) 100 (100) 100 (99.7)  74.2 (10.9)
Final Ry, 0.17 022 0.18 0.11
Final Rgcc . 0.20 025 0.21 0.13
Cruickshank DPI (A) 0.08 0.09 0.06 0.02
No. of non-H atoms
Protein 7987 8008 4065 4486
Ion - 2 - 8
Ligand 418 242 173 167
Water 907 721 484 709
Total 9312 8973 4722 5370
R.m.s. deviations
Bonds (A) 0.014 0.014 0.013 0.009
Angles (°) 1.80 1.84 1.71 1.61
Average B factors (A?)
Protein 23 34 21 8
Ion - 42 - 16
Ligand 39 67 42 15
Water 35 42 35 29
Ramachandran plot
Most favoured (%) 95 95 95 95
Allowed (%) 4 4 4 4

building with Coot (Emsley et al., 2010). The 0.98 A resolution
unliganded structure was anisotropically refined with multiple
TLS refinement cycles using the automatic REFMAC option.
Idealized coordinate sets and refinement dictionaries for
ligands were generated using AceDRG (Long et al., 2017a,b)
or JLigand (Lebedev et al., 2012). Sugar conformations were
validated using Privateer (Agirre et al., 2015), and MolProbity
(Chen et al., 2010) was used to assess model validity before
deposition in the PDB. Refinement statistics are summarized
in Table 4.

3. Results and discussion
3.1. Recombinant protein production and purification

In an attempt to circumvent the need for ERT sources of
GBA for structural and biochemical studies, we sought to
establish an in-house BEVS expression system for GBA. We
generated a construct in which an N-terminally truncated
GBA gene, lacking its native signal sequence, was used in
conjunction with a honeybee melittin secretion signal
(Soejima et al., 2013; Tessier et al., 1991) to promote the
secretion of recombinant GBA into the medium. High Five
cells were used for the production of recombinant GBA
because they have been reported to be more efficient than Sf9
cells in secreting certain proteins (however, this effect will be
protein-dependent; Wilde et al., 2014).

A recombinant bacmid encoding the N-terminally trun-
cated GBA gene was produced using the established Tn7
transposition method in DHI0EMBacY cells (Bieniossek et al.,
2012; Fitzgerald et al., 2006; Geneva Biotech; Table 1). S{9 cells
were transfected with the recombinant bacmid to generate
recombinant baculovirus encoding the human GBA gene.

Table 5
Kinetic analysis of recombinant GBA and comparison with Cerezyme
and with GBA produced in insect cells by Sawkar et al. (2006).

Recombinant GBAT Cerezymei rhWT-GBAS§
K, (mM) 1.288 + 0.051 1.127 £+ 0.052 —
Vinax (WM min~") 11.74 £ 0.23 2214003 —
Ky (min™") 1174 £ 23 1325 +2 868 + 28

+ Values for recombinant GBA produced in this study. The data shown are the average +
standard deviation of four replicates. # Values reported for Cerezyme (Tekoah er al.,
2013). § ke value for GBA produced in insect cells by Sawkar et al. (2006) determined
by conversion of the reported specific activity.

Functional GBA was subsequently produced in High Five cells
by infection with the recombinant baculovirus, resulting in
secretion of the recombinant product into the cell medium.
GBA was purified from the cell medium in the presence of
Tween 80 detergent according to a previously outlined
procedure (Sawkar et al., 2006), followed by a size-exclusion
step to remove the detergent and yield pure protein suitable
for X-ray crystallography (Fig. 3).

Following purification, a typical yield of 3.6-4.6 mg 1™* was
achieved, generating 13.0-16.7 mg of protein per expression.
This production protocol generates sufficient purified protein
for both biochemical and structural studies. Unfortunately, the
study from which the purification procedure was taken failed
to report a yield for comparison (Sawkar et al., 2006), and only
estimated yields have been provided in the very few studies in
which GBA has been purified (Sinclair et al., 2006). Thus, we
are unable to comment on the expression yield of our GBA
expression system relative to previous studies.

3.2. Biochemical characterization

The biophysical properties of our GBA were investigated to
evaluate whether this recombinant product could be a viable
alternative to ERT formulations for nonclinical academic use.
The kinetics of our GBA were assayed using the fluorogenic
substrate 4-methylumbelliferyl-B-p-glucopyranoside (4-MU-
Glc) and the initial reaction rates were fitted to the Michaelis—
Menten equation (Fig. 44). Our recombinant enzyme
exhibited comparable K, V... and k., values to those
reported for Cerezyme (Tekoah et al, 2013; Table 5),
suggesting that our GBA produced in insect cells exhibits
similar kinetic properties to Cerezyme produced in CHO cells.
Furthermore, the k., of this recombinant enzyme compares
favourably with that of GBA produced in insect cells by
Sawkar et al. (2006) (Table 5), although no K, or V,,,, values
were reported in that study.

The pH-dependent stability of the recombinant protein was
evaluated through a thermal shift assay at pH 5.2 and pH 7.0
(Fig. 4b). Our GBA exhibited optimum stability at pH 5.2
(T = 60°C), as expected for an enzyme which operates in the
acidic environment of the lysosome. This T, compares
favourably with that of Cerezyme (Ben Bdira et al., 2017) and
is 10°C higher than that of GBA produced in insect cells by
Sawkar et al. (2006) (Table 6). The recombinant GBA
demonstrated pH-dependent thermal stability, exhibiting a
6.2°C decrease in Ty, at pH 7.0 compared with pH 5.2. This is
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consistent with the 4°C decrease that has been reported for
Cerezyme (Ben Bdira et al., 2017; Table 6). A decrease in
thermal stability at neutral pH has been supported by
proteolysis studies, in which GBA was found to be resistant to
tryptic digestion at pH 5.2 but not at pH 7.4 (Ben Bdira et al.,
2017). This behaviour is thought to arise from changes in the
native fold of the enzyme at neutral pH. Therefore, our
recombinant protein exhibits the pH-dependent thermal
stability profile expected for GBA. In contrast, pH-dependent
thermal stability was not reported for the GBA formulation
produced by Sawkar et al. (2006).

3.3. Crystallization and structure solution

3.3.1. Structure of GBA in complex with bis-Tris propane.
Crystals of recombinant GBA were initially obtained in well
H8 [0.2 M sodium sulfate, 20% (w/v) PEG 3350, 0.1 M bis-Tris

1. Hydrophobic interaction 2. Ton-exchange

chromatography chromatography
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propane] of the PACT screen (Newman et al., 2005) at pH 8.5.
Further optimization of the buffer pH, the precipitant
concentration and the protein concentration generated crys-
tals at pH 7.0 (Figs. 5a and 5b), at which GBA is more active.
Using 0.2 M sodium sulfate, 14%(v/v) PEG 3500 and 0.1 M
bis-Tris propane (BTP) pH 7.0, GBA crystallized in space
group P2, with two molecules in the asymmetric unit, and the
crystals diffracted to give a 1.56 A resolution data set (PDB
entry 6tjk; Fig. 5¢). Unlike in some earlier studies on GBA, we
did not deglycosylate the GBA prior to crystal screening;
consequently, the resulting structure exhibited visible
N-glycosylation at Asn19, Asn59 and Asn146 in chain A ,and
at Asnl9 and Asnl146 in chain B. In contrast, only glycosyla-
tion at the Asnl9 site had been modelled in a number of
previous studies (Dvir et al., 2003; Liou et al., 2006; Lieberman
et al., 2009). Occupancy of the Asnl9 N-glycosylation site is
known to be vital for GBA activity (Berg-Fussman et al., 1993;
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Purification of recombinant GBA from cell-culture medium with purification chromatograms and SDS-PAGE analyses for each purification step. GBA
(~55 kDa) was extracted from the medium by hydrophobic interaction chromatography followed by two rounds of cation-exchange chromatography
with the addition of Tween 80 detergent. Purification was completed by a size-exclusion step to remove Tween 80.
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(a) Michaelis-Menten kinetic assay of GBA using the fluorogenic substrate 4-MU-Glc. Data are plotted as the average + standard deviation of four
replicates. (b) Heat-induced melting profile of GBA at pH 5.2 and pH 7.0 recorded by thermal shift assay using SYPRO Orange dye.
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Table 6

T values for the thermal denaturation of recombinant GBA, Cerezyme
(Lieberman et al., 2009) and rhWT-GBA produced in insect cells by
Sawkar et al. (2006).

