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Abstract

o-Retaining glycosidases are a class of hydrolytic enzymes that cleave o-
glycosidic linkages with net retention of configuration at the anomeric center. The finer
details of the mechanisms of two such enzymes, Golgi a--mannosidase II and human
pancreatic o-amylase, were investigated in order to gain better undergtanding of this class
of enzymes.

a-Retaining mannosidases, like all other retaining glycosidases, employ a double
displacement mechanism in which a transient glycosyl-enzyme intermediate is formed. In
order to isolate or “trap” this key intermediate, two active site probes were synthesized
for family 38 a-mannosidases. Both 5-fluoro-B-L-gulosy! fluoride and 2-deoxy-2-fluoro-
o-D-mannosyl-fluoride were shown to be poor substrates for Golgi a-mannosidase II at
room temperature. In both cases, by lowering the temperature, the lifetime of the
intermediate increased so that the species was experimentally observable. Structural
studies using X-ray crystallography showed that in both cases, the intermediate sugars
adopted a 'S5 skew boat conformation, suggesting thth the intermediate formed during the
hydrolysis of the natural substrate also adopts this conformation. This suggests that
intermediate distortion is an important part of the catalytic mechanism in o-glycosidases.

o-Amylases are a family of a-retaining glycosidases involved in glucose polymer
digestion. Several members of this family are activated in the presence of chloride ion.
To investigate the mechanism of this phenomenon, a series of mutations were made to

the residues constituting the chloride ion-binding site in human pancreatic o-amylase

(HPA). Kinetic analysis of the resultant mutants showed that one of these residues,




| .
‘ Arg337, in the absence of chloride, effectively inhibits the enzyme by modulating the pK,
of the acid/base catalyst. The chloride ion activates HPA by relieving this inhibition
through charge shielding. Upon mutation of this residue, the mutant HPA became a
chloride-independent enzyme with full catalytic activity.
Using a novel substrate, 2,4-dinitrophenyl o-maltotrioside, a nevs; rapid screen
| was developed to.identify potential HPA inhibitors. Using this screen, D-
gluconohydroximino-1,5-lactam (GHIL) was determined to be a potential HPA inhibitor.
Kinetic analysis of this compound showed that GHIL is a poor inhibito_f of HPA with a K;
value of 11 mM. However, in the presence of substrate, HPA will take this compound

and modify it to create a more potent inhibitor ir situ. This modification is most likely the

result of a transglycosylation of the substrate to the inhibitor.

-ii-




Table of contents

ADSITACE ..ottt ettt ettt et s s bt s e s s R e e e e ena e s e r e e ernean i
Table Of CONENLS......cc.oiiiii et s s iii
LSt OF fIZUIES ....eivii ittt ettt et e e s sr e b e sn s s bassbasar e vii
LSt OF tabIeS...c.eiieie e e ix
List 0f SChemes .......cccoviiriiiiininiiiccrcerrecccecee eetreree ettt ettt ne et eaees ix
List Of @bBIeVIatiONS .....c..vveiiiiiireeriee ettt ettt s et ee s e e sm e e e e enanae s s sasessanns X
List of @bBreviations ......ccooiiiiiiiiiiiceie ettt bt e X
ACKNOWIEAZIMENTS. .....coiiiiiiiiiiiii ettt ettt st xiii
Chapter 1 INtrOdUCTION .....cocoiuiiiiiiiieieiii it ettt st 1
1.1 GIYCOSIAASES ...eeniiieieiieie ettt ettt e b 3
1.2 Catalytic mechanism of glycosidases ..........cocceereviniiniiiniiiiiiiiiiiie s 6
1.3 Mechanism of inverting glycosidases.........cccvuiieiriimeiereecrieececii e 6
1.4 Mechanism of retaining glycoSidases .......cccccevrirerrerntinrieriiiciiiis e 7
1.5 Detailed mechanistic studies of B-glycosidases. .......ccocvovrveerirrinecirccnrcniccreeerenees 8
1.5.1 The catalytic nUCIECOPhIle .......ccvieiiiicccie e 10
1.5.2 The oxocarbenium ion-like transition state..........c.c.cceeveriveiveiiinninininnnini, 11

1.5.3 The general acid/base catalyst ..........ccccooiiiiiiiiiiiiniiiii e 13
1.5.4 The covalent intermediate............ccceereeiiiiriiniienene et 18

1.5.5 Trapping of the covalent intermediate .............ccccoeeivieciiiinnininnniniiirinene 20
1.5.6 Non-covalent interactions .........ccceeeteereeriierieneconeeercreiess lees e enee s sane e 22
1.5.7 Sugar coOnfOTMAtIONS .......cooociiriiiieiie et e et ceeeee et sn e s 24

1.6 a-Retaining versus B-retaining glycosidases........cocooueieeeeriereiineneieieeeeeeneees 25
1.7 A OFf the theSiS .....eiieiieieeieeeece ettt e e 29
Chapter 2 Family 38 0-mannosidases .........ccccoueviviiiiiiiiiiinniiiie e 31
2.1 General INtrOAUCTION ........ooitieieeeieiie ettt ettt s saseasesrasereeans 32
2.1.1 Asparagine-linked glycosylation ... 32
2.1.2 Family 38 0-mannosidases .......cccccceerrieriiiniieeeeeeeeeee e eeere e siae v 35
2.1.3 Lysosomal o-mannosidase ...........ccceeereiiiiiiiiiiiiiniiiieiis et 38
2.1.4 Golgi 0-mannosidase I ..........ccoocieiiiniiniiniiiiie e 39
2.1.5 Structural aspects of Golgi o--mannosidase IL...........ccocccooiiiiinnnnnninni. 40

2.2 Specific aims Of this StUAY .....c.ceoviiriiriinii et 42
2.3 Results and discussion — the catalytic nucleophile of bovine kidney LAMAN ..... 43
2.3.1 Rationale for the selection of the INACtivator ...........cccooeiiiiiiiniiiineenie e 43
2.3.2 Synthesis of 5-fluoro-B-L-gulosyl fluoride ...........cccoceceeeireniennncrniineens 43
2.3.3 Kinetics studies of SFGulF with bovine kidney LAMAN .......c...ccccociiiiinins 45
2.3.4 Labelling eXPEeriments..........c.ueeueeerereereeseemnereeeieereeeeseseeeeseeennereneenens R 47
2.3.5 CONCIUSIONS .....coeeiieieete ettt cee e e et s a s ra e aba s e s s eesae s nenenan 51

2.4 Results and discussion — structural characterization of the covalent intermediate . 52
2.4.1 Rationale for the eXperiments ..........cccociiiiiriie e 52
2.4.2 Kinetic analysis of the inactivation of the Asp341Asn mutant GMII by SFGulF
heeeeeesssersiesesseessesessesessisssresesseneeetensteseaansleeaarteee s neeeee it et esr e e s e nnee e nrne e senensesrebesens 53
2.4.3 Mass spectrometric analysis of the intermediate formed with SFGulF ........... 55

2.4.4 Structural analysis of the covalent intermediate............ccccocovniiiinninnnnn 56




2.4.5 Kinetic analysis of the inactivation of the wild-type GMII by 5FGulF........... 60
2.4.6 Structural analysis of the intermediate formed during SFGuIF hydrolysis by

WILA-tYPE GMIL ...ttt e 62
2.4.7 Synthesis of an alternative inactivator...........cccccceeiviiviniecinienienenee e 62
2.4.8 Kinetic analysis of the interaction of 2FManF with GMII ............................ 64
2.4.9 Mass spectrometric analysis of the intermediate formed during 2FManF
hydrolysis by ASp341Asn MUtant..........c.ccceviiiiiiiiiii s 65
2.4.10 Structural analysis of the intermediate formed during 2FManF hydrolysis by
Asp341Asn mutant GMIL ...t 66
2.4.11 Implications of the skew boat conformation.............ccccoieiiiiiiniinnnninnnn. 70
2.4.12 Conclusions and future STUAIES ..........eceevrereriererieeee st 75
Chapter 3 The chloride ion-binding site in O-amylases...........cccccoviviiiiiniiiniiniine. 77
3.1 General INtrOAUCTION .......eeveiieeeeieieerte ettt a e s e 78
3.1.1 Family of 0-amylases .......ccccoerureriieiiinieeicncceneeeeeteee et s 78
3.1.2 Chloride-dependent and independent 0--amylases........c.ccoveveeeneeereneenneeniinnnns 80
3.1.3 Structure of the chloride ion-binding Site ...........cccereiriiicieeiceneiieenieneines 82
3.2 Specific aim of thiS StUAY ......ccooiriiriiii 83
3.3 Results and diSCUSSION .......ooeeiierieriieieeiieiteierteree sttt 85
3.3.1 Rationale for the mutations to HPA ... 85
3.3.2 Structural analysis of the mutant enzymes.......c...cccoccvrvrecrvnnniiiniinniiiniin e, 86
3.3.3 Kinetic analysis of HPA - Dependence on chloride of wild-type and mutant
ENZYME ACLIVILY 1etiiiiiiiiiiiiette ettt erte s eree e e eene e saessbats sras s sss s e nesestas s anaonen 90
3.3.4 Kinetic analysis of wild-type HPA ..., 93
3.3.5 Kinetic analysis of Argl95 mutant HPA ... 94
3.3.6 Kinetic analysis of Arg337 mutant HPA ... 96
3.3.7 Kinetic analysis of Asn298 mutant HPA ..., 99
3.3.8 Attempts at chemical rescue of inhibition ...........ccoceviiniiniiininiiin 100
3.3.9 Evolutionary impliCations.........cccceeeeeiiieneeriinieeienie et 102
3.3.10 Possible future direCtions.........c.coceeierieiieienoriiienccet e s 103
Chapter 4 Substrates and inhibitors of o-amylase..........c..c.ccoiiiiiiniini 106
4.1 General iINtrOAUCTION .......ecvvieieiieee ettt eeec et s e e s ee e e nms e ssaeee s 107
4.1.1 Human pancreatic 0-amylase ........cccccooeeevirmininiiiniiiiiiiiciie e 107
4.1.2 TransglycoSylation .........coueiierniiieinieicitee et s 108
4.1.3 Inhibitors Of G-AMYIASE...........vomeeeeeeeeeeeeeeeee e eee e en et neesennanes 110
4.1.3.1 Proteinaceous inhibitors of o-amylase .........cocooeeoiiriirieiiniicireee. 111
4.1.3.2 Carbohydrate-based inhibitors of a-amylase...........c.ccoceveivnininninnns 113
4.1.4 Substrates and assays for 0-amylases.........c.coccoveviiiiiininnninini 118
4.2 Specific aims Of this StUAY .....c.coceviiiiiiiiii i 123
4.3 Results and discussion-part [: Development of a convenient assay ..................... 125
4.3.1 Rationale for the design of the novel substrates .............cccccoviiviinnnnnnn 125
4.3.2 Synthesis Of DNP-G2 ......cocuiiiiiiniiiiirieiieceie e 125
4.3.3 Synthesis 0f ADNP-G3 .......coooeiiieieee e 127
4.3.4 Kinetic analysis of *DNP-G2 as a substrate for HPA .............ccccoiiiinnnnn 129
4.3.5 Analysis of the products of HPA catalysed cleavage of aDNP-G2 .............. 129
4.3.6 Kinetic analysis of aDNP-G3 as a substrate for HPA ...l 131

Hdw




4.3.7 Analysis of the products of HPA catalysed cleavage of cDNP-G3 .............. 132

4.3.8 Kinetic analysis of DNP-Glc as a substrate for HPA ............cc.cooieninne. 134
4.3.9 Conclusions and future dir€Ctions............c.cceceeuieiiirneereeorieniecnecerecneneeene 136
4.4 Results and discussion: Rapid screening of monosaccharide inhibitors............... 137
4.4.1 Rationale for searching for monosaccharide inhibitors ..........c.cccccoeeieeienne. 137
4.4.2 Rapid screen for identifying potential HPA inhibitors ............ccc.ccoccoceeienn 137
4.4.3 Positive control for the New SCreen.........coceeiiiiiimniiiciieiinie e 138
4.4 .4 Design of a rapid screen for identifying potential elongated HPA inhibitors 142
4.4.5 Results of the rapid o-amylase screen for potential inhibitors..................... 143
4.4.6 Analysis of GHIL as an inhibitor of HPA ... 145
4.4.7 Conclusions and future dir€Ctions...........cocceevueevereeineerrenie e eiresnr e 151
Chapter 5 EXperimental ...........cocooiiiiiii ettt ecteeeee et e eeme e 153
ST SYNERESIS ettt et ettt e e e mee e eeenane e e 154
5.1.1 Synthesis of 5-fluoro-B-L-gulosyl fluoride ..........c.ccooreeeiiinniiincieccieee 154
5.1.2 Synthesis of 2-deoxy-2-fluoro-a-D-mannosyl fluoride ...........ccccceeennieneen. 156
5.1.3 Synthesis of 2,4-dinitrophenyl 0-D-mannoside ...........c.ccooceiiiiiiiniinciiennnnen. 157
5.1.4 Synthesis of 2,4-dinitrophenyl o-maltoside..........ccccoeceeemiiiiiioiiieniinicinens 159
5.1.5 Synthesis of 2,4-dinitrophenyl o-maltotrioside ............ccceveeniiiiniinniiniens 161
5.2 Protein ChemUiStIy .......ocicveireiiees ettt e et eee e s eeeeee et e e 165
5.2.1 Site directed MULAZENESIS. .. .cviivireireerie e etieete et erete et eseeteeereeenneeesneenas 165
5.2.2 Growth and expression of recombinant HPA from Pichia Pastoris............... 167
5.2.3 Purification of recombinant deglycosylated HPA .............c.ccooeiiiiinnnnnnss 167
5.2.4 Circular dichroism SpectroSCOPY.......cccceivueeriirinrenerierrieecreeeereeseeessreteneeen 168
5.3 ENZYIMOIOZY -ttt et st ettt et et s eerane et enaees 169
5.3.1 General methods for kinetic analysis.......cc.ceccceeniniieiieniniiiiiierecne e 169
5.3.1. 1 UV -SPECITOSCOPY - reauterreieaeereieraaaeeeaerearereraneeeseeesateaeseneesetetenmeasaenesnne 169
5.3.1.2 FIUOTIde €leCtrOde ........eeeeiiiiiiiiiiiiiiciceic e 169
5.3.1.3 DNS-SSAY....eeetiieiieieiieieiieeteeeieeerte e eeee e tteeeeeeeeaae e s eeeenates e ee e e sraeeane 169
5.3.2 Kinetic analysis of bovine kidney LAMAN ..........ooiiiiininecncene 170
5.3.2.1 Steady state KINETICS.......covierreriirieeiiritrcie ettt et eneee 170
5.3.3 Kinetic analysis of Drosophila melanogaster Golgi o--mannosidase II.......... 170
5.3.3.1 Steady state KinetiCS.........cccerarrrerirreiiieeiiieeiee e eie e etee e 170
5.3.3.2 Inactivation STUAIES -......oeeeiiriiiie et ettt 171
5.3.4 Kinetic analysis of the chloride binding site mutant HPA............................ 172
5.3.5 Kinetic analysis of HPA using the novel substrates .........c...cccccoenicnncnnns. 173
5.3.6 Kinetic analysis of inhibitors of HPA ...t 173
5.3.6.1 Rapid assay for determining inhibition potential...........c..coceeninncnice. 173
5.3.6.2 Kinetic analysis of the GHIL as an inhibitor of HPA .............c..cccoce. 174
5.3.7 HPLC product analysis ..........ccceeririirrniieiiinieeiceeieeie et s eneens 175
5.3.8 Mass spectrometric analysis ......cccecceveerrreniinienteeienreetee e ee st cieeseesnneene 175
5.3.8.1 Analysis of the covalent intermediate formed on LAMAN................... 175
5.3.8.2 Analysis of the covalent intermediate formed on GMII ......................... 176
5.3.8.3 Product analysis of HPA reactions ........ccccoecevieriecrennenncenneneccnecenen. 177
RETETEINCES ..ttt e e e e 178
APPENAIX 1ottt sttt e sttt st e e s ee e e s ane e s e 185
Fundamental Equations for Enzyme Kinetics............c.ccocovieniiiiiiiiiiinn, 186




Enzyme kinetics in the presence of a mechanism-based inactivator ..........................
Enzyme Kinetics in the presence of a reversible inhibitor .............c.cccciiinnin.

Appendix 2



List of figures

Figure 1.1 The hydrolysis reaction catalyzed by glycosidases. ............cc.ccceevnnniinnninnn. 3

Figure 1.2 Stereochemical outcome of a glycosidase reaction............cccccecvivvniiiiinnnnnns 4
Figure 1.3 Subsites nomenclature in endo-glycosidases...........cccccveiciiiiiiiniiiiiiinnnnns 5
Figure 1.4 Proposed mechanism for an inverting o-glycosidase............ccccccviininninnnn. 7
Figure 1.5 Proposed mechanism for a retaining o-glycosidase............cccccoeoiinininnnnnn. 9
Figure 1.6 Chemical rescue of a nucleophile mutant glycosidase. ..........cccocvviennnins 11
Figure 1.7 Structure of the oxocarbenium ion-like transition state .............ccccceeveennnene. 11
Figure 1.8 Representative structures of transition state analogues for glycosidases....... 13
Figure 1.9 Structures of bicyclic inhibitors...........ccocoiiiriiiniviiniiiiiiiie 15
Figure 1.10 The lateral protonation mechanism. ............ccccccvviviniiiinininineee e 17
Figure 1.11 Chemical rescue by azide of an acid/base mutant glycosidase. ................... 18
Figure 1.12 Fluoro-inactivators and their mechanism of action.............ccccoccoecniinnnnnnn. 21
Figure 1.13 Trapping of an intermediate using mutant €NZyme ...........ccccevvereiieeireeninens 22
Figure 1.14 Conformations adopted during glycosidase hydrolysis............ccccoceornneninn. 24
Figure 1.15 Structures of IMiNO-SUZATS.......ccccceeerruirrmterimeiieiiesies e snee s 27
Figure 2.1 Biosynthetic pathway for N-linked glycosylation.............ccccoeiniininnnnnn. 33
Figure 2.2 Lysosomal degradation pathway for N-linked glycoproteins ........................ 35
Figure 2.3 Sequence alignment for family 38 oi-mannosidases.............ccoccooovviiiinnnn. 37
Figure 2.4 Structure of Drosophila GMIL.. ...........c.ccoooiiiiiii e 41
Figure 2.5 Inhibition of bovine lysosoma] o-mannosidase by SFGulF......................... 46
Figure 2.6 ESI-MS experiments on peptic digests of bovine kidnet LAMAN................ 49
Figure 2.7 ESI-MS-MS spectrum of the 5-fluoro-gulosyl peptide ...........cccovvrerrnnnnne. 50
- Figure 2.8 Inactivation of Asp341Asn mutant GMII by SFGulF ... 54
Figure 2.9 Reactivation of the 5-fluoro-gulosyl GMII ........cccccooiiiiiiiini 55
Figure 2.10 Mass spectra of Asp341Asn mutant GMII labelled with SFGulF................ 56
Figure 2.11 Structure of the covalent intermediate formed during the hydrolysis of
5FGuIF by the Asp341Asn mutant GMIL ... 58
Figure 2.12 Inactivation of wild-type GMII by SFGulF.............ccccoii 61
Figure 2.13 Mss spectra of wild-type GMII labelled with SFGulF .................ccccoii. 61
Figure 2.14 Structure of the covalent intermediate formed during the hydrolysis of
SFGuIF by wild-type GMIL.........ccooiiiiiiiiiiiienece it 63
Figure 2.15 Mass spectra of Asp341Asn mutant GMII labelled with 2FManF .............. 66
Figure 2.16 Structure of the covalent intermediate formed during the hydrolysis of
2FManF by Asp341Asn mutant GMIL..........oi e 67
Figure 2.17 Comparison of intermediates from 2FManF and SFGulF hydroylsis........... 69
Figure 2.18 Benefits of adopting the skew boat conformation...............cccccccvnininnn. 71
Figure 2.19 Comparison of intermediates in o~ and B-retaining glycosidases ............... 72
Figure 2.20 Comparison ot~ and B-retaining glycosidases.........c..coeeiveeierervccrnennnuenenns 74
Figure 3.1 Sequence alignment of representative members of family 13 o-amylases. ... 79
Figure 3.2 Structure of human pancreatic o-amylase...........ccccoceciiiiiininviniinnennne. 81
Figure 3.3 The chloride ion-binding site residues ...........c.ccceoiviiininiiniiiiices 83
Figure 3.4 Structures of the mutant €nzymes...........cccccoceeviiiiniiiiiiiinnie e 87
Figure 3.5 The dependence of mutants on chloride concentration ..........c..ccccvvcivivninnne 92

Vit




Figure 3.6 The pH profiles for the wild-type HPA ......... ettt e ettt n et sbeeaebane 94