Protein Tn (°C)

Recombinant GBAt 60.0 + 0.2 (pH 5.2) 53.8 + 0.1 (pH 7.0)
thWT-GBA} 49.3 (pH 5.3) 49.2 (pH 7.0)
Cerezyme§ 61 (pH 5.2) 57 (pH 7.4)

T T, values of recombinant GBA produced in this work as determined by a Thermofluor
assay. Data are reported as the average + dard deviation of three repli i T
values of GBA produced in insect cells by Sawkar ez al. (2006) as determined by circular
dichroism (Sawkar er al., 2006). § T, values reported for Cerezyme as determined by
circular dichroism (Ben Bdira er al., 2017).

Grace & Grabowski, 1990), and in this structure the Asn19 site
is occupied by a chitobiose core with a f-1,4-mannose unit in
chain B and an additional a-1,3-mannose unit in chain A. Only
single N-linked GIcNAc residues could be modelled at the
other N-glycosylation sites.

A crystal structure of Cerezyme in space group C222; was
obtained at 1.59 A resolution (PDB entry 6tjj) for comparison
with the structure of our GBA in complex with BTP. The
tertiary structure of our recombinant enzyme is similar to that
of Cerezyme, exhibiting the same three domains as observed
in previous studies. Domain I spans residues 1-27 and 383-
414, forming an antiparallel S-sheet, domain II consists of
residues 30-75 and 431-497, which form an immunoglobulin-

like fold, and domain III comprises a (B/a)s TIM barrel
formed by residues 76-381 and 416430 (Fig. 5d). There is one
amino-acid change at residue 495, which is an arginine in our
recombinant GBA sequence but is a histidine in Cerezyme.
This is a known mutation in Cerezyme, which deviates from
human placental GBA (Wei et al., 2011). Overall, the tertiary
structure of the recombinant GBA produced in this work
compares well with the unliganded structure of Cerezyme
(Fig. 5e), with C* root-mean-square deviations (r.m.s.d.s) of
0.57 A (Q-score of 0.95) and 0.50 A (Q-score of 0.96) for
overlay of the A chains and B chains, respectively. However,
some deviations in the protein backbone were observed in the
flexible loop regions of residues 27-30, 60-64, 319-313 and
395-398. In previously published crystal structures of GBA,
the loops formed by residues 311-319 and 394-399 are present
in multiple conformations, suggesting dynamic flexibility of
these regions. Nevertheless, this structure is also comparable
with the deposited structure of Cerezyme obtained at pH 7.5
(PDB entry 2ntl; Lieberman et al., 2007), with a C* r.m.s.d. of
<061 A (Q-score of >0.94) for all chains.

Unfortunately, a true ligand-free structure was not obtained
owing to the binding of BTP from the crystallization condi-
tions in the active site (Fig. 5d). The binding of BTP to
glycosidases has been observed previously (Thompson et al.,
2012; Roberts & Davies, 2012; Brunzelle et al., 2008) and
results from a superficial similarity between the hydroxylated

Protein (ul) 0.2 0.3 0.4 0.5

0.6 0.7

Figure 5

(a) Optimization of the crystallization pH using bis-Tris propane buffer. (b) Optimization of the protein concentration. (c) Crystal structure of the GBA
dimer obtained at 1.56 A resolution (PDB entry 6tjk). N-Glycans are depicted in glycoblock format (McNicholas & Agirre, 2017). (d) GBA monomer
comprising of three domains: domain I (residues 1-27 and 383-414) is shown in blue, domain II (residues 30-75 and 431-497) in red and domain III
(residues 76-381 and 416-430) in gold. The active site contains bound bis-Tris propane, which forms hydrogen bonds to Trp179, Asn234, Glu235, Glu340,
Trp381 and an ethylene glycol (EDO) cryoprotectant molecule. Electron density is contoured to 1o (0.34 ¢ A~>). () Overlay of recombinant GBA
(gold) obtained at pH 7.0 and Cerezyme (teal) obtained at pH 4.6 (PDB entry 6tjj).
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and positively charged BTP molecule and the oxocarbenium-
ion transition state of glycoside hydrolysis, which is strongly
stabilized by glycosidase enzymes. Although the active site is
occupied by BTP, when aligned with the active site of Cere-
zyme (Fig. 6) it is clear that most active-site residues, including
the catalytic Glu235 (acid/base) and Glu340 (nucleophile),
adopt almost identical conformations. However, Tyr313 is
displaced downwards in the BTP complex, presumably to
avoid clashing with the hydroxyl groups of the BTP molecule.
Attempts to use these crystals for ligand-binding studies by
soaking with other ligands to displace BTP were unsuccessful.
The inability to displace BTP from the active site can be
rationalized by the high concentration of BTP used in the
crystallization conditions (100 mM) and its comparatively
potent ICso (ICso = 4.31 + 0.42mM) against 4-MU-Glc
(Appendix A). Consequently, crystals obtained under BTP-
containing conditions were used for microseeding into
conditions in which BTP was substituted with HEPES buffer
pH 7.0. Following multiple rounds of seeding and optimiza-
tion, crystals suitable for structural studies were generated
using 0.2 M sodium sulfate, 14%(v/v) PEG 3350, 025 M
HEPES pH 7.0 and 0.1 pl seed solution (1:1000 dilution).
3.3.2. Trapped covalent intermediate structure. To
demonstrate the potential of these GBA crystals for use in
structural studies, optimized BTP-free crystals were soaked
with 2.4-dinitrophenyl-2-deoxy-2-fluoro-B-p-glucopyranoside
(2F-DNPGIc) to generate a novel GBA complex structure.
2F-DNPGIc is a well characterized B-glucosidase inhibitor in
which substitution of the C2 hydroxyl group with an electro-
negative F atom destabilizes the oxocarbenium-ion transition
states for both enzyme active-site glycosylation and
deglycosylation (Street et al., 1992; Withers et al., 1988; Fig. 1).
However, the addition of a reactive DNP leaving group to the
aglycone increases the rate of glycosylation, allowing a
trapped enzyme-inhibitor complex to accumulate after

Tyr244

Irpl179

Glu235

Asn234

Aspl27

Ser345

Glu340

Irp381
Figure 6

(a) Active-site overlay of Cerezyme (teal) and recombinant GBA (gold)
with bis-Tris propane occupying the active site (white).
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reaction with the enzyme (Withers et al, 1988). Activated 2-
deoxy-2-fluoroglycosides have been used in combination with
X-ray crystallography to gain mechanistic insights into
retaining glycosidases, with 2-deoxy-2-fluoro-B-p-glucopyr-
anosyl fluoride notably having been used to correct the iden-
tity of the catalytic nucleophile of GBA (Miao et al., 1994), but
no co-crystal complex of GBA with this inhibitor has been
previously reported.

A structure of the 2-deoxy-2-fluoroglucopyranosyl-GBA
intermediate was obtained at 1.41 A resolution (PDB entry
6tjq), showing unambiguous electron density for covalent
binding of the 2-deoxy-2-fluoroglucose moiety to the catalytic
nucleophile, with a covalent bond length of 1.42 A (Fig. 7a).
The glucose-configured ring adopts a *C; chair conformation,
consistent with the conformation of the covalent glycosyl-
enzyme intermediate in the GBA conformational itinerary
(Fig. 1). The bound 2F-glycone moiety also forms hydrogen
bonds to Trpl79, Aspl27, Trpl79, Asn234, Glu340, Trp381,
Asn396 and an ethylene glycol cryoprotectant molecule.
Interestingly, two conformations of the catalytic nucleophile
can be observed (Fig. 7a). We postulate that electrostatic
repulsion between the carboxylate of the catalytic nucleophile
and the C2-linked F atom of the 2F-Glc inactivator enforces a
28° rotation about C” of the nucleophilic residue, resulting in
movement of the O1 atom of the carboxylate residue away
from the C2-linked F atom. Aside from providing a novel

Asn396 &(
g N EDO

+ 7 Glu340
Asn234 (Nuc)

OH O:N. H
NO,
H
HO E—_ H%o
F F
o.
T Y
Nuc Nue
X (b)
Figure 7

(a) Active-site structure of the 2-deoxy-2-fluoro-B-p-glucopyranoside-
GBA covalent intermediate (PDB entry 6tjq). The 2F-Glc moiety is
covalently bound to the catalytic nucleophile (Glu340), which occupies
two conformations. a/b, catalytic acid/base; Nuc, catalytic nucleophile;
EDO, ethylene glycol. Electron density is contoured to 1.1¢ (0.40 e A~3).
(c) Mechanism of the hydrolysis of 2F-DNPGIc by GBA to generate the
covalent glycosyl-enzyme intermediate
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structure in complex with a mechanistically relevant glucosi-
dase inhibitor, this complex demonstrates the ability of our
GBA to be used as an alternative to ERT preparations in the
structure-based development of new inhibitory compounds
for GBA.