Figure 3.7 The pH profiles for the activities of the R195 mutants HPA ......................... 96
Figure 3.8 The pH profiles for the activities of the R337 mutants HPA ....................... 97
Figure 3.9 The catalytic acid/base residues and Arg337 ........cccoceviiiiininnininneniennn 98
Figure 3.10 Reduction of rates by overlapping pK, values ..., 99
Figure 3.11 The pH profiles for the activity of the N298S mutant HPA...................... 100
Figure 3.12 Guanidine inhibition of Arg337Alamutant ................ccooiiiinnne. 101
Figure 4.1 Subsite for HPA ... ..ot 108
Figure 4.2 Mechanism for the transglycosylation............c...cccooiiviiiiininn e 109
Figure 4.3 Hypothetical Michaelis-Menten type plot for a transglycosylating enzyme 110
Figure 4.4 Tendamistat complexed to porcine pancreatic oi-amylase .............ccccoeeeee. 112
Figure 4.5 Structure of acarbOSe .......cc..coouiiriiiieriiniiiccici e 114
Figure 4.6 Structure of the modified “acarbose” ............ccccooiiiiiniiiiis 115
Figure 4.7 Structure of the extended inhibitors ..........c.ccccviiiiiiniiniiie 117
Figure 4.8 Structure of SAlaCinol............coovvevuiureeiiieiiieieiieeieeeaese e ennene 118
Figure 4.9 Structures of two blocked substrates.............ccooooviinniiin 120
Figure 4.10 Structure of a fluorescence quenched substrate.................ccocveviiiniennnnn. 122
Figure 4.11 Products analysis of the HPA catalyzed reaction of aDNP-G2.................. 130
Figure 4.12 Structure of CNP-G3 ... 132
Figure 4.13 Product analysis of the HPA catalyzed reaction of aDNP-G3 after 20..... 134
Figure 4.14 The Michaelis-Menten plot aDNP-Glc hydroylsis...........ccccccoeininnnnnnn. 135
Figure 4.15 Product analysis of the HPA catalyzed reaction of aDNP-Glc.................. 135
Figure 4.16 Hydrolysis of «DNP-G3 in the presence acarbose. .............cccccovivininnns 139
Figure 4.17 Pre-incubation eXperiment............cceeeeniiiiiniiniiiiiininiinir e 141
Figure 4.18 Binding mode of GHIL in HPA ... 146
Figure 4.19 Product analysis of extension reaction with GHIL............................... 150

vIH




List of tables

Table 1.1 K; values for various bicyclic glucose analogues ...........ccccceceeveieiininnnenncnns 16
Table 1.2 K| values for iminO-SUZAIS ........cccceertirierriieiieneetesieeneceteeeeseneesaceseessesanenas 28
Table 4.1 ICsq values for extended inhibitors ............ccocoveviueveireeeeeee e 117
Table 4.2 Kinetic parameters for substrates of HPA .. ... 123
Table 5.1 Oligonucleotides used in thesis.........ccocceeviiiieiieinieiiieci e, 166

List of schemes

Scheme 2.1 The synthesis of SFGulF and the proposed synthesis of SFManF ............... 44
Scheme 2.2 A kinetic model of the reaction of fluorosugars with glycosidases ............. 45
Scheme 2.3 An outline of the synthesis of 2FManF ... 64
Scheme 4.1 Kinetic model for transglycosylation and hydrolysis............ccccoceeeiieins 110
Scheme 4.2 Sample scheme for a coupled assay .........ccccveeerienieciciicniiiiiiiiiieees 120
Scheme 4.3 Outline for the synthesis of ADNP-G2.........ccccooiiiiiiiiiii 126
Scheme 4.4 Outline for the synthesis of IDNP-G3........coocoiiiiiiii e 128




List of abbreviations

Abg
oDKIE
oDNP-G2
oDNP-G3
oDNP-G4
oDNP-G5
oDNP-G6
oDNP-Glc
2FManF
SFGulF
SFManF
ACzO
AcCl
AcOH
AHA

Bex
BMGY
BMMY
BSA

CD

Cex
CGTase
DABCO
DMF
DNFB
DNP
DNP-Man
DNS
ELSD

ER

ESI

Et,O
EtOAc
EtOH
FRET

Fuc

Gl

G2

G2F

G3

G3F

G4

G5

Agrobacterium sp. B-retaining glucosidase
o-deuterium kinetic isotope effect
2,4-dinitrophenyl a-maltoside
2,4-dinitropheny! a-maltotrioside
2,4-dinitrophenyl o-maltotetraoside
2,4-dinitrophenyl o-maltopentaoside
2,4-dinitrophenyl o-maltohexaoside
2,4-dinitrophenyl o-D-glucoside
2-deoxy-2-fluoro-o-D-mannosy! fluoride
5-fluoro-B-L-gulosyl fluoride
5-fluoro-o-D-mannosyl fluoride

acetic anhydride

acetyl chloride

acetic acid

Alteromonas halioplanctis o-amylase
Bacillus circulans B-retaining xylanase
buffered glycerol-complex medium
buffered methanol-complex medium
bovine serum albumin

circular dichroism

Cellulomonas fimi B-retaining xylanase
cyclodextrin glucanotransferase
diazobicyclo[2.2.2]octane
N,N-dimethy] formamide
2,4-dinitrofluorobenzene
2,4-dinitrophenol

2,4-dinitrophenyl o-D-mannoside
3,5-dinitrosalicylic acid

evaporative light scattering detector
endoplasmic reticulum

electrospray ionization

diethyl ether

Ethyl acetate

ethanol

fluorescence resonance energy transfer
fucose

glucose

maltose

a-maltosyl fluoride

maltotriose

a-maltotriosyl fluoride
maltotetraose
maltopentaose




G6

Gal
GHIL
Glc
GlcNAc
GMII

h

HPA
HPLC
ICso
LAMAN
LB

LC
MALDI-TOF
Man
MeOH
MS
MS-MS
NBS
NeuAc
NMR
PCR
PetEt
PNP
PNP-G2
PNP-G3
PNP-G4
PNP-G5
PNP-G6
PPA

sat.
SDS-PAGE
TFA
TLC
uv
YPD

maltohexaose

galactose

D-gluconohydroximino-1,5-lactam

glucose

N-acetylglucosamine

Golgi o-mannosidase 1

hours

human pancreatic o-amylase

high pressure liquid chromatography

inhibitory concentration

lysosomal a-mannosidase

Lauria Bertani medium

liquid chromatography

matrix assisted laser desorption ionization - time of flight
mannose
methanol .
mass spectrometry
tandem mass spectrometry

N-bromosuccinimide

sialic acid

nuclear magnetic resonance

polymerase chain reaction

petroleum ether 35-60

p-nitrophenol

p-nitrophenyl a-maltoside

p-nitrophenyl a-maltotrioside

p-nitrophenyl o-maltotetraoside

p-nitrophenyl a-maltopentaoside

p-nitrophenyl a-maltohexaoside

porcine pancreatic o-amylase

saturated

sodium dodecasulfate-polyacrylamide gel electrophoresis
trifluoroacetic acid

thin layer chromatography

ultraviolet

yeast extract peptone digest

'



Amino acid Abbreviations

Alanine
Arginine
Asparagine
Asparate
Cysteine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine-
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

<<KgH®VNTIIOIZIACOTZOOTmOUTUZR >

Kinetic constants
keat

Ky

K

ki

kr&cl

Vmax

Kn

Ala
Arg
Asn
Asp
Cys
"~ Glu
Gln
Gly
His
Iso
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Catalytic rate constant

Dissociation constant ,
Dissociation constant for enzyme-inhibitor complex
First order rate constant of inactivation

First order rate constant of reactivation

Maximal rate of an enzyme catalyzed reaction
Michaelis-Menten constant

Xit




Acknowledgments

I would like to thank a number of people whose help and collaboration were
invaluable during the course of my research at UBC. First of all, I would like to thank my
supervisor, Professor Stephen G. Withers for taking me into his lab and letting me stay
for the past 6 years. | am indebted for your advices, encouragement and above all, for
your patience. I would also like to thank Professor Christopher M. Overall for access to
his lab and for all of his advice, especially in the early part of my PhD. I would especially
like to thank Dr. Edwin Rydberg, Mrs. Yili Wang, and Mrs. Karen Rupitz for getting me
started in the lab.

Much of this PhD would not have been possible without the collaboration of a
number of groups. [ would like to thank Professor Gary Brayer, Dr. Robert Maurus, Dr.
Gary Sidhu, and Dr. Chunmin Li for their efforts in solving numerous structures of i
human pancreatic oi-amylase. I would also like to thank P‘rofessor David R. Rose and Dr.
Douglas A. Kuntz for their supply of wild-type and mutant Golgi a-mannosidase I, as
well as for their efforts in solving structure of the covalent intermediates of these
enzymes. Many thanks go to Professor Ole K. Tollersrud and Mr. Gry Evjen for their
supply of bovine kidney a-mannosidase. I would also like to thank Professor Mario Pinto
for the librafy of potential a-amylase inhibitors. 1 would also like to thank Dr. Tanja
Wrodnigg, Dr. Hongming Chen, and Mr. Seung Li for synthesizing several key
compounds. Many thanks also to Mr. Shouming He for helping me obtain my MS data.

I would like to thank Dr. Iben Damager and Professor Gregory Dake for the

critical reading of this thesis. Of course, [ would like to thank members of the Withers




group and Overall group, both past and present, for providing such a great working
environment.

Id like to thank several people for their support of my mental well-being. Many
thank Jeanie Dougan and Tam Corbett for their constant prayers. I’d also like to thank my

brother for his advice and prospectives on life. Finally, [ am indebted to my parents for

their constant support throughout this degree.




Preface

Part of the material in Chapter 2 and Chapter 3 was previously reported in the
following publications:

Numao S, He S, Evjen G, Howard S, Tollersrud OK, Withers SG: Identification of
Asp197 as the catalytic nucleophile in the family 38 o.-mannosidase from bovine

kidney lysosomes. FEBS Lett (2000) 484: 175-178.

Numao S, Maurus R, Sidhu G, Wang Y, Overall CM, Brayer GD, and Withers SG:

Probing the role of the chloride ion in the mechanism of human pancreatic o-

amylase. Biochemistry (2002) 41: 215-225.

The first of these papers involved the chemical labelling and identification of a
catalytic residue in bovine kidney lysosomal o-mannosidase. I was involved in the
kinetic characterization of the inhibition of the inhibitor with this enzyme. I also labelled
the enzyme and was involved in the analysis of mass spectrometric data. Finally I wrote
the paper with minor modifications from my supervisor.

The second paper involved the mutational, structural and kinetic analysis of
human pancreatic a-amylase (HPA). I was involved in the mutation, expression and
purification of HPA T also did the kinetic characterization of these mutant HPAs. Finally,

I wrote this paper with modifications from my supervisor.

Signature of corresponding author:

XV



Chapter 1 Introduction




Carbohydrates are a class of biomolecules found ubiquitously in nature.
Traditionally, these molecules have been seen as important in maintaining the structural
integrity of organisms or as means of storage of energy. The classic examples of
carbohydrates playing these two roles are the two major of polymers of glucose, namely,
cellulose and starch.

In reality, however, the biological role Qf carbohydrates is much more diverse
than would be suggested by these ‘stereotypical’ functions. Recent studies have shown
that, among other things, sugars are involved in cell-cell adhesion (1), protein folding (2),
protein trafficking (3) and signal transduction (4). In other words, these biomolecules add
another level of control to the already complex dynamic of biological systems.

In order for carbohydrates to be involved in these varying roles, a number of
enzymes that make and break specific bonds with sugars are required. There are two
major classes of enzymes associated with such sugar metabolism — the glycosidases and
the glycosyltransferases. The glycosidases are mainly involved in the cleavage of
linkages between sugars while the glycosyltransferases are involved in the formation of
these linkages. Considering the diversity in both the structure and function of
carbohydrates, it is no surprise that there are huge numbers of these processing enzymes,
each usually involved in the formation or cleavage of a specific sugar linkage.

This diversity of enzymes and the numerous biological pathways with which they
are involved makes these classes of enzymes potential targets for drug design (5). In
order to do this rationally, the detailed mechanisms of these enzymes must be understood.
This thesis focuses on the mechanism of one class of glycosidases, the a-retaining

glycosidases.



1.1 Glycosidases

Glycosidases, or glycosyl hydrolases, are a group of enzymes that catalyse the
hydrolysis of glycosidic linkages. The reaction is formally a nucleophilic substitution at
the anomeric carbon of the donor sugar (glycone) and involves the displacement of a
leaving group (aglycone) by an acceptor molecule (Figure 1.1). In the case of hydrolysis,

this acceptor is a water molecule.

Glycone Aglyeone

Figure 1.1 The hydrolysis reaction catalyzed by glycosidases.

In nature, the aglycone is often another sugar. However, this aglycone specificity
is fairly flexible and synthetic glycosides containing aryl or halide leaving groups have
been shown to act as substrates for many glycosidases. In contrast, the specificity towards
the glycone portion is quite stringent and often only one type of sugar will be hydrolysed
well by a particular enzyme. Therefore, the glycone specificity is often used in
classifying or naming these glycosidases. In addition, these enzymes can be further
subdivided based on the stereochemistry at the anomeric centre of the substrate and
product. A glycosidase is classified as either an “o” or “B” glycosidase based on the

anomeric configuration of the substrate. Usually, an a-glycosidase will only hydrolyse an

o-glycoside while a B-glycosidase will only hydrolyse a B-glycoside. The glycosidase




can further be grouped as either retaining or inverting (Figure 1.2) based on the anomeric

stereochemistry of the product with respect to the substrate.

Retaining

OR

O .
Inverting
. OH

Figure 1.2 Stereochemical outcome of a glycosidase reaction, illustrated with an o-
glycosidase.

Therefore, the overall name of a glycosidase comes from the combination of these
three classifications. For example, an enzyme that catalyzes the hydrolysis of an a-
glucoside with net retention of configuration at the anomeric centre is named an o-
retaining glucosidase.

In many cases, the substrate for a glycosidase will be a polymer in which case, the
glycosidase may be classified as endo- or exo-glycosidase depending on the cleavage
pattern of the substrate. Endo-glycosidases will cleave in the _middle of a polymer while
an exo-glycosidase cleaves from either ends of the polymer. In the case of endo-
glycosidases, there are thought to be a number of “subsites” to accommodate the binding
of polymer substrates. Each of these subsites would bind to a monomer subunit. 1;0
designate these subsites, Davies et al. proposed that the subsites flanking the bond to be

cleaved be designated +1 (towards the reducing end of the polymer) and -1 (towards the
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non-reducing end of the polymer) (6). The subsites further down would then be +2, +3,

+4, etc or -2, -3, -4, etc. (Figure 1.3).

Non- Reducing end Reducing end

OH OH OH l OH OH OH
0. O. o O. O. 0.
RO OH'y OH OH OHYy' OHy OHor
HO HO O'Ho O'HO HO! HO

\ANANA_ANAN

-3 -2 -1 +1 +2 +3

Figure 1.3 Nomenclature for subsites in endo-glycosidases, here shown for the case of a
endo-glucosidase. The arrow refers to the bond being cleaved.

In addition to these traditional ways of classifying glycosidases, a more recent
classification method through amino acid sequence homology has beeﬁ developed (7-9).
According to primary structure analysis, over 6000 glycosidases have been grouped into
89 families, with these numbers growing rapidly. This information is now available on

the Internet (URL: http://afmb.cnrs-mrs.fr/CAZY/).

Although this classification is based on sequence similarities alone, members of a
particular family often share other properties. For example, a particular family of
glycosidase will exclusively contain either retaining or inverting glycosidases (/0).
Furthermore, in most cases, a family will be specific for either o or B-glycosides.
Recently, the three-dimensional structures of many glycosidases have been solved. In all
cases, the three-dimensional fold of the catalytic domain was conserved within families
(11, further validating the hypothesis that members of a particular family are
homologous. This is also consistent with the fact that families share common features

such as stereochemical outcome.




1.2 Catalytic mechanism of glycosidases

The full catalytic efficiency of glycosidases has only recently been recognized
when the half-life for solvolysis of an unactivated glycosidic linkage (B-methyl
glucoside) under physiological conditions was determined to be 5 million years (/2).
Since glycosidases can hydrolyse glycosidic linkages under similar conditions with rates
of up to 1000 5!, this means that they effect approximately a 10" fold increase in rate. In
order to efficiently catalyze hydrolysis of these unreactive molecules, glycosidases
primarily use one of two mechanisms, depending on whether the enzyme is inverting or
retaining. The original versions of these mechanisms were first proposed by Koshland in
1953 (13), and were based on the stereochemical outcome of the reactions, as well as on
known chemical mechanisms of similar uncatalyzed reactions. While the general features
of the proposed mechanisms have stood the test of time, the finer details of how the
enzyme achieves this significant rate enhancement ha\ié been added and refined over the

years (14-18).

1.3 Mechanism of inverting glycosidases

An inverting glycosidase catalyzes a single step nucleophilic substitution at the
anomeric centré whereby a water molecule displaces the aglycone (Figure 1.4) (13). This
reaction goes through an oxocarbenium ion-like transition state, similar to the
intermediate formed during the acid-catalyzed hydrolysis of glycosides (/9). Two key
active site carboxylic acid residues are known to be important in assisting this
nucleophilic slestitution. One of these residues acts as a catalytic base and is responsible
for deprotonating the incoming water molecule. The other residue acts as a general acid

catalyst and protonates the glycosidic oxygen, assisting it in departure. Consistent with
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this hypothesis, all three-dimensional structures of inverting glycosidases solved to date
have two carboxylic acid residues in their active site. From these structures, the average
distance between these two residues Was initially found to be 9.5 A (20) though since this
time, other structures of inverting glycosidases have revealed a broader range of
separation (/72). Regardless of the exact distance, this space allows for the attack of the

water molecule in the presence of the aglycone.

General base

'o: :o V\S:I:ANWW HOj :o

v .
/H 5+ A
Q O /. Q
€S Lt P =
" —> for -
COR ROS- RC{
H o ' H
cLD OY(:) o OYOA
General acid Oxocarbenium ion-
like transition state

Q;

Figure 1.4 Proposed single displacement mechanism for an inverting o-glycosidase.
For the purpose of this thesis, this group of enzymes will not be discussed in

further detail.

1.4 Mechanism of retaining glycosidases

The original catalytic mechanism proposed by Koshland for retaining
glycosidases was a two-step process (Figure ]:.5) involving two displacement reactions at
the anomeric centre (/3) and therefore, referred to as the double displacement
mechanism. In the first step of this mechanism, referred to as the glycosylation step, a
catalytic nucleophjle (aresidue in the enzyme active site) makes a backside attack at the

anomeric carbon of the glycone. This nucleophilic substitution results in the formation of
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a covalent glycosyl-enzyme intermediate with inversion of stereochemistry at the
anomeric centre. Departure of the aglycone is assisted by general acid catalysis, provided
by another residue in the active site. In the second step of this reaction, referred to as the
deglycosylation step, nucleophilic attack by a water molecule results in the hydrolysis of
this intermediate. In this step, the conjugate base of the catalytic acid residue is thought to
deprotonate the incoming water, assisting it with the attack. The overall reaction is
therefore the hydrolysis of the glycosidic bond with net retention of configuration at the
anomeric carbon. If the incoming nucleophile is not a water molecule but rather an
alcohol, such as the hydroxyl group on a sugar, the reaction results in the formation of
another glycosidic linkage. This phenomenon, referred to as tfa.nsglyco'sylation, is seen in

glycosidases under high substrate concentrations.

1.5 Detailed mechanistic studies of B-glycosidases

Since this initial proposal of the double displacement mechanism, numerous
studies to verify this mechanism, as well as additional studies to further elucidate the
details have been carried out. According to the particular attributes being characterized,
these studies can be grouped into the following categories:

1) the catalytic nucleophile

2) the oxocarbenium ion-like transition state
3) the acid/base catalyst

4) the covalent intermédiate

5) non-covalent interactions

6) sugar conformations.




Catalytic
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Figure 1.5 Proposed double displacement mechanism for a retaining a-glycosidase.




Many of the detailed mechanistic studies on retaining glycosidases have been
carried out on B-retaining glycosidases. This was in large part due to the availability of
cloned enzymes that could be used as models, and the relative ease of synthesis of the
substrates required for these glycosidases compared with their o- counterparts.

1.5.1 The catalytic nucleophile

Three-dimensional structures of glycosidases with a ligand bound in the active
site reveal a carboxylic acid residue (aspartate or glutamate) positioned to potentially act
as a nucleophile (27). From primary structure analysis, these carboxylic acids are
conserved between all glycosidases of the same family (//), suggesting that they play a
very important role. This role has been further elucidated through mutational studies and
trapping experiments (the latter will be described in 1.5.5).

Mutation of these putative catalytic nucleophiles from a carboxylic acid to an
alanine in the B-retaining glucosidase from Agrobacterium sp. (Abg) resulted in
essentially an inactive enzyme (107 fold decrease in k) (22). Such a rate decrease is
expected considering the importance of the catalytic nucleophile in the double
displacement mechanism. Interestingly, in the presence of a small external nucleophile
such as azide ion, this mutant enzyme exhibits significant cleavage (up to one-tenth the
original k) when using activated glycosidic substrates (20). The stereochemical
outcome of the reaction in this case is net-inversion of configuration at the anomeric
centre. This result suggests thaf the azide, which does not require general base catalysis
for nucleophilic attack, is replacing the carboxylate as the nucleophile in the first step
(Figure 1.6). In other words, the mutation has converted the mechanism of a retaining

glycosidase to that of an inverting enzyme. This chemical “rescue” is a general
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phenomenon with B-retaining glycosidases and it has been a method for verifying the

identity of the catalytic nucleophile through mutagenesis (/8).

Ny Ny
CHs CHs

Figure 1.6 Mechanism for the chemical rescue by azide of the activity of a nucleophile
mutant glycosidase.

1.5.2 The oxocarbenium ion-like transition state

The transition states for both the glycosylation and deglycosylation steps are
thought to closely resemble.oxocarbenium ions. In this structure, the positive charge
developed on the sugar is distributed between the anomeric carbon and the ring oxygen.
Because of this charge distribution, resulting from partial double bond formation between
the ring oxygen and anomeric carbon, there is a requirement that C-5, O-5, C-1 and C-2
be on the same plane. Therefore, the transition state for cleavage of a glucoside, for

example, would most likely adopt a half-chair conformation (Figure 1.7).

OH

g U S
OR

W

HO— 18+ &+
50 )

Y

Figure 1.7 Proposed structure of the oxocarbenium ion-like transition state for hydrolysis
of a glucoside.
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Support for this kind of transition state has come in several different ways. One of
the key pieces of evidence comes from o-deuterium Kinetic isotope effects (0DKIE)
measured with several B-retaining glycosidases (23-27). For example, in the case of Abg,
in both the glycosylation step and deglycosylation steps, the ratio of the rates for
hydrolysis of the normal substrate compared with that of a substrate deuterated at the
anomeric carbon (kw/kp) was found to be greater than unity (26). Exchanging the o-
deuterium affects the C-H bend vibrational mode (seen in sp’ hybridized structures) more
than the C-H out-of-plane bend vibrational mode (seen in sp® hybridized structures).
Therefore, a positive aDKIE is indicative of the transition state having more sp®
character than the ground state, indicating that the anomeric carbon is sp2 hybridized at
both transition states. This is also consistent with Brensted plot analysis for Abg, which
suggests that there is significant cleavage of the bond to the leaving group at the
transition state (dissociative) of the glycosylation step (26).

Circumstantial evidence for the charge distribution comes from the use of
fluorine-substituted sugars as substrates. Placing an electron-withdrawing group such as
fluorine at the 2- or 5- position of the sugar inductively destabilizes positive charge
development at the anomeric carbon and ring oxygen respectively. As would be expected
for a reaction with an oxocarbenium ion-like ﬁansition state, this modification reduces
the rate of hydrolysis significantly in B-retaining glycosidases (28, 29). Replacement of
hydroxyl groups with fluorine will also modify potential non-covalent interactions of the
substrate with the enzyme. Therefore, this decrease in activity may also in part be due to

loss of transition state stabilization by the enzyme arising from such interactions (30).
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Enzymes are generally believed to catalyze reactions by binding better to the
transition state than to the ground state, leading to the suggestion that transition state
analogues should act as very good inhibitors of enzymes. With the glycosidases, it has
been estimated from the rate enhancement observed, that the affinity of the enzyme
towards the transition state should correspond to a ‘dissociation constant’ on the order of
10 M (12). Therefore, compounds that closely resemble an oxocarbenium ion should be
extremely tight binding inhibitors of glycosidases. Indeed, a number of compounds either
mimicking the shape or charge distribution of the transition state have been found to be

good inhibitors of B-retaining glycosidases with K; values in the nanomolar range (Figure

1.8).
oH OH : oH OH
HO@\/‘ Ho@ Ho& HO@
o] " oH © " OH \N/OH
1.1 © 1.2 1.4

. 1.3 .

OH
OH OH
o o o
/&\ oH
oH OH OH OH
HO'Ho NHo OHo OHo

1.5

Figure 1.8 Some representative structures of proposed transition state analogues for
glycosidases: gluco-tetrazole (1.1), gluconolactone (1.2), isofagamine (1.3), B-
hydroxygluconolactam (1.4), and acarbose (1.5).

1.5.3 The general acid/base catalyst
As with the catalytic nucleophile, the acid/base catalyst plays an important part in
the hydrolysis of glycosidic bonds. This can be seen from the drastic lowering of rates

seen in mutational studies where the acid/base catalyst is altered to a residue unable to
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perform this task (15, 31, 32). This is consistent with model studies on small molecules
done by Kirby et al., where it was suggested that general acid/base catalysis might
account for as much as 8-9 kcal mol™' in transition state stabilization (33).

From structural studies, this acid/base catalyst was also found to be a carboxylic
acid residue situated around 5.5 A away from the catalytic nucleophile (20). The shorter
distance compared with the inverting glycosidases reflects the fact that the active site
does not require simultaneous accommodation of both the aglycone and a water
molecule.

Interestingly, when the distance between the two active site carboxylic acids was
increased by mutating the catalytic glutamate (acid/base catalyst) to an aspartate in the -
retaining xylanase from Bacillus circulans (Bcx), the second-order rate constant (kca/Knm)
was found to be 400 fold lower than the rate for the wild-type enzyme (34). Decreasing
the distance between the residues by modifying the same glutamate to a
carboxymethylated cysteine resulted in a 25 fold lowering of the rate. Although this
decrease is significant, it was not as large as that associated with the complete removal of
a carboxylic acid (by mutation to glutamine), which results :in no measurable activity on
xylan, a substrate requiring acid catalysis. This suggests that the precise positioning of
this residue is important, but not essential for catalysis. In contrast, decreasing the length
of the residue acting as the catalytic nucleophile in the same enzyme by making a
Glu78Asp mutation resulted in very large loweriﬁg of the rate (1600.-5.000 fold) (35).

Despite this apparent leniency in positioning, some interesting observations
concerning the location of the acid/base catalysf have been made from studies with

bicyclic sugar analogue inhibitors. It was observed that the tetrazole (1.1) and imidazole
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|
(1.6) analogues of glucose (Figure 1.9) were good inhibitors of B-retaining glucosidase
such as sweet almond B-glucosidase (36, 37). In contrast, the 1,2,3-triazole (1.7) analogue
had significantly higher K; values (38) (see Table 1.1), even though structural analysis

had shown that the sugar ring adopts similar half chair conformations in all four cases.

When analogues of other sugaré were synthesized, the results were generally the same

with their respective glycosidase. This difference in inhibition was attributed to the
presence and orientation of a lone pair at the glycosidic nitrogen of compounds 1.1 and
‘ 1.6, which is thought to be positioned exactly to interact with the acid/base catalyst. This

lone pair is not present in the poor inhibitor 1.7.

OH

oH OH oH
—N N
HO ™ HO N/E HO N Xy HO N
HO / HO HO HO /
oH oH oH

OH

1.1 1.6 1.7 1.8

Figure 1.9 Structures of bicyclic inhibitors of -glycosidases: gluco-tetrazole (1.1),
gluco-imidazole (1.6), 1,2,3-gluco-triazole (1.7), and 1,2,4-gluco-triazole (1.8).

This led to the proposal that the acid/base catalyst was not positioned above or
below the plane of the sugar, as schematically drawn in Figure 1.5, but rather in-plane in
a “lateral” position (Figure 1.10) (39). To confirm this hypothesis, the 1,2,4-triazole
analogue 1.8 (Figure 1.9) was synthesized (40). Since this compound contains a
“glycosidic” nitrogen, it is expected to be a good inhibitor of B-retaining glucosidases.
Indeed, this glucose analogue was found to be an inhibitor of a -retaining glucosidase
from al'mond with a K value in the low micromolar range (Table 1.1). Again, the manno-
and galacto- analogues showed similar inhibitory activities towards their respective 3-

retaining glycosidases.
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1.1 1.6 1.7 1.8

B-glucosidase

(almond) 150 uM 0.1 M > 8000 M 19 uM

Table 1.1 Comparison of the K; values for various bicyclic glucose analogues with sweet
almond B-glucosidase (39).

One corollary of this lateral protonation hypothesis is that there are two possible
directions from which protonation can take place — either from the anti or syn side of the
ring oxygen (Figure 1.10). In fact, from three-dimensional structural alignment studies, it
has been found that all the acid/base catalysts of all B-retaining glycosidases are located
in either of these positions. Further evidence for this anti or syn classification came from
inhibition studies using the imidazole sugar with a “syn protonator” and an “anti
protonator”. Because these imidazole sugars have lone pairs anti to the ring oxygen, it
would be expected that these inhibitors would interact better with anti protonators than
with syn protonators. Indeed, it was found that for a family 10 xylanase (anti protonator),
the K; value of the imidazole analogue of xylobiose is in the nanomolar range, while for a
family 11 xylanase (syn protonator), the K; value is in the millimolar range (41).
Structural studies on family 5 and 10 enzymes have also confirmed this key interaction
(42, 43). However, this result on its own does not prove the hypothesis since these two
enzyme families are though to operate via transition states of different conformation.
Differences in affinity could also reflect the difference in these transition state

conformations.
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Figure 1.10 Positioning of the acid/base catalyst residue according to the lateral
protonation mechanism. (a) Syn protonator and (b) anti protonator.

As with the nucleophile mutants, the catalytic activity of an inactive acid/base
mutant enzyme can also be rescued on the addition of an external nucleophile such as
azide, which attacks in place of water (Figure 1.11). With these mutant enzymes, a
substrate with a good leaving group will undergo the glycosylation step without acid
catalysis. However, deglycosylation, where the water requires deprotonation, will be
much slower in the absence of this residue. If a good nucleophile not requiring general
base catalysis is added, the catalytic activity is restored. In the case of the acid/base
mutant of Abg, a 300-fold increase in k., Was seen upon the addition of 200 mM azide
(44). The product formed in this reaction will have the same configuration at the
anomeric carbon as the substrate. This is in contrast to the case with the catalytic
nucleophile mutant enzymes where inversion of configuration was seen when the rescue
experiment was carried out. Therefore, the azide rescue studies, combined with product
stereochemistry analysis, may be used to distinguish between mutation of the catalytic

nucleophile and acid/base catalyst (/8).
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Figure 1.11 Mechanism for the chemical rescue by azide of the activity of an acid/base
mutant glycosidase. '

One of the key features of the acid/base catalyst is that the residue acts as both a
general acid and a general base catalyst. The pK, of the residue must therefore shift from
a high pK, in the glycosylation step to a lower pK, in the deglycosylation step. Indeed,
elegant NMR studies by McIntosh et al. showed that for the B-retaining xylanase from
Bacillus circulans (Bex), the pK, of the catalytic base was modulated roughly 2.5 pK,
units in going from the free enzyme to the glycosyl-enzyme intermediate (45). This “pK,
cycling” is most likely the result of different charge states of the nucleophilic carboxylic
acid. In the free enzyme, this residue is negatively charged, thereby increasing the pK, of
the catalytic acid/base residue. In the intermediate, however, this residue becomes neutral
as it forms a covalent bond with the glycosyl moiety. Therefore, it no longer perturbs the
pK, of the acid/base catalyst and as a result, the pK, of this residue decreases by about 2.5
pKa units.

1.5.4 The covalent intermediate

The nature of the intermediate in the double displacement mechanism has always
been a controversial issue. As is drawn in Figure 1.5, the intermediate of this reaction is a
glycosyl-enzyme intermediate with a covalent bond between the sugar and the enzyme

nucleophile. This differs from the widely accepted “textbook” mechanism where an ion-
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pair intermediate forms, involving an oxocarbenium ion and an active site carboxylate.
This ion-pair mechanism has its origins in an early crystal structure of hen egg-white
lysozyme (46). In this work, the lysozyme structure was determined complexed with an
oligosaccharide bound to the —4 to —2 subsites (lysozyme has a total of 6 subsites
corresponding to subsites —4 to +2). When the sugars for the —1 to +2 subsites were
modelled in, it was evident that the anomeric carbon of the —1 sugar was too far from the
putative catalytic nucleophile for covalent catalysis to take place. A more recent study
with a substrate bound at subsites —3 to —1 has also suggested that nucleophilic catalysis
is unlikely without major conformational changes within the active site (47). From this
original study, lysozyme has become a case study for glycosidase mechanisms.

A method of probing the nature of the intermediate is to use a-deuterium Kinetic
isotope effects (aDKIE). If the intermediate is an oxocarbenium ion and is ion paired to
the active site carboxylate, then the anomeric carbon of the intermediate species should
be sp” hybridized. However, if the intermediate is covalently linked to the enzyme, then
the anomeric carbon should be sp> hybridized. In both cases, the transition states of both
mechanisms are thought to be oxocarbenium ion-like with sp2 hybridized anomeric
centres. As was mentioned earlier, an 0DKIE greater than unity occurs when the
anomeric centre at the transition state has more sp® character than that of the ground state.
Therefore, if a covalent intermediate does form, the aDKIE for the deglycosylation step
should be greater than unity. In contrast, the «DKIE for the deglycosylation step for an
ion-pair intermediate should be less than unity. In all studies to date where the 0DKIE
was measured for the deglycosylation, ku/kp was found to be greater than unity (/4);

consistent with a covalent intermediate.
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Unfortunately, in the classic glycosidase, lysozyme, thé rate constants for the two
steps are such that it is not possible at present to “see” Kinetically the deglycosylation
step. Therefore, it had not been possible, until recently, to definitively conclude that a
covalent intermediate occurs in this enzyme (vide infra).

1.5.5 Trapping of the covalent intermediate

Direct isolation of the covalent intermediates of glycosidases has been
accomplished in several different ways (48, 49). In all cases, these methods involve
somehow decreasing the rate of the deglycosylation step compared to that for
glycosylation. This results in the accumulation or “trépping” of this intermediate.

One of the key methods for trapping has involved the use of 2- and 5-fluorosugars
as mechanism based inactivators (Figure 1.12a) (50). In the double displacement
mechanism, both the glycosylation and deglycosylation steps proceed via oxocarbenium
ion-like transition states. As was previously discussed, there is significant positive charge
development on both the endocyclic oxygen and anomeric carbon. By attaching an
electron-withdrawing group such as fluorine on the carbon adjacent‘ to the site of charge
development, both these transition states can be destabilized and the rate lowered.
However, if a substrate with a good leaving group such as fluoride or dinitrophenolate
(DNP) is used, the rate of the glycosylation step may be increased relative to the rate of
deglycosylation. If this difference in rates is great enough, then accumulation. of the

intermediate may occur (Figure 1.12b).
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Figure 1.12 (a) Structures of some representative fluoro-inactivators: 5-fluoro-o-D-
mannosyl fluoride (1.9), 2,4-dinitrophenyl 2-deoxy-2-fluoro-B-D-glucoside (1.10), and
2,4,6-trinitrophenyl 2-deoxy-2,2-difluoro-a-D-glucoside (1.11). (b) Mechanism for the
inactivation of a glycosidase by a fluorosugar (X = activated leaving group).

Another approach to trap the intermediate involves the use of mutant enzymes
(51, 52). In the double displacement mechanism, both the glycosylation and
deglycosylation steps require the acid/base catalyst. If this residue is mutated to a residue
not able to perform this task, then the rates of both these steps are decreased. If a
substrate with a good leaving group such as fluoride or DNP is used, whereby minimal
acid catalysis is requireci for departure, then the glycosylation step is little affected by the
mutation (Figure 1.13). However, deglycosylation, which requires general base catalysis,

remains slow, resulting in accumulation of the intermediate.
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Figure 1.13 Mechanism for the trapping of an intermediate by the using an acid/base
catalyst mutant enzyme and a glycosyl fluoride.

The trapped intermediate may be detected by electrospray ionization mass
spectrometry (ESI-MS) (53) or by 'F NMR in the case of fluorosugars (54). These
intermediates may be proteolytically digested to identify the residue that acts as the
catalytic nucleophile. In fact, a number of nucleophiles have been labelled and identified
by means of tandem mass spectrometry experiments (MS-MS; see chapter 2) (55). In
recent years, this intermediate has also been visualized by determining the structure of the
trapped intermediate using X-ray crystallography. One of the most interesting of these
covalent intermediate structures is that of the textbook glycosidase, hen egg-white
lysozyme, that was trapped using a combination of the fluorosugar and mutagenesis
methods (56).

1.5.6 Non-covalent interactions

Linus Pauling suggested in the 1940s that enzymes catalyze reactions by binding
to the transition state better than to the ground state (57). Residues in an enzyme active
site should therefore be positioned so that new, strong interactions are formed during the
transformation of the substrate from the ground state to the transition state. This is
evident from studies on Abg where the hydroxyl groups of the substrate were

systematically replaced by either a fluorine or hydrogen. The kinetic constants for
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enzymatic hydrolysis were determined for each of these modified substrates. The study
showed that each hydroxyl group contributes 3-7 kJ/mol towards the binding of the
transition state, as was seen by a lowering of the rate contant (..} (30). The only
exception to this was the 2-hydroxyl group, which contributed significantly more to the
stabilization of the transition state (18-22 kJ/mol).

The three-dimensional structure of the covalent intermediate of a B-retaining
xylanase from Cellulomonas fimi (Cex) has shed some light on the importance and
identities of these interactions at the 2-position (52). In the B-retaining glycosidases, the
2-hydroxyl group sits in close proximity to the incoming enzymatic nucleophile. On
formation of the covalent intermediate, the non-bonding oxygen of the carboxylic acid
forms a short hydrogen bond with the 2-hydroxyl group of the sugar, suggesting that this
interaction is also very important in stabilizing the transition state. |

Another interaction worth noting is the interaction between an active site tyrosine
and the ring oxygen in the structure of a covalent intermediate of Bex (58). In this
structure, the hydroxyl group on the tyrosine forms a bifurcated hydrogen bond with the
ring oxygen and glycosidic oxygen of the catalytic nucleophile residue. It is thought that
upon bond cleavage, the hydrogen bond develops to the glycosidic oxygen. At the same
time, dipolar interactions can take place between the ring oxygen and hydroxyl group
oxygen of the tyrosine. This interaction could therefore stabilize charge development on

the ring oxygen. Equally, the interaction of the tyrosine with the ring oxygen could

destabilize the ground state, which upon going to the transition state gets relieved.




1.5.7 Sugar conformations

Sugars exist as a number of different confomers (Figure 1.14). In an enzyme
active site, non-covalent interactions and steric hindrance from active site residues can
force the sugar to adopt a normally unfavourable conformation. Indeed, this has been
seen in several structures of B-retaining glycosidases where a substrate or substfate
analogue was bound across its active site (539-61). In these cases, the sugar moiety in the
—1 subsite of the glycone adopts a 'Ss skew boat conformation. Structural determination
of a B-retaining mannanase (where the sugar adopts a 'S structure) has shown that, while
substrate distortion seems to be a general trend in B-retaining glycosidases, the

conformation is not always the same (62).

Michaelis complex Transition state Covalent intermediate
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Figure 1.14 Conformations adopted by the substrate along the glycosylation step of a (a)
B-glucosidase and (b) B-mannanase (adopted from (62)).

This distortion aids catalysis in several ways. First of all, during nucleophilic
attack of the anomeric centre, the enzymatic nucleophile approaches the reaction centre

from the opposite face to that of the leaving group. The problem for such attack on a f3-
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glycoside in a *C; chair conformation is that the H-3 and H-5 protons sterically hinder the
a-face. By adopting a skew boat conformation such as the 'S; skew boat, this hindrance
can be minimized. The distortion towards a skew boat form also moves the conformation
of the substrate closer to that of the oxocarbenium ion-like transition state. Finally, the
pseudo-axial orientation of the leaving group positions the ring oxygen lone pair
antiperiplanar to the scissile bond, as required for hydrolysis according to stereoelectronic
theories (63).

The structures of the covalent intermediate for several B-retaining glycosidases
have shown that the o-glycosyl-enzyme intermediate does not adopt a constrained
conformation but rather, it adopts a *C, chair (52, 56, 61, 64). Because in the
intermediate, the leaving group is axial, the sugar conformation satisfies both the
stereoelectronic and steric requirements for cleavage alluded to above. More recently,
several exceptions have been found. In the case of the covalent intermediate for a 3-
retaining mannanase from Pseudomonas cellulosa, the glycosyl moiety found at subsite -
1 adopts a %S, skew boat (62) and in the case of the B-xylanase, Bcx, the glycosyl moiety
adopts a >°B boat conformation (58). As with the *C, chair, both these conformations

satisfied both stereoelectronic and steric requirements.

1.6 o-Retaining versus B-retaining glycosidases

The general chemical mechanism of an a-retaining glycosidase is thought to be
analogous to that of B-retaining glycosidases, with the obvious difference of the inverse
stefeochemistry at each step. However, there are some subtle differences between the -

and B-glycosidases.
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One of the key differences has been noted in trying to trap the covalent
intermediate. 2-Deoxy-2-fluorosugars have been found not to act as mechanism-based
inactivators of a-glycosidases, despite being fairly general and efficient inactivators of -
glycosidases. In fact, with human pancreatic ci-amylase, an a-retaining glycosidase, the
2-deoxy-2-fluoro a-maltosyl fluoride acted as a slow substrate with a ke, value of 0.17 5™
(65). The difference in the ability of 2-deoxy-2-fluorosugars to inactivate these two
classes of glycosidases has been attributed to the concept that the transition state for an -
glycoside going to a B-glycosyl-intermediate (o to B transformation) might be different
from that for the B-glycoside going to an a-glycosyl enzyme intermediate (B to o
transformation). From the fact that 5-fluorosugars are mechanism-based inactivators of
o~ glycosidases while 2-fluoro sugars are not (17), it has been suggested that the charge
distribution may be different between the two transition states. In the case of the f to o
transformation, this charge may be located more on the ring oxygen. In the o to B
transformation, this charge may be located on the anomeric carbon.

Such charge distributions in the a- and B-retaining glycosidase transition states
have also been suggested from inhibitor studies. Nitrogen substitution of the sugér ring
oxygen is often thought to mimic the positive charge developed at the transition state.
Therefore, 1-deoxynojirimycin (1.12), in which the ring oxygen is replaced with nitrogen,
and isofagomine (1.13) where the anomeric carbon is substituted by nitrogen, are thought
to mimic charge developed on the ring oxygen and anomeric carbon respectively (Figure
1.15). The galactose analogue of these compounds were tested with - and B-
galactosidases from green coffee bean and Escherichia coli respéctively. The galactose

analogue of 1-deoxynojirimycin (1.15) was a potent inhibitor of a-galactosidase with a

-26 -




K; value in the low nanomolar range while the galactose analogues of 1.13 (1.16) had a
K; value only in the low micromolar range (Table 1.2) (66). In contrast, 1.16 is a
considerably better inhibitor of B-galactosidase than was 1.15. This suggests that, in the

case of a-glycosidases, the charge would be on the ring oxygen while in the 3-

\

‘ glycosidases, the charge is located on the anomeric carbon. Indeed the galactose analogue
of 1-azafagomine (1.17), an inhibitor in which both the ring oxygen and anomeric carbon
are replaced with nitrogen, was found to inhibit both o and 3-galactosidases (67).
Recently however, Bols’ group has synthesizéd an isofagomine analogue, noeuromycin

(1.14), which has a hydroxyl group on the 2-position, next to the ring nitrogen. This

and B-glycosidases with K; values in the nanomolar range (68), casting some serious
doubts on the charge distribution hypothesis. The effectiveness of this inhibitor does

provide evidence for the importance of the 2-hydroxyl group in catalysis.
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Figure 1.15 Structures of imino-sugars: deoxynojirimycin (1.12), isofagamine (1.3), 1-
azafagomine (1.13), noeuromycin (1.14), azagalactofagamine (1.15), isogalactofagamine

compound, with a nitrogen atom at the “anomeric centre”, acts as an inhibitor for both o-
(1.16), 1-azagalactofagamine (1.17), and D-galacto-noeuromycin (1.18).
|
\
|
|
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1.12 13 1.13 1.14
B-%;?;zig?se 47 UM 0.11 uM 0.32 uM 0.069 1M
“'g(lglg‘;‘;zit‘)iase 86 UM 25 uM 6.9 UM 0.022 pM

1.15 1.16 1.17 1.18
B'g?;_c(fglsii)dase 12.5 uM 0.2 uM 0.4 M 030 uM
0‘(‘ fj}?:;f;gﬁ‘;e 0.0016 M 50 uM 0.28 pM 0.74 uM

Table 1.2 Comparison of the K; values for imino-sugars on - and -glucosidase, and o~
and B-galactosidase (66).