3.3.3. Atomic resolution ligand-free structure. Given the
tight binding of BTP in our originally identified GBA crystal
form, we also sought to identify non-BTP-containing crystal-
lization conditions in parallel with our efforts to remove BTP
by microseeding. During initial screening, crystals were also
found under condition A5 [0.2 M magnesium formate,
20% (w/v) PEG 3350] of the JCSG-plus screen (Newman et al.,
2005). Optimized crystals suitable for structural analysis were
obtained using 0.2 M magnesium formate, 19%(v/v) PEG
3350. Subsequently, a 0.98 A resolution unliganded structure
of GBA was obtained (PDB entry 6tnl). Not only is this the
highest resolution structure of GBA deposited to date, it also
exists in a previously unreported crystal form. Previously,

Figure 8

GBA has been crystallized in space groups €222, and P2;;
however, this unliganded structure crystallized in space group
P1. The new structure contains one molecule in the asym-
metric unit, which comprises three noncontiguous domains,
with N-glycosylation at Asn19 and Asn146 (Fig. 8a). Overall,
the three-domain tertiary structure is highly similar to that of
the BTP complex and Cerezyme, with C* r.m.s.d.s of 0.49 A (Q
score of 0.94) and 0.60 A (Q score of 0.94), respectively.
However, some deviations in the protein backbone were
observed in the flexible loop regions consisting of residues 26—
31, 314-319 and 344-350 (Fig. 8b). Despite the sub-Angstrém
resolution, residues 26-31 and 314-319 were challenging to
model, reflecting the flexibility and disorder of these loops,
which has also been observed in previous GBA structures.
Importantly, the active site of this unliganded structure
compares well with the active sites of Cerezyme and the BTP
complex. The majority of active-site residues occupy essen-
tially identical conformations, with the exception of Tyr313,
which restores its ‘upwards’ conformation in the absence of
BTP (Fig. 8c). In fact, Tyr313 appears to be particularly
mobile, occupying a different conformation in each GBA
structure.

The sub—Angstrém resolution of this unliganded structure
permits the first ever atomic resolution analysis of GBA,
uncovering finer details in its structure. For example, two
conformations of the catalytic acid/base residue (Glu235) can
be observed (Fig. 9a). In fact, many alternative side-chain
conformations could be modelled throughout the structure,
providing more detail on side-chain mobility and interactions.
We also observed proton positions for some residues in the
difference electron density, as well as electron delocalization
over carbonyls and double bonds (Figs. 95-9f). We anticipate

Tyr244
Asn396
Aspl27
Trpl79
Glu235
°
Q- '}
" Asn234
Tyr313
Glu340

(©)

(a) Crystal structure of the GBA monomer obtained at 0.98 A resolution (PDB entry 6tn1). Domain I (residues 1-27 and 383-414) is shown in lilac,
domain II (residues 30-75 and 431-497) in orange and domain III (residues 76-381 and 416-430) in blue. N-Glycans are depicted in glycoblock format
(McNicholas & Agirre, 2017). (b) Overlay of the unliganded GBA structure with the BTP-complexed structure (PDB entry 6tjk). Red indicates areas of
high r.m.s.d. between the protein backbones. Loop 1 contains residues 27-31, loop 2 comprises residues 314-319 and loop 3 contains residues 344-350. (c)
Active site of the unliganded GBA crystal structure (blue) overlaid with active-site residues of the BTP-complex structure (gold; PDB entry 6tjk) and
Cerezyme (green; PDB entry 6tjj). A magnesium ion (peach) coordinated by four waters (grey), Glu340 (Nuc) and Glu235 (a/b) occupies the active site.
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Gly360

Figure 9

’ LeulO3

(a) Electron density for active-site residues, including the catalytic nucleophile (Nuc) Glu340 and catalytic acid/base (a/b) Glu235, contoured to 20
(1.0 e A7), (b) Selection of modelled residues with difference electron density [green; contoured to 30 (0.37 ¢ A~?)] highlighting proton positions. (c)-
(f) Modelled residues from domain I of GBA (PDB entry 6tn1) demonstrating atomic resolution (electron density contoured to 3.50 (1.75 ¢ A™%).

that this new crystal form will be utilized in structural studies
to provide atomic resolution analysis of ligand binding and
interactions with GBA.

4. Conclusions

This work describes a detailed approach to the production
of active human GBA in an AcNPV-derived baculoviral
expression system, providing an alternative source to ERT
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formulations. Recombinant GBA was produced and secreted
from baculovirus-transduced insect cells by the action of the
honeybee melittin signal sequence, and was purified with a
typical yield of 3.6-4.6 mg 1™". The recombinant protein was
shown to be active against the artificial substrate 4-methyl-
umbelliferyl-B-p-glucopyranoside (K, = 13mM, k., =
1174 min™") and exhibited optimum thermal stability at pH
5.2 (T, = 60°C), consistent with the biophysical properties of
the commercial ERT Cerezyme. Moreover, our recombinant
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Rate of hydrolysis of 4-MU-Glc at pH 7.0 versus bis-Tris propane
concentration fitted to a four-parameter logistic function to estimate the
ICs of bis-Tris propane.

GBA crystallizes readily and is amenable to structural ligand
binding, as demonstrated by a novel structure in complex with
the glucosidase inhibitor 2,4-dinitrophenyl-2-deoxy-2-fluoro-
B-pD-glucopyranoside. We also identified a novel crystal form
of GBA which diffracts to 0.98 A resolution. This is the highest
resolution structure of GBA deposited to date, permitting
exquisite atomic resolution analysis. Multiple alternative
residue conformations were observed throughout the struc-
ture, including two conformations of the catalytic acid/base
residue. We envision that the BEVS GBA production system
described in this work will alleviate the over-reliance on ERT
formulations, aid in future biochemical studies of GBA and
support structure-guided development of novel GBA ligands.

APPENDIX A
The IC;, of bis-Tris propane

The ICsy of bis-Tris propane was determined using the
fluorogenic substrate 4-methylumbelliferyl-B-p-glucopyrano-
side (4-MU-Glc). GBA was prepared at 58 nM in kinetics
buffer [Mcllvaine buffer; 150 mM disodium hydrogen phos-
phate, citric acid pH 7.0 supplemented with 0.2% (v/v) tauro-
cholate, 0.1%(v/v) Triton X-100 and 0.1%(v/v) bovine serum
albumin (BSA)]. Bis-Tris propane was prepared at 500 mM in
kinetics buffer pH 7.0 and diluted twofold in serial dilutions to
0.488 pM. The solutions (20 pl) were added to the wells of a
black 384-well polystyrene plate followed by the addition of
4-MU-Glc (20 pl) prepared at 4 mM in kinetics buffer. GBA
(5 ul) was added to each well to yield a final enzyme
concentration of 6.5 nM. The activity against 4-MU-Glc was
monitored continuously over 5 min at room temperature by
measuring the fluorescence of liberated 4-MU (A., = 360-
320 nm, Am = 450-430 nm) using a CLARIOstar Plus micro-
plate reader (BMG Labtech). The assays were performed in
quadruplicate for each bis-Tris propane concentration. A

linear calibration was generated by measuring the fluorescence
of the 4-MU product (A, = 360-320 nm, A, = 450-430 nm)
prepared at serial dilutions of 62.5, 31.25, 15.63, 7.81, 3.91 and
1.95 uM in kinetics buffer. The data were processed using the
Origin graphing software. Using the 4-MU calibration, the rate
of substrate hydrolysis (V) was determined at each concen-
tration of bis-Tris propane. The rates (V) were plotted against
the log of the bis-Tris propane concentration and were fitted
by nonlinear regression to the four-parameter logistic function
to determine the ICs, (ICs, = 4.31 £ 0.42 mM, Fig. 10).
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Abstract: Gaucher disease (GD) is a lysosomal storage
disorder caused by inherited deficiencies in B-glucocerebrosi-
dase (GBA). Current treatments require rapid disease diag-
nosis and a means of monitoring therapeutic efficacy, both of
which may be supported by the use of GBA-targeting activity-
based probes (ABPs). Here, we report the synthesis and
structural analysis of a range of cyclophellitol epoxide and
aziridine inhibitors and ABPs for GBA. We demonstrate their
covalent mechanism-based mode of action and uncover
binding of the new N-functionalised aziridines to the ligand

binding cleft. These inhibitors became scaffolds for the
development of ABPs; the O6-fluorescent tags of which bind
in an allosteric site at the dimer interface. Considering GBA's
preference for O6- and N-functionalised reagents, a bi-func-
tional aziridine ABP was synthesized as a potentially more
powerful imaging agent. Whilst this ABP binds to two unique
active site clefts of GBA, no further benefit in potency was
achieved over our first generation ABPs. Nevertheless, such
ABPs should serve useful in the study of GBA in relation to
GD and inform the design of future probes. )