The fact that the a- and B- face are not symmetrical implies that there will be
differences in the positioning of the active site residues between the o- and -
glycosidases. The positioning of the acid/base catalyst in an o-glycosidase is not on the
ring plane but rather, it lies about 1 A below the plane (39). Therefore, transition state
analogues designed to take advantage of the positioning of the acid/ba;e catalyst should
include features to accommodate this fact. In addition, the strong hydrogen bonding
interaction between the non-bonding oxygen of the catalytic nucleophile and 2-hydroxyl
group cannot take place in the case of a-glucosidases for obvious geometric reasoﬁs.
Instead, in the case of a-glycosidases, other residues in the active site interact with this
hydroxyl group on going to the transition state (69). The non-bonding oxygen of the
catalytic nucleophile is thought to interact with the ring oxygen in the CGTase
intermediate structure, possibly in the same way that the tyrosine interacts with this
oxygen in the Bcx mechanism (58). Indeed, it has been suggested that this interaction
may be the reason why 1-deoxynojirimycin is such an effective inhibitor of o.-

glycosidases (/7).
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As in the case of B-glucosidases, substrate _distortion has been seen for -
glucosidase. However, unlike the B-glucosidases, where there is a significant change in
conformation of the sugar on binding, the substrates of the o-glucosidases are only
slightly flattened from a *C; conformation, bringing them to a structure closer to that of
the flattened transition state. This is also in accordance with stereoelectronic factors
where the preferred conformation is a *C, chair (63).

Despite these difficulties in trapping the intermediates, the intermediate of several
o-glycosidases have been trapped using 5-fluorosugars or mutagenesis methods (28, 51,
70-72). Of these trapped intermediates, only the structure of the trapped cyclodextrin
glucanotransferase (CGTase), a member of the family 13 a-amylases, has been
determined (69): In this structure, the covalently bound sugar adopts a normal *C; chair
conformation. This conformation places the leaving group in an equatorial position,
suggesting that stereoelectronic factors are of less importance in the second step of this

reaction.

1.7 Aim of the thesis

Compared with the B-retaining glycosidases, wheré the mechanisms of several
model enzymes have been extensively characterized, there have been relatively few
studies on the mechanisms of o-retaining glycosidases. Therefore, our understanding of
o-glycosidases comes from inferences of the results of the B-retaining glycosidases.
There are three aims for this thesis:

1) Understanding the catalytic mechanism of family 38 a-mannosidases. This will be

done through the use of mechanism based inactivators.
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2) Understanding the mechanism of chloride activation in human pancreatic o-amylase.
3) Synthesis and testing of novel o-amylase substrates for the rapid screening of

inhibitors for human pancreatic o-amylase.
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Chapter 2 Family 38 o-mannosidases
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2.1 General introduction

2.1.1 Asparagine-linked glycosylation

Asparagine-linked (or N-linked) glycosylation is a post-translational modification
where a complex oligosaccharide is attached to a surface asparagine resid_tie of a protein
within the sequence Asn-X-Ser/Thr (where X is any amino acid other than proline)
through an N-glycosidic bond. In general, the biosynthetic pathway of this modification
can be divided into several processes (Figure 2.1). Initially, a lipid-linked oligosaccharide
(Glc;MangGleNA c,-PP;-dolichol) is synthesized at the membrane of the endoplasmic
reticulum (ER). An oligosaccharyl transferase then transfers this oligosaccharide from the
lipid phosphate to an asparagine within the sequence Asn-X-Ser/Thr of a growing
polypeptide chain during translation. Once transferred, an ER o-glucosidase removes the
three terminal glucose moieties and an ER a-mannosidase trims a single mannose residue
to form a MangGIcNAc, Asn intermediate. The glycosylated protein moves from the ER
to the Golgi where the glycan is then trimmed down through the action of several
glycosidases. Briefly, Golgi o(1,2)-mannosidase I removes three of the o(1,2)-linked
mannose moieties from the non-reducing end of the decgsaccharide. N-
Acetylglucosaminetransferase II then transfers a N-acetylglucosamine moiety from a
nucleotide diphosphate donor specifically to one of the terminal mannoses. Golgi o-
mannosidase II (GMII) then cleaves the terminal o1,3)- and o(1,6)-mannosides to result
in a core hexasaccharide structure. Finally, within the Golgi, various glycosyltransferases
transfer additional sugars to this core structure to result in the final glycan exhibited on

the protein. The initial part of this biosynthetic pathway is highly conserved and has been
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well characterized in various organisms (73-75). The latter part is species-, tissue- and
cell-dependent and is responsible for the diverse nature of this modification.

Unfolded Folded

ER

Figure 2.1 Biosynthetic pathway for N-linked glycans taken from (2). The symbols

represent the following sugars: A = glucose, © = mannose, Bl = N-acetylglucosamine, @
= galactose, @ = sialic acid, and A = fucose. The reaction catalyzed by GMII is boxed in
green.

Consistent with the diversity in structures, this post-translational modification
seems to play a number of different roles. Because a bulky group is attached to the
protein during translation, one of the most intuitively obvious roles that glycosylation
plays may be its effect on protein folding. Several studies have shown that the local
secondary structures are stabilized when a sugar moiety is attached to the peptide chain
(76). Since glycosylation occurs co-translationally, this stabilization may result in a
change in the folding pathway. In addition, glycosylation has also been shown to have

some stabilizing effects on the overall structure of some proteins (77).
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An indirect way in which N-linked glycosylation has been implicated in the
folding process is its role in the Calnexin/Calreticulin cycle (2). These two chaperones
use the N-linked glycan, GlcManyGIcNAc,, as a recognition element for binding to
improperly folded glycoproteins within the ER. Once the glycoprotein is bound to the
chaperon, a thioreductase associated with these chaperones helps with the folding
process. When the terminal glucose of the N-linked glycan is hydrolysed by ER o-
glucosidase 11, the glycoprotein is released from the chaperon. If the protein is not folded
at this stage, an ER glucosyltransferase re-glucosylates the N-linked glycan so that it may
bind to the chaperon again. This process is repeated until proper folding of the
glycoprotein is achieved, ensuring quality control for proteins going on to the Golgi.
Within the Golgi, the N-linked glycan is also used as a recognition element for several
lectins, which in turn aid in the trafficking and localization of glycoproteins within the
cell (3).

The main degradation pathwéy of N-linked glycoproteins takes place in the
lysosome of cells. In this pathway, the glycoprotein is degraded from both the glycan and
protein sides in a bidirectional fashion (Figure 2.2) (78). While the protein portion is
being hydrolysed by various exo- and endo-peptidases, the glycan is digested by exo-
glycosidases working from the terminal, non-reducing ends. In general, these exo-
glycosivdases have fairly broad aglycone specificity and the overall degradation pathway
requires relatively few different glycosidases (78). This is in sharp contrast to the
biosynthetic pathway of N-linked glycans where there is almost one enzyme associated

with each sugar linkage formed or broken.
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Figure 2.2 Lysosomal degradation pathway for N-linked glycoproteins adapted from
(78).

2.1.2 Family 38 o-mannosidases

By sequence homology, several o-mannosidases have been classified into family
38 of Henrissat’s glycosidase classification (Figure 2.3) (7-9). This family contains
mannosidases from various sources including the GMII, Golgi a-mannosidase IIx,
lysosomal o-mannosidase and cytosolic/ER a-mannosidase. By monitoring the

hydrolytic reaction by NMR spectroscopy, a representative member of this family was
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found to be a retaining glycosidase (79). Therefore, by analogy to other glycosidases, it
was deduced that this family of a-mannosidases employs a double displacement
mechanism. Fayﬁily 38 o-mannosidases are also characterised by their broad natural
substrate specificity, their ability to cleave synthetic substrates such as p-nitrophenyl o-
D-mannoside, and their susceptibility to the inhibitor swainsonine (80, 81). The other
class of a--mannosidases, family 47 ai-mannosidases, which includes the ER -
mannosidase I, are inverting o-glycosidases. These enzymes have very strict substrate
specificity towards o(1,2)-linkages and do not hydrolyse synthetic substrates. Family 47
o-mannosidase are also not inhibited by the inhibitor swainsonine.

Arguably the most studied ai-mannosidase is the Jack bean oi-mannosidase.
Because the primary sequence of this enzyme is not known, it cannot be definitively
classified to a particular family. However, comparison of its kinetic properties with that
of known a-mannosidases strongly suggested that this enzyme belongs to the family 38.
The mechanism-based inactivator, 5-fluoro-p-L-gulosy! fluoride (SFGulF), was used to
trap a covalent intermediate for this ‘enzyme, further supporting the proposed mechanism
(Chapter 1.5.5). This trapped intermediate was proteolytically digested and the resulting
digest was then analysed by liquid chromatography-mass spectrometry (LC-MS) to
identify the labelled peptide. From tandem mass-spectrometry (MS-MS) sequencing of
this peptide (RAGQIDPFGHSAVQG), the labelled residue was found to be an aspartate.
The amino acid sequence surrounding this residue (including the aspartate itself) was
found to align well with a conserved region within the family 38 o-mannosidases (Figure
2.3) (72), strongly suggesting that the catalytic nucleophile for family 38 o-mannosidases

is this conserved aspartate.
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Figure 2.3 Sequence alignment for family 38 a-mannosidases. The highly conserved
(70%) regions are highlighted in red while the low conservation regions are highlighted
in blue. The putative catalytic nucleophile (*) and putative acid/base (#) have been
labelled. Swiss Prot identifiers are indicated in parentheses. The sequences shown are:
bovine lysosomal o-mannosidase (Q29451), dictyostelium lysosomal ¢-mannosidase
(P34098), rat ER o-mannosidase (P21139), Drosophila Golgi o--mannosidase 11
(Q24451), human Golgi a-mannosidase II (Q16706), human Golgi o-mannosidase I1x
(P49641), and Jack Bean a-mannosidase (72).
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2.1.3 Lysosomal a-mannosidase

Lysosomal a-mannosidase (LAMAN; EC 3.2.1.24) is involved in the degradation
of N-linked glycoproteins (enzyme#3 in Figure 2.2). It is a multimeric complex
containing several subunits (the exact number is species-dependent) with an overall size
around 125 kDa (82-84). Like most lysosomal glycosidases, it has a broad substrate
specificity, hydrolysing 0(1,2)-, 0(1,3)- and o(1,6)-mannosidic linkages from the non-
reducing end. Also, similar to other lysosomal enzymes, this o-mannosidase is
characterized by its low pH optimum (pH 4.5), which is required for activity within the
lysosome.

Deficiencies of LAMAN can result in the lysosomal storage disorder, o-
Mannosidosis. Because most enzymes involved in the lysosomal degradation pathway of
glycoproteins are exo-glycosidases, operating from the non-reducing end, loss of activity
of the LAMAN leads to blockage of the degradation pathway. This, in turn, leads to an
accumulation of undigested oligosaccharides in the lysosome. o--Mannosidosis has been
seen in various organisms including humans (85), cattle (86) and cats (87). The
symptoms include progressive mental retardation, immunodeficiency and skeletal defects
(88). Genetic analysis of subjects with this disease shows that there are a number of
possible point or deletion mutations that lead to the loss of enzymatic activity (84, 89,
90). However, the degree of severity of these symptoms does not directly correlate with
the enzyme activity, suggesting that some other factor must be involved in determining

the severity of the disease.
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2.1.4 Golgi a-mannosidase 11

GMII (EC 3.2.1.114) is involved in the biosynthesis of N-linked glycoproteins
(Figure 2.1; the reaction catalyzed has been highlighted with a bo>.<). Its role is to trim off
two terminal mannose residues from the glycan, GlcNAcMansGlcNAc,, which has been
transferred to the protein. Although this enzyme has a broad specificity in that it cleaves
both a(1,3)- and o(1,6)-mannosidic linkages, it is more specific than its lysosomal
counterpart in that it does not cleave off the terminal mannose of its product,
GlecNAcMan;GIcNAc,, which is also o1,6) linked (97). This has been gttributed to the
enzyme using the terminal, o(1,2)-linked N-acetylglucosamine moiety to position the
substrate within the active site. Also in contrast to LAMAN, GMII is a monomeric,
transmembrane protein about 125 kDa in size.

Interestingly, in various tumour cell lines such as those from breast, colon and
skin cancer, the distribution of the cell surface N-linked glycosylation is altered (92).
Because N-linked glycosylation is associated with cell-cell interactions, this alteration
correlates with the progression of tumour metastasis (93). Indeed, knockout studies in
mice have shown that by removing an enzyme within the glycosylation pathway, tumour
metastatic progression is drastically decreased (94). Enzymes of this glycosylation
pathway are therefore potential targets for drug development in cancer treatment. In fact,
GMII has been the target of one such drug candidate, swainsonine. In early clinical trials
this well-known GMII inhibitor was found to reduce tumour growth and metastasis when

taken orally (95, 96).
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2.1.5 Structural aspects of Golgi o-mannosidase 11

Recently, the three-dimensional structure of the soluble form of GMII from
Drosophila melanogaster was determined by X-ray crystallography (Figure 2.4a) (97).
The protein consists of an N-terniinal 0/ domain and an all-§ C-terminal domain
connected together by a three-helix bundle. The active site of this enzyme was identified
from structures of complexes with inhibitors bound (Figure 2.4b for the active site
structure with deoxymannojirimycin bound). Within this site are four carboxylic acids,
each of which can potentially act as a catalytic residue. As might be expected, among
these carboxylic acids is the aspartate (Asp204) that was implicated in the Jack bean o
mannosidase study as being the catalytic nucleophile (72). This carboxylic acid is
positioned ~4.5 A away from the “anomeric carbon” on the “B-face” of the inhibitor, a
position which is consistent with the. role of a catalytic nucleophile. Although
deoxymannojirimycin does not have a glycosidic oxygen, this structure also suggested
that another of these aspartate residues (Asp341) is positioned in the to act as the
acid/base catalyst (anti protonator). An interesting feature of the active site is the
presence of a zinc ion, which is coordinated by two histidines (His90, His471), an
asparate (Asp92), and the 2- and 3-hydroxyl groups of the inhibitor. This supports
biochemical results that demonstrated the importance of the zinc in catalysis (98-100).
The fourth and final aspartate (Asp472) in the active site makes hydrogen bond contact

with the 3- and 4-hydroxyl! groups of the inhibitor.
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Figure 2.4 (a) Ribbon representation of the Drosophila GMII. The inhibitor,

deoxymannojirimycin has been shown in yellow. (b) The active site residues of GMII
interacting with the inhibitor deoxymannojirimycin.
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2.2 Specific aims of this study

1) Identifying the residue involved in nucleophilic catalysis for bovine kidney LAMAN.
Although Jack bean a-mannosidase shares a number of properties to that of family 38 o-
mannosidases, the complete sequence of this enzyme is not known. Therefore, it is
impossible to say with certainty that this enzyme belongs to family 38, and conversely,
that the nucleophile identified by sequence alignment of the short segment is indeed the
residue involved in nucleophilic catalysis for family 38 a-mannosidases. A similar
approach to that used to identify the catalytic nucleophile for Jack bean a-mannosidase
will be used to identify the catalytic nucleophile for a known family 38 a-mannosidase
from bovine kidney lysosome.

2) Determining the structure of the covalent intermediate of GMII from D. melanogaster.
To better understand the mechanism by which an enzyme catalyzes a reaction, it is
important to have structural information of some stable complexes on the reaction
pathway. One such complex in the hydrolysis of a-mannosides by family 38 -
mannosidases is the covalent intermediate. Knowing the structure of this complex will
not only allow for the determination of the interactions that the intermediate sugar forms
with the enzyme but also, it will give insight into the structure of the transition state. To
this end, the intermediate of D. melanogaster GMII will be trapped using several
mechanism based inhibitors. In collaboration with Drs. David Rose and Douglas Kuntz
(c.r'ystallographers at the Ontario Cancer centre, Toronto), the three-dimensional structure
of the trapped intermediate will be determined. Such information should aid in the

understanding of the structural aspects of the covalent intermediate.
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2.3 Results and discussion — the catalytic nucleophile of bovine

kidney LAMAN

2.3.1 Rationale for the selection of the inactivator

5-Fluorosugars have been used to label and identify the catalytic nucleophiles of a
number of a-glycosidases (28, 70-72) including the Jack bean o-mannosidase. An
interesting observation made during these studies was that the 5-fluorosugar
corresponding to the C5-epimer of the natural substrate was a better inactivator than was
the 5-fluorosugar with the “correct” configuration at C-5. Therefore, it stood to reason
that 5-fluoro-B-L-gulosyl fluoride (SFGulF), the C5-epimer of 5-fluoro-o.-D-mannosyl * ‘
fluoride (SFManF), should be the first candidate for labelling LAMAN.
2.3.2 Synthesis of 5-fluoro-B-L-gulosyl fluoride

The synthesis of 5SFGulF was adopted from previously published procedures for
the same compound (Scheme 2.1) (72). Briefly, the peracetylated mannose (2.1) was
fluorinated at the anomeric carbon using HF/pyridine to yield the acetylated oi-mannosyl
fluoride (2.2) in 85% yield after purification (no B-product was formed). The key step of
the synthesis involved the selective introduction of the bromine at the 5-position of 2.2 by
photo-bromination of peracetylated a-mannosyl fluoride. Literature report of this
reaction was 5 hours, with an overall yield of 53%. Using similar conditions, the reaction
had not progressed to a significant level after this time (by TLC) and so the reaction was
left refluxing overnight. The prolonged irradiation also resulted in the formation of
additional side products, as seen by TLC (most likely polybromination at the acetate

protecting groups (/01)). Although the pure product, peracetylated 5-bromo-o.-D-
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mannosyl fluoride (2.3) was obtained, the difficulty in separating the product from these
side products resulted in a low overall yield (25%) for this step. Treatment of 2.3 with
AgF resulted in the displacement of the bromide by fluoride with an inversion of
configuration at C-5 to yield the protected SFGulF (2.4) in 30% yield. Deprotection of the
sugar was achieved under basic conditions using ammonia in MeOH to give the final

product, SFGulF (2.5), in 30% yield.
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Scheme 2.1 An outline of the synthesis of SFGulF and the proposed synthesis of
5FManF. (a) HF/pyridine, 85% ; (b) NBS, CCly, hv, 25%; (c) AgF, CH;CN, 30%; (d)
NH;, MeOH, (for 2.5) 30%; (e) BF;-Et,0 and (f) AgBF,, Et,0.
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2.3.3 Kinetics studies of SFGulF with bovine kidney LAMAN

The kinetic model for the inactivation of glycosidases is shown in Scheme 2.2.
This model is based on the assumption that 5-fluorosugars are extremely bad substrates
for glycosidases with the rate of deglycosylation (reacti\'/ation; kreact) being much lower
than the rate of glycosylation (inactivation; ;). If the absolute value of kreact 1S
significantly small, the hydrolysis of the fluoroglycosyl-enzyme intermediate will not
occur.within the time-frame of the experiment. The accumulation of this intermediate
will be seen as a loss of enzymatic activity over time, or in other words, as time-
dependent inactivation. If the rate of reactivation is large though, the intermediate species
will be quickly turned over so that no inactivation is seen but rather, the compound will
act as a competitive inhibitor or a slow substrate. In this case, because the keact < ki, at
steady state there will still be an accumulation of the fluoroglycosyl-enzyme
intermediate, the amount depending on the ratio of the two rates. The result of this
accumulation is seen in the form of an apparent dissociation constant (K; or K, that is

significantly lower than the actual dissociation constant for the compound.

K; ki * Kreact
E+S <s==ES—E-S —=E+P

Scheme 2.2 A kinetic model of the reaction of fluorosugars with glycosidases where E is
the free enzyme; S is the substrate; E-S is the non-covalent enzyme-substrate complex; E-
S is the covalent glycosyl-enzyme intermediate; and P is the product.

Incubation of SFGulF with bovine kidney LAMAN did not result in time-
dependent inactivation of this enzyme at 30°C. This is in sharp contrast to the experiment
with Jack bean a-mannosidase where incubation with SFGulF resulted in complete

enzyme inactivation after 200 seconds (72). The SFGulF was instead found to act as an
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apparent tight binding competitive inhibitor of LAMAN with an apparent K; value of 67
UM (Figure 2.5). Considering that fact that the substrate, 2,4-dinitropheny! ¢-D-
mannoside (DNi’-Man), has a K, value of 1.2 mM, a K; value of 67 uM indicates much
tighter binding than would be expected for a simple substrate analogue (note: all
graphical data not presented in the text has been included in Appendix 2). The low K is
yet more surprising considering the inverted configuration at C-5 and the fact that the

aglycone is a fluoride, which is not likely to significantly contribute to binding.
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Figure 2.5 Dixon plot of the inhibition of bovine kidney LAMAN by SFGulF. Enzyme
was incubated with the following concentrations of substrate (DNP-Man): 0.25 mM (O),
0.365 mM (0O), 0.5 mM (A), and 1.0 mM (<).

These results are fully consistent with a kinetic model where the ke is large
enough that inactivation is not seen. This sort of behaviour has been previously reported

for fluorosugars when SFManF was tested as an inactivator of Jack bean o-mannosidase

(72). In this case, not only did the SFManF have a low apparent K; but it was also found

to be a slow substrate for the Jack bean enzyme. Indeed, when the SFGulF was tested as a

substrate by measuring the rate of fluoride ion release, the SFGulF was found to be turned



over by LAMAN with a ke = 0.022 5™ It is clear that the fluorine at the 5-position is
destabilizing the transition state, resulting in this low rate. By way of comparison, the kca
value for hydrolysis of DNP-Man by LAMAN is 9.9 s'. Consistent with the K; value of
67 UM determined from inhibition studies, the rate of turnover of SFGulF was
independent of substrate concentrations down to at least 0.7 mM (the K, could not be
determined due to the insensitivity of the instrument being used). Therefore, kinetic
results strongly support the accumulation of an intermediate upon incubation of LAMAN
with SFGulF. However, it is clear from the fact that no inactivation is seen that this
intermediate is not very stable.
2.3.4 Labelling experiments

The kinetic data pointed towards a significant steady state population of the
intermediate during the hydrolysis of SFGulF by LAMAN. Therefore, it may be possible
to detect this species while the LAMAN is hydrolysing SFGuIF. If this accumulating
species involves a covalent bond between the sugar and enzyme, one possible method of
detecting this intermediate is through mass spectrometry, where the intermediate species
should have a mass corresponding to the mass of the enzyme plus the glycosyl unit.
Unfortunately, attempts at determining the mass of bovine kidney LAMAN either in the
presence or absence of 5SFGulF by electrospray ionisation mass spectrometry (ESI-MS)
failed. This is most likely due to the protein in the sample having a distribution of masses
(micro-heterogeneity) as a result of differences in the N-linked glycans being attached.
Therefore, it was not possible to directly detect the accumulated intermediate through this

method.
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However, during steady state, it should be possible to generate a peptide
containing the labelled active site nucleophile by rapid proteolytic digestion of LAMAN
during its hydrolysis of SFGulF. Because N-linked glycans are generally attached to the
surface residues of proteins, it is unlikely that a peptide containing the catalytic
nucleophile, an active site residue, will also contain an N-linked glycan. Therefore, unlike
in the case of the intact protein, there should be no problems with micro-heterogeneity
when determining the mass of this peptide.