Introduction

Gaucher disease (GD) is the most common lysosomal storage
disorder which is caused by inherited deficiencies in B-
glucocerebrosidase  (glucosylceramidase, GCase, GBA, EC
3.2.1.45). This lysosomal glycoside hydrolase is encoded by the
GBA1 gene' and according to The Human Gene Mutation
Database (www.hgmd.org, Institute of Medical Genetics in
Cardiff¥) over 500 genetic mutations at the GBAT locus are
known. Moreover, mutations in the GBAT gene have recently
been identified as the highest known genetic risk factor for
Parkinson’s disease (PD),*® further intensifying therapeutic
interest in the GBAT gene and enzyme.
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GD is primarily characterized by the cellular accumulation of
glucosylceramide (GlcCer), and its deacylated derivative gluco-
sylsphingosine (GlcSph), as a result of deficient GBA activity.”™
The multisystemic storage of these glycolipids leads to the
clinical symptoms of GD, which can vary considerably in
frequency and severity. Clinical manifestation of GD type 1 and
GD type 2 commonly include skeletal disease and visceral
disease affecting the spleen, kidneys, liver and heart."*"* In
more severe cases (GD type 3), neurological disorders also arise
due to GlcCer deposition in the brain."*'s!

GBA is a 497 amino-acid membrane-associated glycoprotein
belonging to GH30 CAZy family (www.cazy.org) of retaining B-
glucosidases.""™ GBA is primarily responsible for catalyzing the
degradation of GlcCer by hydrolytic cleavage of the p-glucose
moiety from the aglycone to yield free ceramide and
glucose.”"™™® This is achieved with retention of B-anomeric
stereochemistry of the released glucose unit through a Kosh-
land double displacement mechanism using Glu340 as the
catalytic nucleophile and Glu235 as the catalytic acid-base. The
enzymatic nucleophile of GBA was identified (and corrected
from Asp443""%) by the Wither’s lab through covalent-trapping
of the enzyme with a 2-fluoro-2-deoxy glucoside inactivator.””
Given the clinical importance of GBA in both GD and PD, it is
arguably the most widely studied human glucosidase, with
relentless interest in developing novel chaperones, "
inhibitors**” and activity-based probes (ABPs)*** to study
this enzyme in disease pathogenesis, diagnosis and treatment.

The seminal 3D structure of GBA was reported in 2003,
followed by a number of co-crystal complexes with imino-sugar
inhibitors ~ N-butyldeoxynojirimycin ~ and  N-nonyldeoxy-
nojirimycin.®" Later studies have investigated GBA at the 3D
level to obtain insight into GD mutations and potential
molecular chaperone binding motifs.”***' For example, active

© 2021 The Authors. Chemistry - A European Joumnal published by Wiley-VCH GmbH
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site directed quinazoline modulators,*"** competitive 3,4,5,6-

tetra-hydroxyazepane inhibitors®” and uncompetitive pyrrolo
[2,3-b]pyrazines inhibitors“® have recently been reported.
Cyclophellitol, a natural product originally isolated from the
mushroom Phellinus sp.”” is a potent and irreversible B-
glucosidase inhibitor which exhibits considerably improved
selectivity over its close structural homologue conduritol-B-
epoxide (CBE***")."*” Building on this enhanced selectivity, and
with inspiration from the Withers' fluoro-glycosides, ™ we
have developed a range of cyclophellitol-based inhibitors and
ABPs for GBA (Figure 1a,b). Indeed, tagged-cyclophellitol epox-
ides and aziridines provide a powerful activity-based protein
profiling (ABPP) approach to the study of GBA both in situ and
in vitro,**! with potential applications in diagnostics and
therapeutic evaluation. In a previous study, we touched upon
the binding of a O6-adamantane substituted cyclophellitol
inhibitor and a Cy5-tagged cyclophellitol ABP for GBA,?”
however, these structures presented just a fraction of our
structural work on the cyclophellitol-based inactivators. In fact,
most of these inhibitors and their recent ABP iterations have
not been observed on the 3D structure of GBA, hindering a

fundamental understanding of ABP reactivity, specificity and
conformation.

Here, we sought to structurally dissect the binding of
various cyclophellitol-based inhibitors and ABPs with human
GBA, comparing epoxides vs. aziridines (1, 5 vs. 2, 3, 4, 6), gluco-
vs. galacto-configuration (1, 2, 3, 5, 6 vs. 4, 7), aziridine nitrogen
functionalization (3, 6), O6-functionalisation with fluorescent
reporter groups (BODIPY 5 and Cy5 6) and bi-functionalization
at both the O6-position and aziridine nitrogen (6), (Figure 1b,c).
In doing so, we hoped to establish the binding mode of these
inactivators and uncover key mechanistic and structural
information to inform the design of more efficacious probes for
studying human GBA with regards to GD.

Results and Discussion

Tagged cyclophellitol epoxides and aziridines are valuable tools
for studying the activity of retaining glycosidases in a wide
range of applications, from biomedical purposes in human
health and disease®*“® to biotechnology for the study of

(@ -

A
X =NH azindines |
R = reporter

A

N=N
’

R ABPSR= «,L/\)\/

OH

Figure 1. (a) Reaction mechanism of GBA inactivation by irreversible cyclophellitol epoxide and aziridine inhibitors. Panel of (b) cyclophellitol epoxide and
aziridine inhibitors (1-4) and (c) activity-based probes (ABPs) (5-6) structurally investigated in this work. (d) Range of galacto- and gluco-configured

cyclophellitol ABPs (7-9) employed for comparative ABPP studies in this work.
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biomass degrading enzymes*" Here, we report the design,
synthesis and structural analysis of a panel of B-glucose
configured cyclophellitol-based inhibitors and ABPs on the 3D
structure of GBA with supportive ABPP studies (Figure 1).

Unsubstituted cyclophellitol epoxide (1)

A co-crystal structure of recombinant human GBA (rhGBA) in
complex with azide-tagged cyclophellitol 1 was obtained at
1.70 A resolution, revealing classical trans-diaxial ring-opening
of the epoxide warhead to form a covalent enzyme-inhibitor
complex with the enzymatic nucleophile (Glu340), (Figure 2a).
The covalent bond length was measured to be 1.42 A, with the
reacted cyclitol adopting the ‘C, chair conformation. This
enzyme-inhibitor complex is consistent with the B-glucoside
conformational reaction itinerary (which follows a Michaelis
Complex—Transition state” —Covalent Intermediate itinerary of
'S,—'H,—"C) and is consistent with the revised conduritol-B-
epoxide (CBE) complex,‘“] which was corrected from the
originally reported boat conformation**! Additionally, the cyclo-
phellitol moiety forms an extensive hydrogen bonding network
within the active site, making hydrogen bonds with Asp127,
Trp179, Asn234, Tyr313 and Trp381. Whilst electron density for
the C6 azido-tag was weak, likely due to flexibility and disorder,
there was sufficient density to model the azide substituent
extending ‘upwards’ into a relatively spacious cavity at the back
of the active site. An absence of azide electron density for
inhibitor 1 has been reported previously when in complex with
an unrelated bacterial B-glucoside (Thermotoga maritima,
TmGH1).%" In contrast to this bacterial co-complex, the
improved azido-electron density of 1 in complex with rhGBA
reported here provides some insight into the conformation of
the azide-tag, which may serve as a ligation handle for two step
activity-based protein profiling (ABPP)."**' Indeed, further
functionalization of this azide-tag for two-step labelling is
structurally supported by the relatively large open cavity in
which the azide-substituent binds, which would likely accom-
modate larger reporter groups. However, in the case of GBA,
direct one-step ABPs have proved more effective than two-step
strategies for activity-based profiling*®

Unsubstituted cyclophellitol aziridine (2)

Configurationally isomeric cyclophellitol epoxides and aziridines
are often considered interchangeable, although not always
equally potent,m’m as inhibitors of retaining glycosidases.
Therefore, to probe whether this holds true from a mechanistic
inhibition point of view, a crystal structure rhGBA in complex
with cyclophellitol aziridine 2 was obtained at 1.70 A resolution
to enable a detailed comparison with cyclophellitol epoxide 1.