LAMAN was therefore incubated with SFGulF followed by pepsin digestion at
pH 2 to generate a mixture of peptides. This mixture was separated by HPLC attached to
an ESI-MS detector (Figure 2.6a). The labelled peptide was identified by repeating this
process but running the MS-MS in neutral loss mode (55). In this mode, peptides are
subjected to mild fragmentation by collision with an inert gas in the second quadrupole.
This collision causes a homolytic cleavage of the labile ester bond between the sugar and
the peptide, resulting in loss of a neutral sugar. The first and third quadrupoles are
scanned in a linked fashion so that only ions whose mass changes by exactly the mass of

the label lost in the second quadrupole can pass through the third quadrupole to the

detector. In this way it is possible to identify the ion that contained the ester-linked sugar.

In the present case, where a 5-fluoro-gulosyl moiety will be lost, this difference is m/z
181 if the peptide is singly charged and m/z 90.5 if the peptide is doubly charged. No
peptides of note were observed when scanning for a loss of 181. However, when the
analysis was done while scanning for a loss of 90.5, several peptides were identified
(Figure 2.6b). Only one of these peptides was absent in the control pepsin digest of

LAMAN that had not been incubated with SFGulF (Figure 2.6¢), suggesting that this
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fragment is indeed the labelled peptide. The peptide has a m/z of 688 (Figure 2.6d) and

because it is a doubly charged, this corresponds to a mass of 1376.

Normalized
intensity

Time (min)

d. 688

11 1uw 1 il bl 1h
T

T
400 600 800 1000

Figure 2.6 ESI-MS experiments on peptic digests of bovine kidnet LAMAN. (a) Enzyme
incubated with SFGuIF, total ion current in normal MS mode. (b) Enzyme incubated with
5FGuIF, total ion current in the neutral loss mode. The labelled peptide of interest is
indicated with an asterisk. (c) Unlabelled enzyme, total ion current in neutral loss mode.

(d) Mass spectrum of the labelled peptide eluting at 28.37 minutes. The peptide has a m/z
of 688 corresponding to a mass of 1376.
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To confirm the neutral loss analysis results, comparative mapping was done on
the peptide digests of the enzyme that had either been pre-incubated with SFGulF with a
sample where the enzyme had been incubated with water (control). As was expected, the
identified peptide was not present in the control digest. Instead, the corresponding
unlabelled peptide (m/z = 598) was found to come off the HPLC at around the same
retention time. This unlabelled peptide was also found at much lower intensity in the
labelled digest. This is most likely due to incomplete labelling, a result consistent with

the kinetic analysis that suggested that the intermediate of SFGulF hydrolysis is quickly

turned over.
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Figure 2.7 ESI-MS-MS spectrum of the 5-fluoro-gulosy! peptide (m/z 688, in doubly
charged state). Observed Y series fragments are shown above the peptide sequence.

Both the labelled and corresponding unlabelled peptides were isolated from the

protein digest by HPLC and subsequently sequenced using ESI-MS-MS. The two
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samples gave very similar mass spectra. Analysis of this fragmentation pattern as shown
in Figure 2.7 yields the sequence HIDPFGHSRE which corresponds to a sequence of
His195 to Glu204 in the full sequence. Unfortunately, it was not possible, from this
spectrum, to identify the specific amino acid residue labelled since no fragments still
bearing the label were seen in the MS-MS spectrum. However, this sequence contains
only two carboxylic acids, an aspartate and a glutamate. To date, such residues have been
shown to act as the enzymatic nucleophile in all retaining glycosidases functioning via
the double displacement mechanism. Sequence alignment of this fragment with other
members of the family 38 a-mannosidase (Figure 2.3) shows that only the aspartate
(Asp197), and not the glutamate, is conserved throughout this family. Furthermore, the
aspartate residue is also the residue that was identified through the labelling studies on
the Jack bean a-mannosidase. These two results combined strongly suggest that the
catalytic nucleophile in bovine kidney LAMAN is Asp197.
2.3.5 Conclusions

The general assumption made during the initial phases of this study was that, as
with previously studied glycosidases, this enzyme catalysed hydrolysis via a double
displacement mechanism involving a covalent intermediate. Isolation of a labelled
peptide from a digestion mix of enzyme pre-incubated with SFGulF confirmed this
assumption. The residue acting as the nucleophile was determined to be an amino acid
found between residues 195 aﬁd 204. Unfortunately, because of the labile nature of this
ester linkage, it was not possible to unequivocally identify the labelled residue. However,
the study strongly suggests that the catalytic nucleophile is Asp197, corresponding to the

same residue as that identified in Jack bean a-mannosidase.
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2.4 Results and discussion — structural characterization of the

covalent intermediate

2.4.1 Rationale for the experiments

The studies with the bovine kidney LAMAN demonstrated that covalent catalysis
was involved in the hydroly‘sis mechanism for family 38 a-mannosidases. Furthermore, it
pointed to an asparate side chain playing this role. These results are consistent with a
double displacement mechanism. Because this intermediate is a key feature of this
mechanism, knowledge of its structure would be invaluable in understanding the finer
details of the catalytic mechanism. Although the three-dimensional structure of the
bovine kidney LAMAN had not been determined af the time of this study, the tertiary
structure of the D. melanogaster GMII, an(;ther family 38 a-mannosidase, was being
solved by vaﬁ den Elsen et al. (97). In addition, the D. melanogaster GMII had also been
cloned and the recombinant enzyme over-expressed so that mutational studies could be
done with the enzyme.

The D. melanogaster GMII was therefore a good candidate for structural analysis
of the covalent intermediate in family 38 a-mannosidases, and based upon the results.
with both the Jack bean a-mannosidase and bovine kidney LAMAN, SFGulF was used as
the initial mechanism-based inactivator to trap this intermediate. In the initial studies, to
increase the chance of completely trapping the intermediate, a mutant form of the enzyme
was used whereby the putative acid/base catalyst (Asp341; GMI number will be used for
the rest of the chapter unless otherwise specified) had been mutated to an asparagine (see

section 1.5.5 for details).
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2.4.2 Kinetic analysis of the inactivation of the Asp341Asn mutant GMII by 5FGulF

The kinetic parameters for the Asp341Asn mutant GMII hydrolysis of the
substrate DNP-Man were determined and as might be expected, its k., value was
significantly lower than the k¢, value determinéd for wild-type GMII with the same
substrate (0.048 s™' and 8.6 s, respectively). Interestingly, the K., values for the wild-
type and Asp341Asn mutant GMII were 5.5 mM and 0.05 mM respectively. This
relatively low K, value for the mutant enzyme is suggestive of substantial accumulation
of an intermediate during the hydrolysis of ’DNP;Man. This is promising for the planned
structural analysis. However, in order to obtain structural information, the intermediate is
required to have a sufficient lifetime that it stays intact while the X-ray diffraction
patterns are being collected (a low kreaet value). As such, tﬁe SFGuIF was used with the
acid/base mutant in order to achieve this trapping.

As with bovine kidney LAMAN, when the Asp341Asn mutant GMII was
incubated at 37°C with SFGulF, no time-dependent inactivation was seen. Instead,
5FGulF acted as an apparent reversible inhibitor with a K; value of approximately 0.6
mM. This K; value is once again quite low compared to the K, value for the substrate
DNP-Man with the wild-type enzyme (5.5 mM). This relatively low K; value for the
mutant GMII is suggestive of substantial accumulation of intermediate during the
hydrolysis of SFGulF. The lack of inactivation may therefore be due to rapid turnover of
the ﬂuoroglycosyvl-enzyme intermediate so direct detection is not possible under the
conditions employed.

In order to increase the chance of observing the inactivation process, the assay to

measure residual GMII activity of the inactivation reaction was carried out at a lower
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temperature (16°C) to decrease the reactivation rate. Under these conditions, time-
dependent inactivation of the Asp341Asn mutant GMII was indeed observed. When the
first part of the experiment (inactivation) was carried out at 37°C, the reaction was too
fast to allow rates of inactivation to be determined. Therefore, the entire experiment was
performed at 16°C and the pseudo-first order rate constants so determined were plotted
versus inactivator concentration as shown in Figure 2.8b. Unfortunately, even at this low
temperature, inactivation occurred too quickly to determine the pseudo-first order rate
constants for inactivation at higher inactivator concentrations where saturation behaviour
might be observed. Therefore, it was not possible to determine the parameters, & and K;,
independently but only a value for the pseudo-second order rate constant, £i/K; of 33 s

]M'l, could be determined.
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Figure 2.8 (a) Inactivation of Asp341Asn mutant Drosophila GMII at 16°C by SFGulF
at the following concentrations: 0.05 mM (O), 0.1 mM (@), 0.2 mM (O), and 0.4 mM
(Im). (b) Replot of the rate constants from above.

If the SFGuIF is a slow substrate of the mutant GMII, the 5-fluoro-gulosyl-
enzyme intermediate should slowly be turned over to product the free enzyme and a

hydrolysed product. The reactivation of this intermediate was measured as a function of
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time (Figure 2.9). Although the activity of the enzyme did not return to the original rate
prior to inactivation, there was evidence of reactivation taking place. This indicates that
the 5FGulF is a slow substrate for the mutant GMII. When the SFGulF was tested as a
substrate for Asp341Asn mutant GMII by measuring fluoride ion release, there was no
measurable activity at enzyme concentrations of 1.6 pM. This is consistent with the fact
that the rate of hydrolysis is normally significantly reduced upon the introduction of
fluorine at the C-5 position (28) and the fact that removal of the acid/base catalyst usually

reduces the rate by 2-3 orders of magnitude (31, 32).
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Figure 2.9 Reactivation of the 5-fluoro-gulosyl GMII at 16°C.

2.4.3 Mass spectrometric analysis of the intermediate formed with 5F GulI:“

In order to verify the covalent nature of the intermediate formed, the mass of the
inactivated enzyme was determined by LC-MS analysis. Compared to that of the free
enzyme, the mass of the inactivated enzyme was greater by 172 Da (Figure 2.10). This
value corresponds within the experimental error (+ 20 Da) to the expected increase of 181
Da for the addition of a 5-fluoro-gulosyl moiety to an enzyme of molecular weight 120.5
kDa. Since the enzyme is under purified under acidic conditions prior to ESI-MS
analysis, there is little chance that this increase reflects a non-covalent complex.

Therefore, the inactivation seen by incubating SFGulF with the Asp341Asn mutant GMII
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is likely due to the formation of a covalent glycosyl-enzyme intermediate formed during
the hydrolysis reaction. The extra peaks found in the control spectra are most likely due

to different glycoforms of the protein.
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Figure 2.10 Reconstructed electrospray mass spectra of Asp341Asn mutant Drosophila
GMII in the absence (black) and in the presence (fuchsia) of SFGulF.

2.4.4 Structural analysis of the covalent intermediate

The structures of all complexes in this chapter v.vere determined by Dr. Douglas
Kuntz in the laboratory of Professor Rose at the Onfario Cancer Institute in Toronto. In
‘order to minimise hydrolysis of the intermediate and to improve the data quality, the
crystals were frozen after being soaked with SFGulF for 30 minutes. The structure of the
Asp341Asn mﬁtant GMII soaked with SFGulF was determined to 2.03 A resolution.

The backbone structure of the Asp341Asn mutant GMII soaked with SFGulF
differed very little compared to the structure of wild-type GMII with nothing bound, the
main difference being the presence of a sugar bound to the active site of the mutant GMII
(Figure 2.11). A closer inspection of this sugar revealed it to correspond to a 5-fluoro-
gulosyl moiety in a 'Ss skew boat conformation. The anomeric carbon of this sugar is

1.50 A away from the 8;-oxygen of Asp204, a distance that is consistent with a covalent
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bond between the two atoms. Further support for the covalent “B”-linkage (note: This is
formally an o-linkage with an L-sugar, but for the purpose of this discussion, o and  will
be used as applied to the natural substrates, D-mannosides) between the carboxylic acid
and sugar comes from the electron density map, which clearly reveals electron density
between the two atoms (Figure 2.11a). The aspartate that forms a covalent bond with the
sugar is the residue that was predicted to act as the catalytic nucleophile from previous
studies on the Jack bean a-mannosidase (72) and the bovine kidney LAMAN. More
importantly, the crystallographic data, taken together with the kinetic and mass
spectrometric data, demonstrate that a covalent glycosyl-enzyme intermediate is formed
during the hydrolysis of SFGulF by the Asp341Asn mutant enzyme.

One of the striking, and unexpected, features of the covalently bound sugar is the
'S5 skew boat conformation adopted by the covalently linked gulosyl moiety. This
conformation positions the leaving group, which has a “B”-configuration, in an axial
position and anti-periplanar to the lone pair of the ring oxygen. This is consistent with
stereoelectronic expectations. Furthermore, this conformation places the 2-hydroxyl
group of the guloside in a favourable pseudo-equatorial position, which would otherwise
be' axial. Comparison of this structure with that of deoxymannojirimycin bound to wild-
type enzyme, wheré the sugar adopts a “C, chair conformation, shows that there is little
change in the positions of the 3- and 4-hydroxyl groups of the sugar. In both cases, the 3-
hydroxyl group is held in place by hydrogen bonding to Asp92 and Asp472, as well as by
coordinating to the active site zinc ion. The 4-hydroxy! in both sugars is kept in position
by hydrogen bonding to Asp472 and Tyr727. In contrast, as would be expected in going

from a chair to skew boat conformation, there is a considerable shift of the position of the
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Figure 2.11 (a) Electron density map around the region of Asp204 and the covalently
bound sugar. (b) Structure of the covalent intermediate formed during the hydrolysis of
SFGuIF by the Asp341Asn mutant Drosophila GMIL.
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2-hydroxyl group and the anomeric carbon. This change, in addition to the newly formed
covalent bond, results in the shortening of the distances between the 2-hydroxyl group,
and both the zinc ion and Asp92. Interestingly though, there is very little movement in
the position of Asp204, the catalytic nucleophile, with respect to the rest of the enzyme.
This suggests that the skew boat conformation is adopted because the 3- and 4-hydroxyl
groups are tightly held in place by several interactions, and that such a conformation is
required to accommodate the newly formed covalent bond.

Another point of interest is the spatial position of the non-bonding oxygen of the
catalytic nucleophile. .This oxygen is positioned 2.4 A away from the ring oxygen. A
similar interaction was also seen in the structure of the covalent intermediate formed on a
family 13 enzyme, cyclodextrin glucanotransferase (CGTase) (69). This oxygen-oxygen
interaction is thought to possibly stabilize the positive charge that develops on the ring
oxygen during the transition states. This may partially explain why the o-retaining
glycosidases seem to have more charge build-up on the ring oxygen while the B-retaining
glycosidases, where this interaction is not possible, seem to have charge build-up on the
anomeric carbon during the transition state (/7).

However, the skew boat conformation may be an artefact of the experimental
design involved in trapping the intermediate and thus, may not be relevant to the
hydrolysis of the natural substrate by GMIL. Two modifications of the substrate/enzyme
system were made in order to trap the covalent intermediate. The first modification was
the use of an acid/base mutant GMII. This residue does not make any direct contacts with
the covalently bound sugar. However, since this residue is in the active site, its mutation,

and consequently the absence of the negatively charged carboxylic acid, may result in a
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perturbation in the conformation of the covalently linked sugar. The second modification
was the use of a sugar with an inverted configuration at C-5 (5FGuIF) relative to
mannose. It is possible that this change will favour a skew boat conformation over
another form such as a *C, chair conformation. For example, by adopting a skew boat
conformation the sugar would avoid 1,3-diaxial interactions of the bulky
hydroxymethylene with H-1 and H-3. In fact, in the protected form, the SFGulF adopts a
boat-like conformation while the SFManF adopts a chair conformation (72), indicating
that 5-fluoro gulo-type compounds are more prone to adopting this conformation.
2.4.5 Kinetic analysis of the inactivation of the wild-type GMII by SFGulF

In order to determine whether the mutation is affecting the conformation of the
covalently bound sugar, it is necessary to determine the structure of the covalent
intermediate formed on the wild-type enzyme. To this end, attempts were made at
trapping the intermediate formed during SFGulF hydrolysis by wild-type GMIL. As
expected, no time-dependent inactivation was seen when the assay for residual activity
was done at 37°C. However, when the assay for residual activity was conducted at 8°C,
time-dependent inactivation was seen (Figure 2.12). As is apparent, complete inactivation
was not observed at an inactivator concentration of 0.4 mM. Rather, a steady state level
was attained, presumably due to relatively rapid reactivation. The SFGuIF was tested as a
substrate for GMII at 37°C by measuring fluoride ion release, yielding a ke, value of 5.1
x 107 s and a Ky, value of 0.2 mM. At higher concentrations (>1 mM), there was kinetic
evidence for transglycosylation of the SFGulF in a self-condensing reaction. This further
suggests that the deglycosylation step is rate limiting and that an accumulation of

intermediate is taking place.
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Figure 2.12 Inactivation of wild-type Drosophila GMII by 0.4 mM 5FGulF.

" The mass of the labelled protein was determined by ESI-MS and was shown to be
greater than that of the unlabelled protein by 180 Da (Figure 2.13). This corresponds,
.within error, to the addition of a single 5-fluoro-gulosyl moiety (theoretical increase: 181
Da), thereby confirming the covalent nature of the intermediate formed during 5SFGulF
hydrolysis by wild-type GMII. These results suggest that structural analysis of this
| intermediate should be possible if carried out at low temperatures. A point of interest is
i the differenée in size of the wild-type enzyme compared with the Asp341Asn mutant
‘ GMIL. This is most likely due to a difference in truncation during the expression of the

protein. .
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Figure 2.13 Reconstructed electrospray mass spectra of wild-type Drosophila GMII in
the absence (black) and in the presence (fuchsia) of SFGulF.
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2.4.6 Structural analysis of the intermediate formed during SFGulF hydrolysis by
wild-type GMII

Analysis of the structure of the wild-type enzyme, soaked with SFGulF,
determined to 1.20 A resolution, revealed a sugar bound in the active site. Contiguous
electron density was observed from thé anomeric carbon to a 8;-oxygen, consistent with a
covalent bond between the sugar and the enzyme. The distance between the anomeric
carbon and the §,-oxygen of Asp204 was found to be 1.43 A, which is also consistent
with a covalent bond formed between these two atoms. By overlaying this structure with
that of the intermediate formed on the Asp341Asn mutant GMII, it was evident that there
are few structural changes in the side chain conformation as a consequence of the
" mutation of Asp341 (Figure 2.14). More importantly, the covalently bound sugar, as in
the Asp341Asn mutant GMII structure, adopts a 'S5 skew boat conformation, suggesting
that this conformation is not an artefact of the mutation to the enzyme.
2.4.7 Synthesis of an alternative inactivator

A more probable explanation for why a skew boat conformation might be seen in
these cases is that the modified “substrate” favours this unusual conformation. As
mentioned above, a skew boat conformation would place a bulky hydroxymethyl
substituent at C-5 in a more favoured equatorial position. In order to test for this
possibility, it is necessary to use inactivators that do not have a bulky substituent in the

gulo configuration at C-5. The two inactivators considered were 5-fluoro-o-D-mannosyl

fluoride (5FManF) and 2-deoxy-2-fluoro-o-D-mannosyl fluoride (2FManF).
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Figure 2.14 (a) Electron density map around the region of Asp204 and the covalently
bound sugar. (b) Structure of the covalent intermediate formed during the hydrolysis of
5FGulF by wild-type Drosophila GMIL. The structure of the covalent intermediate
formed during the hydrolysis of SFGulF by the Asp341Asn mutant Drosophila GMII is
overlaid (light green).
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According to literature precedent, the protected form of SFManF can be
synthesized from 2.4 by treatment with BF5 (Scheme 2.1) (72). Unfortunately, several
attempts at this transformation resulted in the degradation of starting material to baseline
products and possibly an elimination product. An alternate route to this compound
involves treatment of 2.3 with AgBF,. However, although some SFGulF was made in this
reaction, no 5SFManF was isolated. This approach was therefore abandoned.

Synthesis of 2FManF was started from peracetylated 2-deoxy-2-fluoro-B-D-
mannosyl fluoride (2.6) (synthesized by Dr. David L. Zechel according to (102)) as
shown in Scheme 2.3. Treatment of this compound with HF/pyridine resulted in the
anomerization of the anomeric fluorine to the desired o-configuration (2.7) (/02). The

product was then deprotected using NH; in MeOH to yield 2.8 in 20% yield.

OAc OH

(@) "o (b) f-o
——P A0 - —Pp HO
AcO -9 AcO
AcO F

OAc

-

2.6 2.7 2.8

Scheme 2.3 An outline of the synthesis of 2FManF. a) HF/pyridine, and (b) NH;, MeOH.