The electron density of the resulting co-crystal structure
unambiguously shows that 2 reacts with the enzymatic
nucleophile of GBA (Glu340) through the aziridine warhead to
form a covalent trans-diaxial ring opened complex which is
essentially identical to reacted cyclophellitol epoxide 1, (Fig-
ure 2b). Indeed, 2 forms a covalent complex in the “C, chair
conformation with a covalent bond length of 1.46 A to Glu340.
The only notable difference between the complex of 2 and 1
lies in their hydrogen bonding networks, where a hydrogen
bond is formed between the O6-hydroxyl of 2 and Asn396, and
the hydrogen bond to Tyr313 is lost, likely due to the
“"downwards” displacement of Tyr313 in complex with 2. The
flexibility of Tyr313 has been reported previously®® and the
“downwards” conformation observed in complex with 2
appears to preclude hydrogen bonding with the ring-opened
aziridine. Instead, the aziridine warhead forms a hydrogen bond
to a nearby water molecule in the active site. Overall, this co-
crystal structure demonstrates the almost identical binding
mode of cyclophellitol epoxides and aziridines, which supports
their interchangeable use in the development of ABPs for GBA.
Indeed, both fluorescently-tagged cyclophellitol epoxides and
aziridines have proved effective, nanomolar probes for GBA
(apparent IC,, of 1.24 nM for BODIPY-functionalized epoxide
compared to IC,, of 1.15nM for BODIPY-functionalized
aziridine®”’), with great potential for the study of GBA in regards
to GD.

N-Acyl cyclophellitol aziridine (3)

One route to modifying cyclophellitol aziridines and facilitating
their conversion to ABPs is functionalization of the aziridine

(a) (b) L 9 (c) %
Asp127 - ,\5..3%‘ Asn39% i’
A e £
»,f)fr‘,_x Y "\(;luzss . \ ‘GIH’RJ
Aspl27. 74 /4 Aspl27 § © B
Glu23s G "4 p Glu23s
Trp179) IRR. . #ﬁ : 3] ¢ 1y Q/‘ "»,/
Ry ! N Tipl79 \ﬁ\ p = Trpl79) w %
5 WIS » \\\ Wi A —
Trp381 U Asn234 ¥ Glu3do \§’=‘ | X \}’ﬂ \\GM
Asn23s  Gluddo Trm3g1t Asn234
Trp381 ¥

Figure 2. Observed electron density for 1, 2 and 3 bound covalently to the catalytic nucleophile (Glu340) of rhGBA through trans-diaxial ring opening of the

epoxide or aziridine warhead. Weak electron density observed for the C6-azide ta

g of 1 but clear density for ring-opened N-acyl aziridine of 3. Maximum-

likelihood/oA weighted (2F~F.) electron density maps contoured to 1.2 o (a=1.30e /A b=1.38e /A’ c=130e /A).
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nitrogen*” Consequently, N-acyl functionalized aziridine 3 was
synthesized and found to be a more potent inhibitor than the
unsubstituted aziridine analogue 2 (apparent IC, of 0.07 uM for
N-acyl 3 compared to the 0.5 uM for unsubstituted 2°”). In light
of this improved potency, we sought to investigate the
structural accommodation of the N-acyl functionalization by
GBA.

A co-crystal structure of rhGBA in complex with 3 was
obtained at 1.76 A resolution to reveal unambiguous electron
density for the reacted cyclitol bound covalently to the
enzymatic nucleophile via trans-diaxial ring opening of the N-
acyl aziridine warhead, (Figure 2c). The cyclophellitol ring
adopts the expected “C, chair conformation in the resulting
complex, with a covalent bond length of 1.42 A to Glu340. This
complex is superimposable with that formed by the unsubsti-
tuted aziridine analogue 2. Importantly, the electron density for
the N-acyl group and subsequent 2-3 carbon tail was sufficient
to model binding of the ring opened N-acyl chain to a narrow
active site cleft flanked by Tyr313 and Glu284. The carbonyl
oxygen of the N-acyl aziridine also forms a hydrogen bond with
GIn284, introducing an additional hydrogen bond to the
cyclophellitol aziridine network. It's possible that binding of this
N-acyl moiety somewhat mimics the binding of one of the two
acyl chains of the natural GlcCer substrate, which may provide a
structural basis for the improved potency reported for N-acyl
aziridines over the unsubstituted aziridine analogue.”™*® Fur-
thermore, N-alkyl functionalized aziridines have also proved to
be potent and selective inhibitors of GBA (apparent ICs, of
0.017 uM for N-alkyl compared to ICy, of 0.07 pM for N-acyl®™),
with improved chemical stability over their N-acyl
equivalents.” This highlights the potential for future inhibitor
and ABP development through N-acylation/alkylation of cyclo-
phellitol aziridines.

O,

R

1

o
“ n b e "
HO,P/;OH e HO‘\“EOTV — R,ﬁ;OTr — u/\H;OTv "
10 MR=I 15 (exo)
;Eu R=Ny
13: R = NH,

Cross-reactivity with galacto-configured aziridines

One issue surrounding ABPs is their occasional cross-reactivity
with related glycosidases. Of note, GBA can be by inhibited
both gluco- and xylo-configured substrates, with demonstrated
activity against 4-methylumbelliferyl-B-xyloside;*” conversely,
galacto-configured cyclophellitol epoxides have proved inactive
against GBA.“" Nevertheless, studies on other glycosidases have
shown that galacto-configured inactivators occasionally bind to
glucosidases. For example, Gloster et al., 2007 reported binding
of TmGH1 B-glucoside to galacto-hydroximolactam.“? There-
fore, whilst we know galacto-configured cyclophellitol epoxides
do not bind GBA, we sought to assess if there is potential for
cross-reactivity with galacto-configured aziridine inhibitor 4 and
ABP 7.

Synthesis of Cy5 Tagged Galacto-Configured Cyclophellitol
Aziridine (7)

B-Galactose-configured cyclophellitol aziridine 4, prepared as
described previously,”” was alkylated with 8-azido-1-iodooc-
tane under basic conditions (Scheme 1). Unfortunately, Cu(l)-
catalyzed azide/alkyne cycloaddition (CuAAC) with Cy5-alkyne
proved abortive and a complex mixture was obtained. In an
attempt to obtain a B-galactosidase ABP, the inverse-electron-
demand Diels-Alder (IEDDA) ligation strategy was investigated
to introduce the fluorophore at the final synthetic step. For this
purpose, norbornene-modified cyclophellitol aziridine 19 was
synthesized and reacted with tetrazine-Cy5 20 to obtain ABP 7.
The synthesis of norbornene-functionalized aziridine started
with monotritylation of 1,6-hexanediol to give 10 followed by
iodination of the primary alcohol with iodine and substitution
with sodium azide to afford 12. Reduction of azide 12 using
triphenylphosphine on beads gave amine 13. Norbornene-OSu
ester 14 was obtained according to the literature procedure®”
as a mixture of endo- and exo-isomers. This mixture was

0 0

't L~ oH K~

ol = e - e
16 (endo) 18

17 (endo)

Scheme 1. Synthesis of ABP 7. Reagents and conditions: a) TrCl, pyridine, CHLI ,, rt, 90 min, 95 %; b) imidazole, PPh,, 1,, Et,O, CH N, rt, overnight, 80%; c)
NaN, DMF, 80 “C, overnight, quant; d) polymer-bound PPh,, H,0, THF, 48 h, quant; e) norbornene-OSu, DIPEA, DCE, rt, overnight, 15: 289, 16: 68%; f) p-
toluenesulfonic acid, CH,Cl, MeOH, rt, overnight, 86%; g) PPh,, |, imidazole, THF, reflux, 1.5 h, 73%; h) 18, K,CO , DMF, 75" C, overnight, 12%; i) Cy5 tetrazine

20, MeOH, overnight, 87 %.
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condensed with amine 13 resulting in a mixture of norbornene-
trityl products (exo/endo, 1:2.3), which were easily separated by
silica gel column chromatography. Deprotection of endo-
product 16 under acidic conditions gave alcohol 17 in 86%
yield. Treatment of 17 with triphenylphosphine, iodine and
imidazole at elevated temperatures in tetrahydrofuran. afforded
iodonorbornene 18. Cyclophellitol aziridine 7 was then N-
alkylated with iodonorbornene linker 18 using potassium
carbonate as base in DMF. Subsequent ligation®®’ with Cy5
tetrazine 19 gave ABP 7 as mixture of isomers.