2.4.8 Kinetic analysis of the interaction of 2FManF with GMII

Previous studies of the cleavage of 2-deoxy-2-fluoroglycosides by o-glycosidases
had shown that these compounds were very slow substrates for the enzyme with the rate
limiting step being deglycosylation. However, these compounds did not inactivate the

enzyme (65). Therefore, 2FManF was tested as a substrate for the wild-type GMII by

monitoring fluoride release using a fluoride-selective electrode. Consistent with previous




findings, the 2FManF was found ;[o be a very slow substrate for wild-type GMII with a
keat/Kim value of 8.5 x 10° "M Unfortunately, due to the high K, value (>25 mM) it
was not possible to determine the k. and K., values independently of each other. The
high K., value is not surprising as this substrate is missing a 2-hydroxyl group, which
could otherwise participate in hydrogen bonding with active site residues. As this ke/Kn
value was lower than the value seen for the hydrolysis of SFGulF by wild-type GMII, the
ZFMathv.vas not tested as a substrate for the Asp341Asn mutant GMII since the rates
expected are much lower and likely immeasurable. When 2FManF was tested as a
reversible inhibitor of the Asp341Asn mutant GMII, a K; value of approximately 7.5 mM
was determined. This value is lower than the K, value for the hydrolysis of 2FManF by
wild-type GMII (where the K, > 25 mM) and suggests the accumulation of an
intermediate.
2.4.9 Mass spectrometric analysis of the intermediate formed during 2FManF
hydrolysis by Asp3414Asn mutant

ESI-MS analysis of a sample of the Asp341Asn mutant GMII revealed several
peaks (Figure 2.15). The main peak at 120468 Da corresponds to the mass of the mutant
GMII, while the peaks corresponding to higher mass species with lower intensity are
most likely different glycoforms. Incubation of the enzyme with 2FManF prior to the
ESI-MS analysis results in the shift of the profile by 166 Da, indicating that each of these
species is being covalently labelled by the inactivator (expected increase of 165 Da). The
fact that fhere is still a peak that corresponds to the mass of unlabelled enzyme in the

sample indicates that this accumulation is probably incomplete.
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Figure 2.15 Reconstructed electrospray mass spectra of Asp341Asn mutant Drosophila
GMII in the absence (black) and in the presence (fuchsia) of 2FManF.

2.4.10 Structural analysis of the intermediate formed during 2FManF hydrolysis by

Asp341Asn mutant GMII

In order to determine the structure of the covalent intermediate formed during
2FManF hydrolysis, crystals of Asp341Asn mutant GMII were soaked with 2FManF for
30 minutes and subsequently frozen. The structure was solved to 1.3 A resolution. A
sugar was seen bound in the active site of the mutant enzyme (Figure 2.16) and again,
contiguous electron density was seen between the anomeric carbon and the §;-oxygen of
Asp204. The apparent distance between these two atoms was greater at 1.79 A and there
was less electron density between the two atoms than in the other two structures. This
distance is not consistent with any one type of bond or interaction and most likely
represents an average structure between the covalent intermediate and another bound
species such as the product. In fact, the density seems to fit well to a model where 50% of
the bound species is the covalent intermediate. Indeed, this would be consistent with the
MS results that suggested that there is less than 100% accumulation of the intermediate at

the steady state.
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Figure 2.16 (a) Electron density map around the region of Asp204 and the covalently
bound sugar. (b) Structure of the covalent intermediate formed during the hydrolysis of
2FManF by Asp341Asn mutant Drosophila GMIL. The structure of the covalent
intermediate formed during the hydrolysis of SFGulF by wild-type Drosophila GMIL is
overlaid (light green).
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Interestingly, the sugar moiety once again adopts a 'Ss skew boat conformation in
this trapped intermediate, despite the bulky substituent at C-5 being in an inverted
configuration from the 5FGulF compound. Furthermore, overlay of the structure for the
intermediate formed during 5SFGulF hydrolysis with that of 2FManF hydrolysis showed
that the ring carbons of the sugar overlay very well with one another (Figure 2.17a).
Consequently, the hydroxymethylene group is equatorial in the intermediate for 2FManF
hydrolysis while it is pseudo-axial in the intermediate of SFGulF hydrolysis. This results

_in the 6-hydroxyl group being positioned spatially in a similar location within the active
site (Figure 2.17b). One of the possible reasons for this similar position of the 6-hydroxyl
group is a hydrogen bond to the backbone carbonyl of Arg876. In addition though, there
is a hydrophobic pocket above the face of the sugar ring formed by Phe206, Trp415 and
Tyr727. Positioning of the 6-hydroxyl group towards this face would result in a steric
clash. This may, in part, be why both the intermediates formed during SFGulF and

2FManF hydrolysis adopt similar conformations.
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Figure 2.17 (a) Overlays of the structures of the sugar in the covalent intermediate during
2FmanF (cyan) hydrolysis with that of SFGulF (magenta); courtesy of Dr. Douglas A.
Kuntz. (b) The same overlay, this time showing the sugar in respect to select active site
residues.
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From this, it seems that the configuration at C-5 does not seems to significantly
affect the conformation of the sugar in the intermediate formed on GMII during
hydrolysis. Because the mutation of the acid/base catalyst was determined not to affect
the conformation of the intermediate sugar for SFGuIF hydrolysis, it is likely that this is
also the case for 2FManF hydrolysis. The intermediate formed during hydrolysis of
2FManF by the wild-type enzyme is likely to also adopt a 'S5 skew boat conformation.
These three structural studies clearly point to a 'Ss skew boat conformation also being
adopted in the covalent intermediate formed during hydrolysis of the natural substrate by
GMIL.

2.4.11 Implications of the skew boat conformation

From a catalytic standpoint there are several possible reasons why the glycosyl
moiety in the glycosyl-enzyme intermediate might adopt a 'S5 skew boat conformation.
In the deglycosylation step, a nucleophilic water molecule attacks the anomeric carbon,
displacing Asp204. By adppting this conformation, the hydroxyl groups and hydrogens
will not hinder the water from making this attack (Figure 2.18). Kinetic isotope effect
analyses conducted on other glycosidases have also suggested that the sugar goes through
a transition state where C-2, C-1, O-5 and C-5 are in a plane (/4). The energy barrier
between the 'Ss skew boat and the B, s boat structure, in which these four atoms are in a
plane, is fairly low so that minimal energy is required for conformational changes (for
example, this barrier is 0.9 kcal/mol for cyclohexane) (/03). This conformation therefore
brings the intermediate structure closer to the proposed transition state structure.
Furthermore, the skew boat conformation also brings the 2-hydroxyl group to a pseudo-

equatorial position, further decreasing the energy barrier to the transition state species.
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Interestingly, this conformation also places the leaving group anti-periplanar to the lone
pair of the ring oxygen. According to the controversial anti-periplanar lone-pair
hypothesis, proposed by Deslongchamps’, this conformation is required before the

departure of the leaving group can take place (63).

Figure 2.18 Several benefits during catalysis for adopting the skew boat conformation.
(1) Water molecule hindered from making a nucleophilic attack of the anomeric carbon.
(2) 2-Hydroxyl group is in a pseudo-equatorial configuration. (3) Ring oxygen lone-pair
is antiperiplanar to the leaving group.

Recently, the three-dimensional structure of a §-mannanase from Pseudomonas
cellulosa (endo-B-retaining mannosidase) was determined at various points along its
reaction coordinate (62). Interestingly, an overlay of the sugar from the substrate bound
complex (Michaelis complex) in the B-mannanase structure with that of the covalent
intermediate formed on GMII shows that the conformations adopted by these two
structures are essentially identical (Figure 2.19a). In this “B-mannosidase” structure, the
substrate bound is 2,4-dinitrophenyl 2-deoxy-2-fluoro-f3-mannotrioside. The 2,4-
dinitropheny! group seems to bind to the +1 subsite of the enzyme. In this enzyme, the
binding to the +1 subsite seems to provide the axial directionality for the scissile bond.
Binding of a mannoside to the —2 subsite also locks the position of C-4 on the —1 subsite

sugar. The skew boat conformation adopted in the —1 subsite, therefore, seems to be a
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consequence of the positions of the sugars bound at the —2 and +1 subsite with respect to

the —1 subsite. In addition, several residues form hydrogen bonds with the 2- and 3-

hydroxyl groups, further favouring a skew boat conformation (Figure 2.19b).
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Figure 2.19 (a) Overlays of the structures of the covalent intermediates formed during
2FManF hydrolysis with that of the —1 subsite sugar in the Michaelis complex of -
mannanase (fuchsia). (b) Structure of the Michaelis complex of the B-mannanase (62).
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Interestingly, the analogous situation seems to take place in the active site of
GMII. As was mentioned earlier, in GMII, the directionality of the scissile bond is
determined by the position of the catalytic nucleophile, Asp204, a residue whose position
does not shift significantly on going from the free enzyme to the covalent intermediate.
An extensive hydrogen-bonding network to the 3- and 4-hydroxyl groups determines the
position of C-4. The two different glycosidases, therefore, seemed to have achieved the
same conformation through similar, yet different methods.

This commonality in the conformation of the bound sugar may not be completely
unexpected. The B-mannanase is a 3-retaining mannosidase and as such, during the
glycosylation step, a B-mannoside is transformed into an a-mannoside (Figure 2.20). In
the deglycoéylation'step of the o-retaining mannosidase, GMII a 3-mannoside is
transformed into an o-mannose. It is therefore possible that these two steps go through a
similar transition state. Consequently, the ground state conformations adopted would also
be expected to be similar. Unfortunately, at this point in time, there are no structural data
for a product complex of GMII. Therefore, it is impossible to say with certainty that the
two steps have a common transition state. This, though, is the first structural evidence

showing that the deglycosylation step of an a-glycosidase may be similar to the

glycosylation step of a B-glycosidase.
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Figure 2.20 Comparison of the double displacement mechanism of an o.-retaining
glycosidase versus a B-retaining glycosidase. The deglycosylation step and glycosylation
step of the respective enzymes have been highlighted.

Because most - and B-retaining glycosidases go through a double displacement
mechanism, according to the above hypothesis, the phenomenon of the covalent
intermediate of an o-retaining glycosidase resembling the Michaelis complex of a [3-
retaining mannosidase and vice versa should be general to all o- and B-retaining
glycosidases with “similar” substrates. The structures of a number of Michaelis
complexes of “B-glucosidase” have been determined (52, 56, 61, 64). In all cases to date,
substantial substrate distortion has been seen with each of these sugars adopting B boat
conformations.

At present, the only structure determined of a covalent intermediate formed on an
o-retaining glucosidase is that of cyclodextrin glucanotransferase (CGTase) (69). In this
structure, the sugar in the —1 subsite adopts a *C; chair conformation. The CGTase is a

member of glycosidase family 13, a family that also includes o-amylases and a-
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glucosidases. As no known Michaelis complex of a B-glucosidase adopts a 4C, chair
conformation, it would seem that the commonality between the o.- and B-glycosidase as
seen in the two mannosidases is not a general phenomenon. However, CGTase is not a
true glycosidase in that it favours the transglycosylation reaction over the hydrolysis’
reaction. It is possible that CGTase has some mechanism for avoiding nucleophilic attack
of the glycosyl-enzyme intermediate by an incoming water molecule. One such
mechanism may involve the requirement for a conformational change of the glucose
moiety in the —1 subsite before reaction can take place. Binding of the acceptor sugar to
the enzyme could potentially induce this conformational change. If this is the case, then it
is possible that the active conformation of the —1 subsite sugar in the covalent
intermediate of CGTasg is a skew boat conformation. This will require further structural
studies.
24.12 Conclusiohs and future studies

The structures of the covalent intermediates formed during the hydrolysis of
5FGulF and 2FManF were determined by X-ray crystallography. Both the kinetic and
structural analysis of these react‘ions suggested that GMII hydrolyses &-mannosides
through a double displacement mechanism involving a covalent glycosyl-enzyme
intermediate. This is consistent with the huge amount of kinetic and structural evidence
for such an intermediate forming on -glycosidases. The present study also demonstrates
that the sugar in the glycosyl-enzyme intermediate adopts a 'Ss skew boat conformation,
a conformation also adopted by the Michaelis complex of family 26 -mannanases. This

suggests that the glycosylation step of B-glycosidases goes through a similar transition

state to that of the deglycosylation step of a-glycosidases.
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In order to establish this commonality in the o- and B-“mannosidases”, it is
necessary to show that the conformation of the product of the a-mannosidase reaction
resembles the covalent intermediate of the B-mannanase. One of the difficulties in
determining this lies in the fact that the product of the. o-mannosidase reaction is
mannose, which binds poorly to GMII.

Another structure that would be of great interest is the structure of the Michaelis
complex of GMIL The structure of this complex, along with the structure of the covalent
intermediate determined in this study, would define the conformational pathway that the
o-mannoside takes during the glycosylation step of hydrolysis by the o.-mannosidase.
This structure may also show differences between the transition states of the
glycosylation step in a-glycosidases versus that of the glycosylation step in 3-

glycosidases.
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Chapter 3 The chloride ion-binding site in o-
amylases
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3.1 General introduction

3.1.1 Family of o-rAmylases

o-Amylase (o-1,4 glucan-4-glucanohydrolase, EC 3.2.1.1) is an endoglycosidase
that catalyzes the hydrolysis of a-(1,4) glycosidic bonds of glucose polymers with net
retention of anomeric configuration. Because such polymers are widely used as an energy
source in nature, it is not surprising that o-amylases are produced by various organisms
ranging from microorganisms to mammals (104, 105). From sequence analysis, many of
these glycosidases has been assigned to family 13 of Henrissat’s glycosidase
classification (7-9). Enzymes of this family, which also includes o-glucosidases,
cyclodextrin glucanotransferases (CGTase), pullulanases and glycogen debranching
enzyme, have significant sequence similarity in only four short regions, each consisting
of about 20 amino acids (Figure 3.1).

Being a retaining glycosidase, the o-amylases, and more generally family 13
glycosidases, are thought to go through a double displacement mechanism (13, 14, 17).
Evidence for this mechanism has come from various different studies. The mechanism-
based inactivator, 5-fluoro-glucosyl fluoride, has been used to trap the covalent
intermediate of a family 13 yeast a-glucosidase and identify the catalytic nucleophile
(106). Low temperature studies using BC-NMR also have suggested the presence of a
covalent intermediate using natural substrates (/07). In addition, the three-dimensional
structure of the covalent intermediate of another family 13 enzyme, the cyclodextrin
glucanotransferase (CGTase), has been determined by X-ray crystallography (69), further

supporting a double displacement mechanism for family 13 enzymes. Mutagenesis (108)
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and structural studies (109, 110) of several o-amylases have probed the role of the

conserved carboxylic acid residues within the active site in this mechanism,

demonstrating that they play key roles in catalysis.

Aspergillus_niger
Aspergillus_oryzae
Bacillus_subtilis
Alterononas_haloplan
Tenebrio_nolitor
linan pancreat_xc

1 10 20 30 110 120

L e GAASHR TS TYFLL TDRFGRTDNS T TATCNTGNE TYCG6S5HQ=~GIIDHLDY IEGHGF TRMSFIT—-EWTRBGE“WIYDVHS’FETRBILKSL S
HHVARKSLFLYGLQVARPAL AR TPADHRSASIYFLL TDRFARTOGST TATCNTADQKYCGGETHG-~GIIDKLDYIQGHGF TATHITPYT--~| IYSLNENYGTADDLKALS
HFEKRFKTSLLPLFAGFLLL FHLYLSGPAAR--~-~~NAE TANKSNKY TRSSVKNGTTL HAMNKSF I|TLTWMYRRIQTSPIMVKEMSNMVWTSYI)IERYLETEQEF KDiC
N—H.NKIIIT!IISL——-— SIATATPTTFVH-——~—----L FENNHQ-DVAQECEQYL GPKGYARVOVSPPH-~-EHITGSQ--~~HHTRYQPVSYE] AQF IDHYV

-Ifm-NSIVM————-——LFBION—DIIII)ECEWUPOGFEEWISPPN—-—EYLWIE--RPWSVIIKTRS-G]ESMTllfl’
~=NT! m—YSIVIC-—-—LFBIUN—I]IIILECERYUI’KGFBGW‘VSPPII-—ENVHIYNPFRPWERYWVSYKLCTRS—GIEDEFNN
GPKEF GGYQVSPPH-~-ENIVVTNPSRPHMERYOPYS YKLCTRS~GNENEF RDIY

a0 50 60 70 80 90 100 130

===—QKDA:
n———KFF LLLFTIEFEIJ—-—-—-—NYSP—

QYAP-----QTQSGR-TSTVH L FEMRHY-DIALECERYL!

Bacxl.lus anylnlnqu l_---———----—HIIEIIHVHIPPITYKELSI]SI]II;VEP-\'IJLYII.EFNKETVRTKVG“(SELQMIESUIS----WVWVEDVVL‘IMTEWTIWEWHRHITS
CONBONBUE Wovrerssssrsessvoosoorsnsenreossassennsensaess Veseooseoos 2 B €.28.9.5P. M. Ceeenen.... U 35 TTTTE - SN0y DOt
131 140 150 160 170 180 190 200 210 220 230 240 250 260
Aspergillus_niger WLQVDMWMSVFBPFUSSSYFHPVCLHM—----——H.INVEIIJE-T—-IVSLPDLDTTETHVRTDNDIVMI WRIDSVLBMFFPM
Rspergillus_oryzae SALHERGHYL { —mTINEEJI.EM—-TVSLP‘I,I]TTKDVVHEIWWVESLVS!?’SIMRIUWDFIIPGM
Bacillus_subtilis PHHTHENT G-~ —————TKNHSDRHDITQHAL L GL YORNTQNTEVOAYLKGFLERAL-K JGADGF RYDAAKH. ELPDDGNYGS
Alterononas_haloplan NRCSAAGVDI IVOTL -YSPQUFHE: SCT]].(SI]\'GN—-I'RV‘IWUI:E[VELMHTRSHVVWHMVIMLD—E{WKEFRFUW SOTQSLHA
Tenebrio_nolitor RRCNDAGVRE' VG—~=—=TSGSSADHDGHNY PAVPYGSGOFHS ~PCE~———YNNYQDADNVRNCEL VGLRDLNQGSDYVRGVLIDYHNHHI -0 GVAGF RYD DLSYIFS
-panu‘eat.u: TRCNNVGVRI 1V SAGTSSTCGS YFHPGSROF PAVPYSGHOFNDGKCKTGSGDIENYNDATQVROCRL TGLLDLALEKDYVRSKIAEYHNHL I-0 “GVAGF RLD WPGDIKAILD
nu‘eatl: TRCNNVGVR! SGARRGTGTTCGSYCNPGSREF PAYPYSANDFNDGKCKTRSGGIES YNOPYQVROCQL VGLLDLALEKDYVRSHIADYLNKL I~ [GVAGF RIDI DIKAVLD

Bat:x.u.us angl.oluwe

Consensus

EYE—IK!E]IDFRFWTYSMHFDEMISR TFKFRG~—~=~~~~~EGKAHDHEYSSENGNYDYI LNWDVWGIHVW&WRIDW SFLRDHVQ

2&) 290 300 310 320 330 340 350 360 380 390

1 = Y S 1

Aspergillus_niger A —====56 IYCVGE LD IS0 PVWNYPIWWFESSWVNHIW“PTLL IUIHDIIPR— e} IPIVYA
Rspergillus_oryzae Ame———————===uff CIGEVLD CPYQNVHDGVLNYPIYYPLLNAFKSTSGSHDDL YNHINTVKSDCPDS TLLE IFVENHDNPR~ —-FﬁSYTlI]IIlRKIWﬂI’lILIIDGIPIIm
Bacillus_subtilis QFHPNITNT-----SA FQYGEIL( 1SI I]TNWMYEHIMLK—-—MLSVSHISNRSDVS!IBKLV-‘! HVESHOTY-— —ANDDEES THHSDDDIRLGHAVIGSRSGSTPLFFS
Alter halopl KYNG S VYF GHGFHPSS! JFVONHDNORG 16-GAGNYI TFEDGRL YDLANVFHLAYPYGYPKVHS
Tenebrio_nolitor JFVONHDNOR= ~TGGSQIL TYKNPKPYKHAIAF HLAHPYG T TRINS
Hunan_pancreatic JF VONHDNGRG IGAGGASTL YFHDARL YKHAYGF HLAHPYGF TRVHS
porcine_pancreatic JF mmmm?hmnsnmmvwnvﬁmvanm
Bacillus_anyloliquef TFVENHDTOP- ———GQSLESTVQTHFKPLAYAF IL TRESGYPQVFY
Consensus .fﬁ:‘u‘hdmr. o .ﬁ....L......,..a..F.l....!.P’!‘m

391 400 410 4?20 430 440 450 460 470 480 430 500 510 520

Aspergillus_niger 6 EEQHYAGGKVPYNREATHLSGYDTSAEL Y THIATTNAIRKLAIAA-~--DSAYITYANDAF Y TDSNTIANAKGTSGSQVITVL SNKESSGSSY TL TLSGSG--Y TSGTKLI
Rspergillus_oryzae G —————-—QEQHYAGGNDPANREATHL SGYPTDSEL YKL IRSANATRNYATSK---DTGFVTYKNHPIYKDDTTIANRKG TDGSQTVTIL SNKGASGDSY TLSLSGAG—Y TAGQALT
Bacillus_subtilis R: PEGGGNGYRFPGKSOI-——GORGSALFKDQALTAVNGF HH-ENAGOPEEL SNPRGNNGLFHNQRGSKGYVLANAGSSSYTINTS TKLPDGRYDNRAGAGSFQVANGKLTG
Alterononas_haloplan SV -—~DFHGDTDAGGPNYPYHNNGNLECFASNHKCEHRUSY LAGGYDF RUNTADNHAY TNHMDKTNNGT SF G-RGSSGHHATNKEDS TL TATVQTDHASGQY CH- VLKGELSA
Tenebrio_molitor TD—-----mPﬂnESQlISPﬁImDIﬂE—SlﬁYVEEHWWEFRN-!NEG'II]VEIIMMIIIM S~RGSAGF VAF TNGG-DLNQNLNTGLPAGT YCD- VISGELSG
Human_pancreatic SWQNENDWPINNGVIKEVTIWDTTE-GIIIVEEHWIHM\'IFN—WNQPFTllml'VﬂFHﬁ'RGFIWIImlSFSLTLQT YCD-- VISGDKIN
porcine_pancreatic SYRMARNFYNGEDVNDHIGPPNNNGVIKEVTIHADTTC-GNDHYVCEHRMRE IRNHYMF RN-VVDGEPF ANMMDNGSHOVAF G-RGNRGF IVFI.IIII[SSTLI]TH.PGGTVCD- VISGDKVG
—anyloliquef s—-—-—-—————---nmsmnsmmsmuEPImevﬁan—vaanmmmssm—mm LT AGLKNAGETHY! TITGNRSDT
Lonsensus FfeoBevsecsncocncnsas LOPEE 5 T FPPPPPRLN e

610 620 630 640 650

Aspergillus_niger
Aspergillus_oryzae
Bacillus_subtilis
Alterononas_haloplan
Tenebrio_molitor
Hunan_pancreatic
porcine_pancreatic
Bacillus_anyloliquef

Consensus

ﬂsperg.\llus_m.ger

Alterononas_haloplan
Tenebrio_nolitor
Human_pancreatic

porcine_pancreatic

Bacillus_anyloliquef

Consensus

EINTET—SVTVDSSJ]]PVMSE_PRVLLFHSVWSSSLEEGSERLVVE
EVIGCT-~TVTVGSDGNVPYPHAGGLPRYLYPTEKLAGSKICSSS
TINARSAAVL YPDDIGNAPHVFLENYQTEAVHSFNDQL TYTLRANAKTTKAVYQINNGQETAFKDGORL TIGKEDPIGT TYNV—KL TGTHGEGASRTQEY TFVKKDPSQTNIIGYQNPDHUGNYNAYIYK

DAKSCSGEVITVNSDGTINLNIGAKD--—AMATHKNAKLNTSSASS TESDHQRTVIF INAQTQSGQDMF IRGGIDHAY ANANL GRNCATSNFECAHPTRHNNLKNYTTSPHKANDNYLDNYGLENGQSSE

G--SCTGKSYTVEDNESADISLGSAEDDGYLATHYNAKL
VSDDGKAHFS.

G--NCTGIKIY! SNSAEDPFIATHAESKL

N--SCTGIKVYVSSOGTAQF SISNSAEDPFIATHRESKL

VKIGSDGHGEFHYNDGSYSIYVAK

B N SRR SRR R SR
660 670 680 690 700 710 720 730 740 750

651 757

HDGGGATEL T6SHP——-GKANTKNADGLY TLTL PANADTADAKY TFNNGSAQVPGANHPGFDYVONGL YNNSGLNGYLPH
REGSATOHTTNVHPRGHGAEKTYNTDGF GYTPLNIHGEHYHNL DYDHDCSKAVNGHF ELKAF IKNGOGHE TATAQDNAPY TSTNHHAQC GKINKFEFNNSGYVIRSF

Figure 3.1 Sequence alignment of representative members of family 13 ai-amylases. The
four conserved regions are boxed in green. The four active site carboxylic acids are
labelled (*), as are the three chloride-ion binding residues (*). The sequences shown are:
o-Amylase from Aspergillus niger (P56271), Aspergillus oryzae (P10529), Bacillus
subtilis (082953), Altermonas haloplanctis (P29957), Tenebrio molitor (P56634), human
pancreas (P04746), porcine pancreas (P00690), and Bacillus amyloliquefaciens (P00692).

Recently, the three-dimensional structures of a number of a-amylases have been

determined and published, including those from Alteromonas halioplanctis (111),
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Aspergillus oryzae (110), Aspergillus niger (112), Bacillus licheniformis (113), barley
(114), porcine pancreas (/15), human saliva (/16) and human pancreas (/7). Despite
relatively weak similarities in the primary structures, fhe tertiary structures are fairly well
conserved within this group of enzymes. In general, a-amylases are monomeric proteins
of about 50 kDa with three structural domains (Figure 3.2). Domain A is an o/} barrel
that contains the active site. Domain B consists of a loop that protrudes from Domain A
and forms the conserved calcium ion binding site. These two domains closely interact via
the bound calcium ion. Domain C is an eight-stranded B-barrel type structure located at
the C-terminus. This latter domain is only loosely associated with the other two domai‘ns
and its function is still not understood.
3.1.2 Chloride-dependent and independent o-amylases

A comparison of a-amylases from different sources reveals that these enzymes.
may be classified into two sub-families. One group of a-amylases requires the presence
of chloride in order to exhibit full catalytic activify (118). The second group of a-
amylases does not have this requirement and the activity of the enzyme is independent of
the chloride concentration. These chloride-independent ci-amylases are often produced by
lower order organisms such as bacteria and fungi. The chloride-dependent o-amylases
were originally found primarily in higher organisms such as mammals and insects.
Recently though, a chloride-dependent a-amylase produced by the bacterium,
Alteromonas halioplanctis has been found (119), showing that this property is not unique

to a-amylases produced by higher order orgahisms.
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Figure 3.2 Ribbon representation of the human pancreatic o-amylase. Three of the active
site carboxylic acids are shown in yellow. The conserved calcium and chloride are
represented in orange and green respectively.

Several studies have been carried out to characterize the activation of oi-amylase
by chloride. Early studies on porcine pancreatic a-amylase (PPA) showed that removal of

the chloride not only resulted in the loss of activity, but also, a shift in the pH optimum of

this enzyme (120, 121). Titration experiments demonstrated that the chloride ion was

activating the o-amylase with a 1:1 stoichiometry. In addition, circular dichroism (CD)
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experiments suggested that addition of chloride did not affect the secondary structure of
the protein. These results were found to be more general when Feller ef al. showed that
chloride concentration had similar effects on the a-amylase from 4. halioplanctis (119)
3.1.3 Structure of the chloride ion-binding site
The recent determinations of three-dimensional structures of chloride-dependent

o-amylases have shown that members of this group of a-amylases have a chloride ion-
binding site located in Domain A (/17). This binding pocket comprises three residues —
Argl95, Asn298 and Arg337 (human pancreatic a-amylase numbering is used
throughout the chapter) — that coordinate the chloride ion and position it ~5 A from the
active site residues (Figure 3.3). Of these three residues in the binding pocket, Argl195
and Asn298 are conserved in both the chloride-dependent and -independent o-amylases.
This does not come as a surprise as three-dimensional structures have shown that both are
involved in additional roles besides that of coordinating the chloride ion. Argl95 is
involved in a hydrogen-bonding network with several catalytic residues while Asn298
most likely is involved in the structural stabilization of an active site loop. In contrast,

| Arg337 is only conserved within chloride-dependent o-amylases (Figure 3.1). In these o.-
amylases a basic residue (Arg or Lys) is consistently found at this position, providing
another coordination site for the chloride ion. In the chloride-independent a-amylases,

the identity of this residue seems to be highly variable.
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Figure 3.3 Diagram of some representative interactions between the chloride ion-binding

site residues, the active site residues and the inhibitor, acarbose in human pancreatic ¢-
amylase. Dashed lines represent distances shorter than 3.5A.

3.2 Specific aim of this study

Determination of the mechanism of chloride activation. Although the effects of chloride
on chloride-dependent a-amylases have been well characterized, no study to elucidate the
mechanism of this unique activation has been conducted. Systematic mutations of the
residues of the chloride ion-binding site will be made in the chloride-dependent o-

amylase, human pancreatic o-amylase (HPA). Characterization of these mutant enzymes
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should help clarify the role of each of the residues in chloride binding and help in

determining the mechanism of chloride activation.
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3.3 Results and discussion

3.3.1 Rationale for the mutations to HPA

In any mutational study, the difficulty lies in dissecting out the relevant
information from the results obtained. Of the residues involved in chloride ion binding,
Arg195 and Asn298 are involved in other roles aside from chloride binding, thereby
complicating analysis. In general, the standard mutation for any mutagenesis study is a
mutation to alanine. However, often times, the complete removal of a side chain is
considered too drastic to determine the exact role that the side chain plays. Therefore, in
addition to the alanine mutations, often, a “conservative” mutation is made where the
mutation removes the interaction of interest while trying to keep interactions with other
residues.

The interactions that the chloride makes with Arg195 are with the €- and ;-
nitrogen (Figure 3.3). However, it is very likely that the positive charge of the arginine is
. ‘essential for interaction with the negatively charged chloride ion. The most conservative
substitution for arginine that removes a positive charge is that of glutamine. A mutation
to this residue would keep the e-nitrogen so that it can still make other interactions with
the active site residues while removing the basicity and charge of the side chain.
Therefore, the Argl195GlIn mutation was used to determine the role of this residue in
chloride activation.

Asn298 interacts with the chloride through an amide nitrogen. The three-
dimensional structures reveal that the amide oxygen of this side chain also seems to
stabilize an active site loop by hydrogen bonding to a backbone amide. Sequence

alignment of this region (Figure 3.1) showed that in the case of a single a-amylase from
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Bacillus subtilis, this residue was a serine. Furthermore, in the three-dimensional
structure of this a-amylase (/22), the hydroxyl oxygen of the serine substituted for the
amide oxygen as a hydrogen bond acceptor in stabilizing the active site loop. As such, the
Asn298Ser mutation was used in order to study the role of this residue in chloride
activation.

In contrast to the other two residues, Arg337 does not seem to interact with other
active site residues. However, as with Argl95, it is very likely that the chloride interacts
with this residue through ionic interactions. Indeed, in chloride-independent a-amylases,
the only qualification at this position seems to be that the side chain carries no positive
charge (118). It is possible, however, that the arginine side chain may interact with other
residues in solution or that a void left by completely femoving the side chain would result
in the collapse of other residues to fill the space. As such, the Arg337GIn mutation was
made for determination of the role of this residue in chloride activation.

3.3.2 Structural analysis of the mutant enymes

| Crystallization and structural determinations of the Arg195GIn, Argl95Ala,
Arg337GIn and Arg337Ala mutant forms of HPA were done by Mrs. Yili Wang, Dr.
Robert Maurus and Mr. Gary Sidhu in the laboratory of Professor Brayer at the
University of British Columbia. Crystallization conditions were similar to those
previously reported for recombinant wild-type HPA from Pichia pastoria (123). The data

were refined to between 2.0 and 2.1 A resolution for each of the proteins.
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Figure 3.4 Overlay of the chloride binding region and active site of the wild-type HPA
(red, except for acarbose) with (a) Arg195Ala mutant HPA, (b) Argl95Asn mutant HPA,
(c) Arg337Ala mutant HPA, and (d) Arg337Asn mutant HPA.The chloride ion from the
wild-type HPA is represented as a green ball and the water molecules are represented as
red (wild-type) or blue (mutant HPA) balls.

Most evident in each of these structures was the absence of the chloride ion from
the chloride ion-binding site (Figure 3.4). Instead, in all cases except for that of

Arg337Ala mutant HPA, a water molecule was found at this site. The concentration of
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chloride ion in the crystallization buffer was estimated at around 5-10 mM. This also
suggests that the chloride ion will not bind to these mutant enzymes in solution at this
concentration. In contrast, structures of the wild-type HPA crystals grown under similar
buffer conditions consistently have a chloride ion bound at this site, consistent with the.
fact that the main difference between the chloride-dependent and independent o-
amylases seems to be a single arginine in the chloride ion-binding site. This is also

consistent with the studies of A. halioplanctis a-amylase (AHA) where removal of a

lysine in this binding pocket resulted in a chloride-independent o-amylase (/179).

In the case of HPA, each of the arginines contributed two points of coordination.
Furthermore, under normal conditions, arginine, with a pK, of 12.5, formally should be
positively charged so that one of these coordination points should be an ionic interaction.
Therefore, mutation of either qf these residues should result in a significant loss in
binding affinity of HPA for a chloride ion. In the case of Argl95GlIn, the amide nitrogen
could still potentially form a hydrogen bond with a bound chloride ion. However, no
chloride ion is seen, suggesting that the charge-charge interaction is essential in the
formation of this chloride ion-binding pocket.

One of the original hypotheses presented during the original studies of chloride
activation was that the chloride ion binding might affect the local structure of the enzyme
near the region of the active site. HPA where the Arg337 has been mutated provides a
model to test this hypothesis, as it does not bind a chloride ion. Since Arg337 only
interacts with the chloride ion and not with the active site residues, modification of the
Arg337 side chain should have a minimal effect on the active site structure. These mutant

HPA should therefore provide an approximate structure of a chloride ion free ai-amylase.
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Comparing the three-dimensional structures of the Arg337GIn and Arg337Ala
mutant forms of HPA to that of the wild-type enzyme showed that there are no significant
differences in the global folds of the mutant proteins. Closer inspection of the mutated
region indicated that a water molecule had filled the void left by the removal of the
arginine side chain. More importantly, the side chains of the active site and chloride ion-
binding site residues (apart from Arg337) also did not change position to any significant
extent (Figure 3.4a,b), in spite of the fact that no chloride ion was bound in the pocket.
As a mutation to either an alanine or glutamine results in loss of chloride ion binding but
little étructural change, it seems that chloride ion is not important in either the global fold
or in side chain positioning of the active site residues.

From this comparison, therefore, it would follow that chloride activation does not
involve a conformational change but rather, electrostatic interactions. However, it is
possible that the positive charge of the arginine affects the local structure of the HPA
active site in the absence of the chloride ion. If this is the case, then the structures of HPA
mutated at Arg337 do not represent the structure of wild-type HPA in the absence of
chloride ion. To answer this question, the ideal solution would be to obtain the structure
of the wild-type HPA without a chloride ion bound. Unfortunately, all attempts at
completely removing the chloride from the crystallization buffer failed and in all cases,
wild-type HPA structures showed a chloride ion bound in the binding pocket. At this
point in timé, therefore, it is not possible to rule out the possibility that the positive
charge of arginine affects local structures.

The combination of a mutation of Argl95 (to either an alanine or glutamine) and

the consequent loss of the chloride ion resulted in no significant change in the backbone
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structure of HPA. However, careful comparison of these structures to that of the wild-
type enzyme showed that there some changes in local structures had occurred around the
region of the active site (Figure 3.4c,d). As with the HPA mutated at Arg337, a water
molecule occupies the space created by the reduction in size from an arginine to
glutamine. Interestingly however, a water molecule was not seen in the Argl95Ala
mutation, where a larger space was created. In both the mutant HPA structures, Glu233
(catalytic acid/base), which normally hydrogen bonds to the ¥,-nitrogen of Argl95, also
shifted slightly to this newly open space. Notably however, the side chain of Asp197
(catalytic nucleophile), which normally hydrogen bonds to Argl95, did not significantly
shift positions. The shift of Glu233 in these mutant enzymes suggests that one of the roles
of Arg195 involves the correct positioning of the catalytic acid/base.

From these four structures it is evident that point mutations at the active site of
HPA are tolerated, at least structurally. In fact, mutation of a bulky and positively
charged arginine to an alanine resulted in very few structural changes, even when the
residue was normally involved in numerous interactions with the other active site
residues. This, taken together with the fact that in all four structures the chloride was
absent, suggests that the chloride ion does not play a role in shaping the local structure of
the HPA active site.
3.3.3 Kinetic analysis of HPA - Dependence on chloride of wild-type and mutant
enzyme activity

As with PPA and AHA, the activity of HPA on starch was dependent on the
chloride concentration of the reaction solution. The HPA activity increased 12-fold on

increasing the chloride concentration from 0 to 10 mM (Figure 3.5a) at pH 6.9. Assuming
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that the active form of the enzyme is the form in which the chloride ion is bound, it is
possible to determine the K4 value for the chloride ion by plotting the HPA activity vs.
chloride concentration. This assumption was previously validated for PPA by comp:;uring
the valués obtained by this method to those obtained by equilibrium dialysis (/27). Using
this method, the K4 value of the chloride ion with wild-type HPA was determined to be
0.53 £ 0.06 mM (Figure 3.5a), which is comparable to the K4 value of 0.36 mM seen for
the porcine counterpart. Furthermore, when a shorter substrate (reduced maltohexaose)
was used to measure the activity, the Ky value did not change, suggesting that the effect
of chloride is independent of substrate size.

In sharp contrast to the wild-type enzyme, the activities of the Argl195 and
Arg337 mutant HPAs were independent of chloride concentration up to a concentration
of 400 mM (Figure 3.5b,d) at pH 6.9. Taken together with the results of the structural
studies, it is likely that all of these enzymes have lost their ability to bind a chloride ion.
Interestingly, at concentrations higher than 400 mM, the éctivity of HPA starts to
deérease in a concentration dependent manner (data not shown). This phenomenon
though is also seen in the wild-type enzyme and therefore, is most likely due to salt (ionic
strength) effects at higher concentrations. However, because of this inhibition by high salt
co;lcentrations, it is not possible to determine whether the chloride binds to the “chloride

ion-binding site” of the mutant enzymes at higher chloride concentrations.
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Figure 3.5 The dependence of (a) wild-type (b) R195 mutants (c) N298S mutant (d)
R337 mutant enzymatic activities on chloride concentration. Wild-type (O), R195A (9),
R195Q (V), N298S (#), R337A (A) and R337Q ([). Activities have been changed to %
activity for comparative purposes with wild-type HPA having 100% activity.
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3.3.4 Kinetic analysis of wild-type HPA

In order to determine the pH dependence of HPA activity, starch was used as a
substrate. Because of the unknown molecular weight of this substrate, it was not possible
to determine a value for k., or K, at each of the pH values. However, when the
concentration of starch was increased from 0.25% to 2.0% (w/v), a maximal activity was
reached above starch concentrations of ~1%. Furthermore, the concentration of starch
required for maximal activity did not change over the range of pH used in the study.
Therefore, the activity vs. pH profile is equivalent to that of a k. vs. pH profile where the
pK. values reflect the ionizations in the ES complex.

The activity of the wild-type HPA was measured as a function of pH over a range
of chloride ion concentrations. In each of the.cases, a bell-shaped dependence (two
ionization states) was observed (Figure 3.6). According to the double displacement
mechanism, the catalytic nucleophile (Asp197) is required to be deprotonated in the
glycosylation step. The low pK,, as determined by the acidic limb of the pH profile, most
likely reflects the protonation state of this residue. Using the same argument, the basic
limb of the pH profile should reflect the protonation state of the acid/base catalyst
(Glu233). Indeed, this has been unequivocally demonstrated for another glycosidase, the

B. circulans B-xylanase, using "*C-NMR (45).
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Figure 3.6 (a) The pH profiles for the wild-type HPA activity at 0 mM (), 0.25 mM
(X), 1 mM (+) and 100 mM (O) chloride concentration using starch as a substrate. (b)
Normalized curves from the pH profiles of (a). The pK,, (acidic limb) for the wild-type
HPA at 100 mM NaCl was 6.4 compared to 6.4 for 0 mM NaCl. The pK,, (basic limb)
for the wild-type HPA at 100 mM NaCl was 8.3 compared to 7.2 for 0 mM NaCl.

As the chloride concentration increased, the pH optimum of the HPA activity also
went to a higher pH value. This change was also associated with an increase in the
maximal activity of HPA at the pH optimum, once again consistent with pH studies done
for the PPA and AHA. Careful inspection of the pH profile showed that the pK, of the
basic limb shifted from 7.2 to 8.3 upon increasing chloride concentration from 0 to 100
mM while the pK, of the acidic limb stayed constant at around 6.4.

3.3:5 Kinetic analysis of Arg195 mutant HPA

Although their enzyme activities were independent of chloride concentration, the
absolute activities of the Argl95Ala and Argl95Asn mutant HPA were 450- and 20-fold
lower, respectively, than that of the wild-type enzyme in the presence of chloride.
Although this decrease might be attributed to the missing chloride ion or to the slight
misalignment of the residues, the equally likely reason is the loss of the other interactions

with the arginine side chain of this residue. As was mentioned earlier, in the wild-type
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enzyme, Argl95 is involved in a number of hydrogen bonding interactions, both to active
site residues and the substréte. In particular, Argl95 makes an interaction with the 2-
hydroxy group of the substrate. From kinetic studies with B-glycosidases (30) and
inhibition studies of several a-glycosidases (68), interactions with this 2-hydroxy group
are extremely important for stabilization of the transition state, and removal of any such
interaction comprorﬁises catalysis. The same may well be true of a-amylases. However,
it is not possible at this stage to dissect the causes for the lower activity of these mutant
enzymes.

While the pH profiles for the Arg195 mutant HPA were not affected by the
chloride concentration, they were both markedly different from that of the wild-type HPA
in the presence or absence of chloride (Figure 3.7). The pK, of the basic limb of the pH
profile was shifted to a higher pH compared to that of the wild-type enzyme in the
presence of chloride (from 8.3 to 9.2 and 8.8 in the case of Argl95Ala and Argl95Gin,
respectively). The removal of a positively charged residue adjacent to the catalytic
residues (Asp197 and Glu233) might indeed be expected to raise their pK, values, |
making them less prone to protonation. However, the removal also results in the loss of
the negatively charged chloride ion. Therefore, the resulting shift in pK, for the acid/base
catalyst is relatively modest compared to what might otherwise have been expected for
removal of the arginine alone. This might also explain why there is very little change in
the pK, of the acidic limb, which presumably corresponds to the catalytic nucleophile

(from 6.4 to 6.7 and 6.6 in the case of Argl95Ala and Argl95GlIn, respectively).
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Figure 3.7 (a) The pH profiles for the activities of the R195 mutant HPA, R195A (©)
and R195Q (V) in the absence of chloride. The pH profile of wild-type HPA in the
presence of 100 mM chloride (O) is also plotted for comparative purposes. (b)
Normalized curves curves from the pH profiles of (a). The pK,, for the R195A and
R195Q HPA were 6.6 and 6.7 respectively. The pK,; for R195A and R195Q HPA were
9.2 and 8.8 respectively.

3.3.6 Kinetic analysis of Arg337 mutant HPA

In contrast to what was seen with the Argl95 mutant HPA, the activities of the
Arg337Ala and Arg337Asn mutant HPA were comparable to that of the wild-type HPA
in the presence of chloride. In fact, in the absence or presence of chloride, the activity of
the Arg337Asn mutant HPA was identical within error to that of wild-type HPA.
Therefore, somehow, the effect of the removal of the chloride ion is being counteracted
by the effect of the mutation to Arg337. Furthermore, comparison of the pH profiles of
the wild-type HPA in the presence of chloride, to those of the Arg337 mutant HPA
revealed that no significant shift had occurred either in the basic or acidic pK, values
(Figure 3.8). This profile is the same in the presence or absence of chloride. This is in
stark contrast to the case with wild-type enzyme where increasing chloride concentration

increases the activity while shifting the pH profile to a higher pH value.