In-solution labelling of rhGBA by galacto-configured
cyclophellitol aziridine ABP 7

To rapidly investigate for cross-reactivity with galacto-config-
ured cyclophellitol aziridines, time-dependent labelling assays
of rhGBA with galacto-configured Cy5-tagged aziridine ABP 7
were performed (Figure 3).

To our surprise, ABP 7 (150 nM) rapidly labelled rhGBA
within 2 minutes and reached saturation within 30-minutes
(Figure 3). In comparison, labelling by gluco-configured ABP 8
(150 nM) achieved saturation within 2 minutes (Figure 3). Whilst
galacto-configured ABP 7 is slower to label rhGBA compared to
gluco-configured ABP 8, this simple labelling assay demon-
strates the cross-reactivity potential of B-galacto-configured
aziridine ABPs with GBA and suggests that such ABPs should be
carefully analysed for cross reactivity before interpretation
in vivo. However, it should also be noted that broad spectrum
ABPs have proved useful in enzyme and inhibitor discovery,
illustrating that not all ABPs need to be highly specific.”®
Nevertheless, it is important to establish the reactivity and
binding of such ABPs to understand their limitations and
identify areas for future improvements. Therefore, cross-
reactivity data such as this are important in guiding the
selection of ABPs for a desired application.

ABP 7 ABP 8

M Time / mins M Time / mins M

kDa 2 5 10 30 60 D _kba 2 5 10 30 60 D kDa _
100
70
55 e ———— - o e w» 4GBA
40
35
25

Figure 3. Time dependent labelling of rhGBA (700 nM) by Cy5-tagged
galacto-ABP 7 (150 nM) after 2, 5, 10, 30 and 60 mins showing that labelling
reaches saturation at 30 mins. In comparison, labelling by Cy5-tagged gluco-
ABP 8 (150 nM) reaches saturation in 2mins. D=denatured protein sample
demonstrating there is no unspecific labelling with inactive rhGBA. ABP
labelled rhGBA (60 kDa) visualized by Cy5 fluorescent readout.
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Galacto-configured cyclophellitol aziridine (4)

To further understand the binding of galacto-configured cyclo-
phellitol aziridines with rhGBA, a co-crystal structure with
galacto-configured 4 was obtained at 1.80 A. The resulting
complex revealed that 4 covalently modifies the catalytic
nucleophile of GBA in an almost identical fashion to gluco-
configured reagents 1 and 2. Specifically, 4 reacts with Glu340
via trans-diaxial ring opening of the aziridine trap to form a
covalent complex in the *C, conformation with a bond length
of 1.45 A (Figure 4a). The key difference between this galacto-
configured complex and the gluco-configured analogues is the
axial conformation of the O4 hydroxyl, which is still able to
form a hydrogen bond with Asp127. Indeed, the hydrogen
bonding network of 4 is very similar to that of gluco-configured
1 and 2, with both 03 and 04 able to form hydrogen bonds to
Asp127 regardless of whether the sugar is gluco- or galacto-
configured. The only notable difference is the absence of a
hydrogen bond between the 04 hydroxyl and Trp381, presum-
ably owing to its axial conformation.

This led us to ponder why galacto-aziridines appear to be
reasonably potent inhibitors of GBA whereas the equivalent O6-
modified galacto-epoxides are essentially unreactive (as re-
ported by Marques et al., 2017). Overlay of galacto-aziridine 4
and gluco-epoxide 1 provides an immediate clue: the 06
hydroxyl of galacto-aziridine 4 has rotated such that it points
‘downwards’, perhaps to avoid steric clash with the axial
galacto-O4, (Figure 4b). Thus, one possible explanation for the
cross-reactivity of galacto-aziridines but not O6-substituted
galacto-epoxides, is the requirement to displace the O6-
hydroxyl for covalent binding which would not be possible
were the O6-substituted. Therefore, it appears that the place-
ment of the reporter group is important in controlling the
selectivity and cross-reactivity of cyclophellitol-based ABPs. In
combination with the ABP labelling assays of rhGBA, this co-
crystal structure serves as a caution when assuming similar
configurational specificity of cyclophellitol epoxides and azir-
idines, which evidently does not always translate to similar
glycosidase specificity.

A » e ‘

Asp127 ¥ N Glu23s Glu23s
A Y
¥ " . T 2
Trp179) 23 L
\\’ Asn234 \
Glu34o

Glu340

Figure 4. (a) Observed electron density for galacto-configured aziridine 4
bound covalently to the catalytic nucleophile (Glu340) of rhGBA through
trans-diaxial ring opening of the aziridine warhead. Maximum-likelihood/cA
weighted (2F -F ) electron density map contoured to 1.2 ¢ (1.31e /A?) (b)
Overlay of galacto- configured aziridine 4 (teal) and gluco-configured azide-
tagged epoxide 1 (grey) demonstrating rotation of the 06 hydroxyl of 4.
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BODIPY-tagged cyclophellitol epoxide (5) in complex with
GBA inactivated with N-acyl aziridine (3)

In addition to a previously reported structure of rhGBA in
complex with the 06 Cy5 tagged cyclophellitol epoxide ABP
9,/%" a serendipitous co-complex of O6- BODIPY tagged ABP 5
and N-acyl aziridine 3 was obtained in this study by accidental
soaking of rhGBA crystals in complex N-acyl aziridine 3 with
additional ABP 5. In the resulting co-complex, clear electron
density was observed for 3 bound covalently to Glu340, with its
ring-opened N-acyl chain bound in the narrow active site cavity
flanked by GIn283 and Tyr313 (Figure 5a). Additionally, un-
ambiguous electron density for an intact molecule of ABP 5 was
observed, allowing the full ABP to be modelled at the surface of
molecule A of the crystallographic dimer, (Figure 5b). Specifi-
cally, the BODIPY tag binds at the dimer interface in a
hydrophobic cavity formed by Leu241, Tyr244, Pro245, Phe246
and Tyr313, which we reported previously to accommodate the
Cy5 tag of ABP 9.%” The unreacted cyclophellitol of 5 sits
exposed at the surface of the protein, making no hydrogen
bonding interactions with the enzyme; however, the hydro-
phobic face of the cyclophellitol unit lies above the exposed

‘ _.\lﬁ.:xa \

Ay
Gl

Figure 5. (a) Observed electron density for binding of N-acyl aziridine 3 in
the active site of rhGBA and intact BODIPY-tagged ABP 5 at dimer interface.
Maximum-likelihood/oA weighted (2F~F ) electron density map contoured
to 1.0 0 (a=1.29 e /A (b) Ribbon diagram of rhGBA dimer shows binding
of ABP 5 in a hydrophobic cavity at the dimer interface (red surface), with N-
acyl 3 bound in the active site (blue surface).
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side chain of Leu241 (Figure 5a). Whilst the binding of ABP 5
could be considered artefactual, it is notable that very simple
torsional rotation of the linker allows the linker and cyclo-
phellitol unit to be placed in the active site, putting the epoxide
warhead in perfect super-position with the trapped aziridine
without any movement of the BODIPY group itself. In combina-
tion with the previously reported structure of rhGBA in complex
with a Cy5 tagged ABP 9,%” this ABP 5 co-complex provides
further evidence for a unique binding mode of this hydrophobic
cavity, which has recently been exploited for the binding of a
novel class of pyrrozopyrazine activators with chaperoning
potential.*®

GBA is notable for its tolerance, indeed preference, for O6-
substituted reagents which exhibit increased specificity for GBA
over other B-glucosidases, including non-lysosomal GBA (GBA2)
and generic GH1 B-glucosidases.”” GBA also favours imino-
sugar inhibitors and cyclophellitol aziridines extended at the
aziridine nitrogen position. Considering these preferences and
the structural information provided by the co-complex of 3 and
5, we suggested that binding of the O6-substituent and
aziridine N-functionalization are structurally exclusive and may
reflect the enzymes specificity for a lipid substrate with two acyl
tails. This led us to ponder whether a new generation of bi-
functional aziridine ABPs, which are functionalised at the 06-
position and aziridine nitrogen, may exhibit further improve-
ments in potency and selectivity for GBA. Consequently, the
06 Cy5 tagged N-octyl bifunctional aziridine ABP 6 was
synthesised and its GBA activity and selectivity were compared
to the parent Cy5 tagged cyclophellitol aziridine ABP 8 and
cyclophellitol epoxide ABP 9.

Cy5 Tagged Bi-Functional Cyclophellitol Aziridine (6)

Synthesis of Cy5 and N-octyl bifunctional cyclophellitol
aziridine (6)

In this work, we developed a new synthetic route towards 6-
azido octyl aziridine 27 following a key 2-napthylmethyl ether
(Nap) protecting group strategy (Scheme 2). Briefly, starting
intermediate 21 was synthesized in nine steps from D-xylose
based on chemistry developed by Madsen and co-workers.*"%!
Benzyl deprotection was not compatible with the required
azide functionality and electrophilic aziridine, therefore, deben-
zylation of 21 with boron trichloride (BCl,) and selective
tritylation of the primary alcohol afforded intermediate 22. The
secondary alcohols were protected as Nap ethers followed by
detritylation of the primary alcohol to afford 23. Treatment of
23 with trichloroacetonitrile yielded a primary imidate inter-
mediate, which was treated with N-iodosuccinimide (NIS) to
stereospecifically afford the cyclic imidate 24. Acidolysis and
base treatment of 24 resulted in the formation of a free
aziridine, which was then alkylated with an octyl linker to form
compound 25. Tosylation of the primary alcohol of 25 followed
by azide substitution resulted in 26. Napthylmethyl ethers were
then removed by DDQ to afford compound 27, which was
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Scheme 2. Synthesis of ABP 6. Reagents and conditions: a) i) BCl,, DCM, - 78°C, 2 h; ii) TrCl, Et,N, DMAP, DMF, rt, 19 h, 30% over two steps; b) i) NapBr, NaH,
TBAI, DMF, 0°C-rt, 5 h; ii) TSOH, DCM/MeOH (1/1), rt, overnight, 73% over two steps; ¢) CI.CCN, DBU, DCM, rt, overnight; d) NIS, CHCl,, rt, 17 h, 40% over two
steps; e) /) HCl, DCM/MeOH (1/1), rt, overnight, then Amberlite IRA-67, 20 h; ii) 1-iodooctane, KO , DMF, 80°C, 16 h, 35% over two steps; f) /) TsCl, Et,N, 1-

methyl imidazole, DCM, rt, 28 h; ii) NaN,, DMF, 50 °C, 40 h, 68 % over two steps; g) DDQ, DCM/H ,0 (10/1), rt, 24 h, 66%; h) Cy5-alkyne, CuSO,, NaAsc, DMF, rt,

overnight, 30%.

finally coupled with Cy5 using click chemistry to yield ABP 6
(Scheme 2).

Cy5-tagged bifunctional cyclophellitol aziridine (6)

To investigate the accommodation of the two functionalities of
ABP 6 by GBA, a co-crystal structure in complex with bi-
functional ABP 6 was obtained at 1.80 A resolution, demonstrat-
ing covalent binding of the cyclophellitol aziridine to the
catalytic nucleophile of GBA (Figure 6a). Specifically, the reacted
cyclophellitol adopts the expected “C, chair conformation, with
a covalent bond length of 147 A to Glu340. Furthermore,
unambiguous electron density for the ring opened N-alkyl
aziridine warhead was observed, allowing the first 5 carbons of
the N-octyl chain to be modelled. This was sufficient to
establish binding of the N-alkyl chain to the narrow active site
channel formed by GIn284, Tyr313, Lys346 and Trp348, which is
consistent with the complex of N-acyl aziridine 3. In fact, the N-
alkyl chain of ABP 6 extends through this pocket towards the
surface of the protein, which may provide some indication into
the binding of the fatty acid portion of the natural GlcCer
substrate which is thought to project out from the protein and
interact with the lipid bilayer.*” Unfortunately, whilst sufficient
electron density for the O6-triazole linker and subsequent
amide group was observed, the Cy5 tag could not be modelled.
Nevertheless, the O6-triazole linker was found to bind in the
hydrophobic cavity formed by Trp348, Phe246 and Tyr313,
which we reported previously to accommodate the triazole
linker of ABP 97 Additionally, this binding cavity extends
towards the broader hydrophobic allosteric site at the dimer
interface where we reported the BODIPY tag of ABP 5 to bind.
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Figure 6. (a) Observed electron density for ABP 6 bound covalently to the
catalytic nucleophile (Glu340) of rhGBA by trans-diaxial ring opening of the
N-alkyl aziridine warhead. Maximum-likelihood/cA weighted (2F_-F) elec-
tron density map contoured to 1.0 o (a=1.31e /AY). (b) Labehng of rhGBA
(200 nM) with decreasing concentrations of ABP 6 or ABP 9 (150-0.001 nM)
at 37 °C for 30 mins followed SDS-PAGE separation. (c) Incubation of ABP 6
or ABP 9 (150 nM) with decreasing concentrations of rhGBA (500-0.01 nM)
followed by SDS-PAGE analysis. Fluorescently labelled rhGBA visualized by
Cys5 fluorescent readout. D =denatured protein sample.
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Activity-based labelling of rhGBA with ABP 6and ABP 9

Activity-based labelling of rhGBA (produced in an insect-
baculovirus expression vector system®®) with bi-functional ABP
6 was performed and compared to labelling by its mono-
functionalized epoxide derivative ABP 9. Firstly, in solution
labelling of excess but constant rhGBA (200 nM) was performed
in the presence of decreasing ABP concentration (150-
0.001 nM), demonstrating clear concentration dependent label-
ling with a gel-detection limit of 1 nM for ABP 6 and 0.1 nM for
ABP 9 (Figure 6b). Secondly, labelling assays in which ABP 6 and
ABP 9 (150 nM) were incubated with decreasing rhGBA
concentrations (500-0.01 nM) were performed to further dem-
onstrate the concentration dependent labelling down to 1 nM
rhGBA with ABP 6 and 0.1 nM rhGBA with ABP 9, (Figure 6c).
These in gel detection limits are concordant across both assays
and demonstrate that ABP 9 exhibits ca. 10-fold increase in

potency.

In vitro activity and selectivity of Cy5 biofunctionalized
cyclophellitol aziridine ABP 6

To further investigate the potency and selectivity of ABP 6,
in vitro activity assays against GBA and two other related B- and
a-glucosidases (GBA2 and GAA) were performed and compared
to ABP 9.

ABP 6 and ABP 9 were pre-incubated with recombinant
human GBA (rhGBA, Imiglucerase), human GBA2 (from lysates
of GBA2 overexpressed cells) and recombinant human GAA
(rhGAA, Myozyme) for 3 hr followed by enzymatic activity
measurement using 4-methylumbelliferyl-B- and «-glucosides
as fluorogenic substrates. As shown in Table 1, ABP 6 proved to
be a nanomolar inhibitor of GBA (with an apparent IC,, value of
53 nM) and is inactive toward GBA2 and GAA (apparent ICs
values >100 uM), thus exhibiting comparable selective inhib-
ition of GBA (IC,, ratio > 10°*for both GBA2/GBA and GAA/GBA)
as we reported previously for ABP 91"

We next investigated their labeling efficiency and selectivity
toward GBA in mouse brain lysate at pH 5.2 (containing 0.2%
taurocholate and 0.1% Triton-100) and pH 5.8 as respective
optimal conditions for GBA and GBA2 activities (Figure 7). As
expected, ABP 6 and 9 selectively labeled GBA in a concen-
tration-dependent manner under pH 5.2 (upper panels), with
significant labeling observed at 10 nM ABP. Under pH 5.8 (lower
panels), the labeling efficiency of both ABPs towards GBA
decreased and significant labeling can only be observed at

Table 1. Apparent IC,, values for in vitro inhibition of rhGBA, rhGAA and
GBA2 from overexpressed cell lysates by ABP 6 and 9. Error ranges depict
standard deviations from technical duplicates.

Compound  In vitro thGBA  In vitro GBA2 In vitro rhGAA
IC,, (nM) (HEK293T lysate) IC ,, (nM)  IC,, (nM)
ABP 6 53.1£265 >10° >10°
ABP 9" 3.20+0.17 412x10°+ >10°
10.1x10°
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Figure 7. Fluorescent labeling of mouse brain lysate (25 pg total protein)
with different concentrations of bi-functional ABP 6 and mono-functional
ABP 9 at pH 5.2 (upper panels) or pH 5.8 (lower panels) after incubation for
30 min at 37 °C. Labeling by broad-spectrum B-glucosidase ABP 8 is shown
for comparison (100 nM, pH 5.2 or pH 5.8, 30 min, 37 “C).

1000 nM (ABP 6) or 300 nM (ABP 9). Importantly, no labelling of
GBA2 was observed up to 1000 nM, showing good GBA
selectivity. For comparison, broad-spectrum B-glucosidase ABP
8 efficiently labelled both GBA and GBA2 at 100 nM under both
pHs.

In situ labeling of GBA and GBAZ2 in living cells by ABP 6, 8and
9

To further evaluate the selectivity of ABP 6, 8 and 9, in situ
labeling of GBA and GBA2 in living cells were investigated.
HEK293T cells containing endogenous GBA and overexpressed
GBA2 were treated with the ABPs at different concentrations
(1-1000 nM) for 24 hr. Cells were then washed, lysed and the
fluorescence was visualized by gel-based ABPP (Figure 8). Treat-
ment with broad spectrum ABP 8 resulted in unbiased labeling
of GBA and GBA2 at 10 nM, with labeling of both enzymes
reaching saturation at 100 nM after 24 h incubation. In compar-
ison, selective labeling of GBA in ABP 6 treated cells was
observed at 10 nM, with some GBA2 labelling observed at
higher probe concentrations (100 nM). More selective labeling

ABP 8 ABP 6 ABP 9
T M/ ] M/ [aM] M/
1000 200 100 10 1 kD 1000 200 100 10 1 kDa 1000 200 100 10 1 kDa

GBAL > w— o 100

GBA ~

Cy5 fluor CyS fluor. €y fluoe
88 €88

Figure 8. In situ labeling of GBA and GBA2 in HEK293T cells with ABP 6, ABP
8 and ABP 9 at varying concentrations at 37 °C for 24 h, followed by SDS-
PAGE separation and fluorescent readout (top panel). CBB, Coomassie
Brilliant Blue staining (bottom panel).
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of GBA was achieved with ABP 9, which did not label GBA2
even at the highest concentration of probe applied (1000 nM).

Therefore, despite demonstrating that the O6- and aziridine
nitrogen substituents of ABP 6 are structurally exclusive and are
accommodated by GBA in two unique active site clefts, ABP 6
exhibits no further improvements in potency or selectivity for
GBA over the 06 mono-functionalized ABPs. Nevertheless, this
bi-functional ABP remains a nanomolar inhibitor of GBA which
provides future opportunities for ABP development through
modification of both the O6- and aziridine nitrogen substitu-
ents. This work also exemplifies the complexity of ABP develop-
ment.

Conclusion

Tagged cyclophellitols offer a powerful activity-based protein
profiling approach for the visualization and quantification of
specific enzymatic activities. Here, we report the design,
synthesis, and structural analysis of a range of cyclophellitol
epoxide and aziridine inactivators and activity-based probes
(ABPs) for human B-glucocerebrosidase (GBA). These studies
not only demonstrate the mechanism-based mode of action of
these compounds as covalent inactivators, but also highlight
binding of N-functionalized aziridines to the active site cleft.
The cyclophellitol-based inhibitors subsequently served as
scaffolds for the development of ABPs; the O6-fluorescent tags
of which bind to an allosteric site at the dimer interface. In light
of the accommodation of N-functionalized aziridines and O6-
substituents by GBA, we synthesized a bi-functional 06 Cy5 N-
octyl aziridine ABP which we hoped would offer a more
powerful imaging agent. Whilst we structurally validated that
the O6- and aziridine functionalities are structurally exclusive
and bind in two distinct active site clefts, this bi-functional ABP
showed no benefit in potency or selectivity over the mono-
functionalized ABPs. Nevertheless, this study provides funda-
mental insight into ABP reactivity, specificity, and conformation
with a tale of caution on ABP cross-reactivity when assuming
similar glycosidase specificity of configurationally isomeric
cyclophellitol epoxides and aziridines. We envisage these
inhibitors and ABPs will serve useful in the study of GBA in
relation to Gaucher Disease and inform the design of next-
generation inhibitors and probes.

Experimental Section

Synthesis: General experimental details

General synthetic details can be found in the Supporting
Information (page 3).

Experimental procedures and characterization data of
products

Inhibitors 1,7 2% 35" 4% and ABPs 5% and 8% were
synthesized according to previously published procedures and their
spectroscopic data are in agreement with those reported pre-
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viously. ABPs 6 and 7 were synthesised and characterised according
to the procedures outlined in the Supporting Information (pages 3-
7).

Biochemical methods: General experimental details

Recombinant human GBA (rhGBA, imiglucerase, Cerezyme®) and
GAA (rhGAA, alglucosidase alfa, Myozyme) were obtained from
Sanofi Genzyme (Cambridge, MA, USA). rhGBA was also produced
in an insect-baculovirus expression vector system (BEVS) and
purified according to previously published procedures.”® Other
general biochemical details can be found in the Supporting
Information (page 7).

In vitro activity of ABP 6 on rhGBA, GBA2 and rhGAA

In vitro apparent IC;, measurements of ABP 6 with rhGBA and
rhGAA were determined using the fluorogenic substrate methods
described previously.?” For in vitro apparent IC, measurements of
GBA2, 8 volumes of cell lysates (4 pg total protein/ul) containing
overexpressed human GBA2 were firstly pre-incubated with 1 vol-
ume of MDW941 (100 nM final concentration, 0.5% (v/v DMSQ)) for
30 min at 37°C to selectively inhibit GBA activity. Lysates were then
incubated with 1 volume of ABP 6 at various concentrations for 3 h
at 37°C, before subsequent enzymatic assay for GBA2 activity as
described earlier.””* All assays were performed in duplicate sets,
each with 3 technical replicates at each inhibitor concentration.
DMSO concentration was kept at 0.5%-1% (v/v) in all assays during
incubation with compounds. In vitro apparent IC., values were
calculated by fitting data with [inhibitor] vs. response-various slope
(four parameters) function using Graphpad Prism 7.0 software.
Average values and standard deviations were calculated from the
two sets.

Time-dependent labelling assays of rhGBA with galacto-ABP
7 and gluco-ABP 8

rhGBA produced in BEVS"* was prepared at 700 nM in 150 mM
Mcllvaine buffer pH5.2 (containing 0.1% (v/v) Triton X-100 and
0.2% (w/v) sodium taurocholate) and ABP 7 or ABP 8 were added
to 150 nM. The reactions were incubated at 37°C and aliquots were
taken at 2, 5, 10, 30 and 60 mins. The aliquots were immediately
denatured with Laemmli (x3) sample buffer by heating at 95 C for
5 minutes. The samples were resolved by electrophoresis in 10%
SDS-PAGE gels, running at 200V for ~50 minutes. Wet slab gels
were scanned on fluorescence using an AmershamTyphoon 5
Imager (GE Healthcare) with A 635 nm; k,, >665 nm.

Titration of ABP 6 and ABP 9with rhGBA

rhGBA produced in BEVS®® was diluted to 200 nM in 150 mM
Mcllvaine buffer pH5.2 (containing 0.1% (v/v) Triton X-100 and
0.2% (w/v) sodium taurocholate) and ABP 6 or ABP 9 were added
to 150, 100, 50, 10, 1, 0.1, 0.01 or 0.001 nM final concentration. The
reactions were incubated at 37 °C for 30 mins and denatured with
Laemmli (x3) sample buffer at 95°C for 5 minutes. The samples
were resolved by electrophoresis in 10% SDS-PAGE gels, running at
200V for ~50 minutes. Wet slab gels were scanned on fluorescence
using an Amersham Typhoon 5 Imager (GE Healthcare) with Ay
635 nm; hyy, > 665 nm.
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LacCer Lactosylceramide

LAMP Lysosome associated membrane protein
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mg Milligram
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MS Mass spectrometry
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PAGE Polyacrylamide gel electrophoresis
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