96




800 . T T | T T
100

600 80

400 60

% Activity

40

Activity (s™')

200
20

L L L I L |

TSN U TS (U TS NN T N M|

pH pH

Figure 3.8 (a) The pH profiles for the activities of the R337 mutant HPA, R337A (A)
and R337Q (O) in the absence of chloride. The pH profile of wild-type HPA in the
presence of 100 mM chloride (O) is also plotted for comparative purposes. (b)
Normalized curves curves from the pH profiles of (a). The pK,, for the R337A and
R337Q HPA were 6.6 and 6.5 respectively. The pK,; for R337A and R337Q HPA were
8.5 and 8.3 respectively.

This surprising result can be explained if the mechanism of chloride activation
involves neutralization of the positive charge from the side chain of Arg337 that would
otherwise affect the pKa of Glu233 (catalytic acid/base). In wild-type HPA, the side
chain of Arg337 is located ~8 A away from the carbonyl group of Glu233 and, aside

from the chloride ion, no residue spatially intervenes between these two residues. Thus

when no chloride ion is present the positive charge on Arg337 might be expected to shift

the pK, of Glu233 to a lower value through electrostatic interactions as indeed is seen for
wild-type HPA. Inclusion of the chloride ion raises the pK, of Glu233 from 7.2 to 8.3 via

charge screening.
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| Asp197

Figure 3.9 Positioning of the catalytic acid/base and catalytic nucleophile with respect to
Arg337 (shown here with the chloride ion).

The pH profile for the wild-type HPA suggests that the effect of the chloride on
the pK, of Glu233 is more significant than its effect on the pK, of Asp197. Indeed, the
structural data show that Asp197 is “shielded” from the direct effects of Arg337 by
Argl95 (Figure 3.9). In this case, as the chloride concentration is reduced, the pK, of the
basic limb of the pH profile will be lowered while the pK, of the acidic limb will stay
around the same. As these two pK,s get closer in value, the pH profiles for each of the
two residues start overlapping with a resultant overall reduction in enzymatic activity
(Figure 3.10). In other words, the Arg337 is acting as an “internal inhibitor” of o-amylase
activity and the chloride is acting to relieve the a-amylase of this inhibition. In the case

of the Arg337 mutant HPA, the Arg337 side chain is removed and the positive charge is
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no longer present. Therefore, even though the chloride ion does not bind, the Arg337
mutant HPA has similar kinetic properties to those of the wild-type enzyme in the
presence of chloride.
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Figure 3.10 Reduction of rates by overlapping pK, values: Hypothetical curve for single
ionisable group with pKa value of 8.3 (activity decreases at basic pH; --), 6.4 (activity
decreases at basic pH; --), 6.4 (activity increases at basic pH; --). Hypothetical double
ionization curve with pK, values of 6.4 and 8.3 (-), and 6.4 and 6.4 ().

3.3.7 Kinetic analysis of Asn298 mutant HPA

Because Asn298 has a neutral side chain with only a single point of coordination
to the chloride ion, it was not expected that there would be a complete loss of chloride ion
binding when this residue was mutated. True to expectations, the activity of the
Asn298Ser mutant HPA was still dependent on chloride concentration. The Ky, as
determined by plotting HPA activity vs. chloride concentration (Figure 3.5d), was 160 £
10 mM, indicating that the hydrogen bond to the chloride does still contribute a
significant amount to binding. The maximal activity of this mutant enzyme is lower than
that of wild-type enzyme by 8-fold. This is consistent with the fact that this residue is
conserved through many members of the a-amylase family and suggests that serine
cannot completely replace the ability of asparagine to hydrogen bond and stabilize the

active site loop in HPA. However, more importantly, in this mutant HPA the mechanism
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for chloride activation is still intact. This is consistent with the charge shielding

hypothesis where the Arg337 is the key residue in chloride activation. Indeed, pK, shifts

similar to those of wild-type HPA were observed when the pH dependence of the

Asn298Ser mutant HPA was determined at varying chloride concentrations (Figure 3.11).
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Figure 3.11 (a) The pH profiles for the activity of the N298S mutant at 10 mM (X), 100
mM (+) and 400 mM (#) chloride concentration using starch as a substrate. (b)
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Normalized curves curves from the pH profiles of (a). The pK, N298S HPA at 10 mM
NaCl was 5.1 compared to 6.5 for 400 mM NaCl. The pK,, for N298S HPA at 10 mM

NaCl was 7.2 compared to 8.0 for 400 mM NaCl.

3.3.8 Attempts at chemical rescue of inhibition

If the arginine side chain is truly acting as an internal inhibitor for HPA activity,

then reintroducing the positive charge into the Arg337Ala mutant HPA might “recover”

this inhibitory activity. One of the classic ways in which this type of recovery has been

done in other systems is through the use of small molecules in a chemical rescue

experiment. In the Arg337Ala mutant HPA, there is a pocket that has been created

because of the difference in size of the two side chains (arginine vs. alanine). This pocket

should ideally fit the removed residue; in this case a guanidinium ion.
When the activity of the Arg337 mutant HPA was determined over a range of

guanidine concentrations in the absence of chloride from the buffer, inhibition was
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indeed observed, according to an ICs, value of the guanidine of 120 mM (Figure 3.12).
When the experiment was done the presence of chloride, a similar ICso was obtained. The
binding of both the guanidine and chloride ion to the pocket is very unlikely and thus, the
negative result for the double rescue experiment was not surprising. However, when a
similar experiment was done with wild-type HPA in the presence of chloride, the HPA

activity was lost at a similar concentration.

Relative activity

Ll Ll Lol Lol i

10" 1 10' 10?
[Guanidine] (mM)

Figure 3.12 Inhibition of Arg337Ala mutant (-O-) and wild-type HPA (-0-) by
guanidine in the presence of chloride.

There are two possible sources for this inhibition. The first is that the guanidine is
acting as a denaturing agent; that is to say, unfolding the protein so that it is not longer
active. The second possibility is that the guanidine is binding to the active site and acting
as a competitive inhibitor. In order to test if the protein is being denatured at these
guanidine concentrations, the CD spectra of HPA at a range of guanidine concentrations
were obtained. These spectra suggested that even at concentrations as low as 50 mM,
there was some change in the secondary structure of the protein. Therefore, the inhibition
of the HPA seems to come from a partial unfolding of the protein rather than from

specific binding of the guanidine.
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3.3.9 Evolutionary implications

Although the analysis of the mutant HPA does suggest the mechanism by which
the chloride ion activates chloride-dependent a-amylases, it does not suggest an
evolutionary reason for the chloride ion-binding site. The most obvious purpose for the
chloride ion-binding site is as a switch for o-amylase activity. However, the K4 ;/alue of
the chloride ion was determined to be 0.5 mM in vitro. Once the HPA has been secreted
from the pancreas, the concentration of chloride is greater than 100 mM (724).
Furthermore, within the cell, the chloride concentration is 4 mM, suggesting that the HPA
is never inactive. Therefore, if the chloride “switch” hypothesis were true, then the
chloride ion-binding site would need to have evolved earlier in time and remained intact.
A recent review by D'Amico et al. listed a number of sources for chloride-dependent o.-
amylases (/18). Although this list mainly contains mammalian enzymes, it also includes
those from insects and several species of bacteria. It is therefore possible that during one
of these stages during evolution, the chloride switch was an important trait for the
survival of the organism.

Another possibility is that chloride bound to the chloride ion-binding site
increases the stability of the chloride dependent o-amylases. To test this hypothesis, CD
melt experiments were done on the Arg337Asn mutant HPA as well as on the wild-type
HPA in the presence and absence of chloride. Unfortunately, the HPA precipitates upon
thermal or guanidine (at higher concentration) denaturation rendering quantitative
analysis difficult. However, there was no difference in the temperature at which this
occurred implying similar thermostability of these forms of HPA. Therefore, it is unlikely

that the chloride ion-binding site plays a role in stability. However, because CD studies
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only reveal the change in secondary structure, it is still possible that the chloride ion
stabilizes the local structure of the active site.

There is a significantly higher level of sequence similarity within these chloride-
dependent ai-amylases than between all a-amylases (718). This is also seen in the tertiary
structures of the o-amylases. Therefore, another possibility for the éxistence of the
chloride ion-binding site is that early on in evolution, the arginine was introduced in é '
particular source of o-amylase. Because of the ubiquitous nature of chloride, there was
no selective pressure to modify this residue and this change remained. However, this is
purely speculation and the author has no further evidence for this hypothesis.

3.3.10 Possible future directions

The structural studies presented here focused on the two arginines in the chloride
ion-binding site. From these studies, it was determined that the removal of either arginine
resulted in the loss of chloride. However, the loss of the chloride ion, together with the
mutation, resulted in very little local structural change. From this, it was concluded that
the presence of the chloride ion did not induce a local structural change and thus, the
mechanism of chloride activation did not involve a change in structure.

Although the structural evidence is very suggestive of this conclusion, it could be
argued that the mutation has counteracted the loss of the chloride ion. This was indeed
seen in the kinetic results for the Arg337Asn mutant HPA for which the kinetic
parameters resembled those of the wild-type HPA in the presence of chloride. The ideal
structural study would be to determine the structure of the wild-type enzyme in the
presence and absence of chloride iqn. However, as mentioned earlier, several attempts at

crystallization of the HPA in the absence of chloride failed. In all cases, the structure
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determined showed a chloride ion bound in the chloride ion-binding site. This is most
likely due to the ubiquitous nature of chloride and the low K4 of the chloride ion (0.5
mM).

One option in solving this problem is to use the Asn298Ser mutant HPA as a
model. Although this mutant HPA has a lower activity than does wild-type HPA, it is
activated in much the same way by chloride concentration. Therefore, the chloride
activation mechanism is still intact in this mutant enzyme. In addition, the K4 of the
chloride ion is 120 mM so that crystallization in “chloride free” buffer should result in
HPA with chloride free structures. Indeed, preliminary structural analysis of Asn298Ser
mutant enzymes crystallized under these conditions has indicated that no chloride ion is
bound in this mutant HPA. As with other small ligands, the chloride ion may be soaked
into the Asn298Ser mutant HPA crystals, thereby providing the chloride-bound version
of this enzyme. Comparison of these structures should reveal any structural changes
resulting from chloride ion binding and provide direct evidence for any structural roles of
the chloride ion in the activation mechanism.

Removal of the side chain of Arg337 resulted in the complete loss of binding
ability of the chloridé ion. In addition, kinetic and structural results also suggested that
this mutant enzyme was a chloride-independent a-amylase with kinetic properties similar
to those of wild-type HPA in the presence of chloride. From these results, we proposed
that the Arg337 was acting as an internal inhibitor and that the chloride ion was acting to
relieve this inhibition. This implies that the activities of the chloride independent -
amylases are independent of chloride concentration because they are missing this

arginine. In fact, comparing the equivalent region of the chloride ion-binding site in all o.-

104




amylases shows that the backbone structure (including that of the equivalent of Arg337)
is conserved, even in chloride-independent o-amylases. Therefore, by mutating the
residue at this position in a chloride-independent oi-amylase to an arginine, there is a
possibility that the region would become a chloride ion-binding site. Furthermore, if the
hypothesis that the arginine is acting as an internal inhibitor is correct, then this o-
amylase will require an anion for full catalytic activity.

In order to conduct this experiment, a recombinant chloride-independent -
amylase is required so that it may be mutated site-specifically. In addition, in order to
avoid possible complications, the a-amylase should be one where additional side chains
do not protrude into the putative chloride ion-binding site. By searching the literature and
comparing the three-dimensional structures of various a-amylases, the best candidate for
this experiment would be the a-amylase from A. oryzae. At present, we are involved in a
collaborative effort with Dr. Carsten Andersen at Novozymes, Denmark, to make these
mutations in this a-amylase. These mutant ai-amylases will be testg:d to see if they

require chloride for catalytic activity and if so, how the chloride affects their pH optima.
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Chapter 4 Substrates and inhibitors of o-
amylase
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4.1 General introduction

4.1.1 Human pancreatic o-amylase

Human pancreatic a-amylase (HPA) is an enzyme that is involved in the
hydrolysis of starch within the digestive system. Initially, when starch is ingested, an
enzyme in the saliva, salivary o-amylase, randomly hydrolyses oc(l,4)-linkages within
the starch. By the time that the “starch” reaches the stomach, the size of the polymer has
been reduced to ~8 glucose units. In order for a-glucosidases to quickly cleave off
glucose units from the digested oligosaccharides for absorption by the intestine, these
sugars must be further hydrolysed to maltose, maltotriose and dextrins. HPA is involved
in the hydrolysis ;)f larger oligosaccharides to these smaller oligosaccharides within the
intestine.

Like all a-amylases, HPA is an endo-glucosidase that cleaves its substrate at
“random” locations within a glucose polymer. In order to orient the scissile bond of the
substrate within the active site, HPA binds to several glucose moieties that flank the bond
being cleaved. Each glucose moiety of the substrate can be thought of as binding to a
pocket, or “subsite”, within the enzyme active site. The subsites would each contribute to
substrate binding and thus, the more subsites that a particular substrate occupies, the
stronger the binding of the substrate to the enzyme. Furthermore, the number of subsites
and the location of the cleavage site with respect to these subsites will dictate the
cleavage pattern of the substrates. In fact, by studying the cleavage patterns of various
oligosaccharides, the subsites for a number of ai-amylases from different sources have

been “mapped” (/25). From these studies, it has been shown that the number of subsites
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on both sides of the cleavage site differs for o-amylases from different sources. In the
case of HPA, there are thought to be three subsites to the non-reducing end side and two

subsites towards the reducing end side of the scissile bond (Figure 4.1) (108).

-3 -2 -1 +1 +2

Figure 4.1 Cartoon representation of the subsites in HPA with substrate bound. The
scissile bond is indicated with an arrow.

According to transition state theory, enzyme catalysis is thought to take place
because the enzyme makes more favorable interactions with the transition state than it
does with the ground state structure. In an endo-glycosidase, the greatest transformation
of the substrate on going from the ground state to the transition state takes place on the
sugar occupying the —1 subsite. Therefore, it stands to reason that the —1 subsite should
be particularly optimised to interact with the transition state, and may bind less tightly to
the ground state. In fact, this subsite often has a negative contribution towards substrate
binding, and removal of enzyme-substrate interactions within this site results in decrease
of catalytic activity rather than binding. The other subsites, on the other hand, are thoﬁght
to contribute more towards the overall binding of the substrate.

4.1.2 Transglycosylation

As was mentioned in chapter 3, a-amylase catalyzes hydrolysis of glucosidic

linkages via a double displacement mechanism (69, 706, 108, 110). A direct consequence

of this mechanism is the side reaction, transglycosylation. This reaction occurs when the
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nucleophile (acceptor molecule) in the deglycosylation sfep is not a water molecule, but
rather a hydroxyl group on a sugar (Figure 4.2). In this case, the end result is not
hydrolysis, but rather, the transfer of a donor sugar from one acceptor sugar to another.
Due to the concentration of water in aqueous solutions (~55 M), this reaction is not
usually favoured, as indicated by the fact that glycosidases generally hydrolyse glycosidic
linkages. Often, the “+” subsites of the enzyme can act as an aglycone binding site and it
is possible to favour transglycosylation by increasing the concentration of acceptor. In
fact, at high concentrations, the substrate for the enzyme is often able to transglycosylate
onto itself in a self-condensation reaction. Indeed, transglycosylation has been

demonstrated to be favoured for the porcine pancreatic oi-amylase (PPA)-catalyzed

reaction of o-maltosyl fluoride (G2F) (726).
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Figure 4.2 Mechanism for the transglycosylation reaction catalysed by a retaining o-
glycosidase.

The most conclusive evidence for whether or not a particular glycosidase
catalyzes transglycosylation involves analysis of the reaction products. If a product
corresponding to an elongated substrate is found, or if an unexpected cleavage pattern is
seen, then it is likely that transglycosylation has taken place. If the deglycosylation step
of the reaction is rate limiting, evidence for transglycosylation may also come from
kinetic analysis. The kinetic model for transglycosylation (Scheme 4.1) is such that the

acceptor competes with water for the species E-S’. If transglycosylation occurs, the
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overall rate of reaction should increase with increasing acceptor concentrations. If this
acceptor is also the donor, then the plot of rate versus substrate concentration will appear
as the combination of two Michaelis-Menten profiles (Figure 4.3). In this case, the K,
value (Kycc value from the model) for transglycosylation represents the apparent binding

constant for substrate binding to the aglycone binding site.

k'V E + P
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E+8 o= E8 —» ES +A
k. Kace
* ktrans
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Scheme 4.1 Kinetic model for transglycosylation and hydrolysis.
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Figure 4.3 First approximation for a hypothetical Michaelis-Menten type plot for a
transglycosylating enzyme (solid line). The hypothetical Michaelis-Menten plot for
transglycosylation (--) and hydrolysis (--) have also been included.

4.1.3 Inhibitors of o-amylase

The blood glucose levels directly correlate to the absorption of glucose by the
intestine. In order for starch to be efficiently taken up as glucose, it needs to be
hydrolysed into small oligosaccharides by HPA. Therefore, if it were possible to control

the HPA activity, it would also be possible to control the absorption of glucose by the
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intestine. This, in turn, would provide a means of controlling blood glucose levels. In

fact, the commercially available drug, acarbose, utilizes such a mechanism for the control
of post-prandial blood glucose levels in diabetic patients (/27-129). As such, inhibitors of
HPA are potentfal drug candidates for conditions such as diabetes and obesity, and are
sought after by pharmaceutical industries (/30).

There are two classes of a-amylase inhibitors. The first class of inhibitors is that
of the proteinaceous inhibitors that bind selectively to the enzyme through protein-protein
interactions. The other class is that of the carbohydrate-based inhibi_tors that either mimic
the substrate, product or transition state of the enzyme. Both kinds of inhibitors are often

found as natural products.

4.1.3.1 Proteinaceous inhibitors of c-amylase

There are a number of different organisms, mainly bacteria and plants, which
produce proteinaceous i-nhibitors of a-amylase (731, 132). These proteins, ranging in size
from just 32 amino acids to over 250 residues, are often extremely tight binders of o-
amylase with some having K4 values as low as 1072 M (133). In addition, each of these
proteinaceous inhibitors is very specific for a particular oi-amylase and, in some cases,
the protein will only inhibit an a-amylase from one specific species. The three-
dimensional structures of a number of these inhibitors have been determined (732, 134).
As with other types of proteins, these inhibitors may be classified into different families
according to their primary and tertiary structures (/32, 135). At present, there are 7
known families of proteinaceous inhibitors. At least five of these families have

representative three-dimensional structures whereby the inhibitor is complexed with o-
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amylase (for an example see Figure 4.4) (136-140). Each of these structures reveals
extensive networks of interactions between the enzyme and inhibitor. There is, however,
no apparent common element in the binding of these inhibitors to their respective
enzyme. This explains the specificity of the inhibitor towards particular oi-amylases. In
all cases, the end result is the positioning of the inhibitor over the enzyme active site,

making it inaccessible to substrates.

Porcine pancreatic
o-amvlase

Figure 4.4 Structure of the proteinaceous inhibitor, tendamistat (green), bound to PPA
(brown). The active site residues are coloured in red (/36).

One family of inhibitors includes the protein tendamistat, produced from the
microbe Streptomyces tendae (141). Tendamistat, a 74 amino acid protein having a K4
value of 10" M against PPA, became famous for the fact that it was the first protein to
have its structure determined by both X-ray crystallography and NMR spectroscopy
(134). A key feature of this family of inhibitors is the conserved Trp-Arg-Tyr (WRY)

sequence among family members. From the three-dimensional structures of tendamistat,
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both in the free form and bound to enzyme, it has been shown that this sequence is a part

. of a loop that fits into the oi-amylase active site (136). These three residues make

interactions with the active site residues; which are essenﬁal for tight binding.
Consequently, the WRY sequence has been used as a lead for various peptidé mimics of
tendamistat (/42-144). Unfortunately, these studies have met with limited success, with
the best peptide inhibitor (11-residues) developed having a K; value of 107 M (144)
towards PPA. This limited success is not completely surprising as there are numerous
other interactions involved in the binding of tendamistat aside from those of the WRY

sequence.

4.1.3.2 Carbohydrate-based inhibitors of a-amylase

The classic example of a carbohydrate-based a-amylase inhibitor is the natural
product, acarbose (Figure 4.5), isolated from Actinoplanes. This pseudo-tetrasaccharide is
a non-competitive inhibitor of HPA with a K; value of 20 nM (/45). Acarbose consists of
a valienamine (unsaturated cyclitol) linked “o(1,4)” by an amine linkage to a 6”-deoxy-
maltotriose. The flattened conformation of the valienamine is thought to mimic the shape
of the oxocarbenium ion-like transition state of starch hydrolysis. Furthermore, if
protonated, the exocyclic amine would place a positivé charge in a similar position to that
of the glycosidic bond oxygen, which, at the transition state, is thought to be protonated.
In fact, acarbose has been shown to act, at least in part, as a transition state analogue of

another family 13 enzyme, cyclodextrin glucanotransferase (CGTase) (46).
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Figure 4.5 Structure of acarbose (4.1).

One of the interesting properties of acarbose comes from structural analysis of
inhibitor-bound complexes with various a-amylases (/08-110, 147). In all cases, the
structure of the bour‘ldvacarbose was not that of the expected pseudo-tetrasaccharide.
Although the exact structure of the bound species was different in each case, the species
was of a modified form of acarbose where éeemingly, several sugar (or sugar analogue)
moieties had been attached o(1,4) to the non-reducing end of the valienamine ring.
Although the mechanism by which this modification occurs is not clearly understood, in
each case, the bound inhibitor seems to be modified to occupy all of the available subsites
(for an example with HPA, see Figure 4.6). Furthermore, the modified acarbose is bound
so that the valienamine moiety is positioned in the —1 subsite, a result consistent with the
valienamine moiety acting as a transition state analogue. The addition of these glucose
moieties at the non-reducing end would be expected to contribute significantly to the
binding of the inhibitor by occupying the subsites that would otherwise have been
unoccupied. These two features suggest that o-amylase is modifying the acarbose in such

a manner as to result in the tightest binding inhibitor.

114



on o l
OH on

0. o) 0. o

/S\;%\ o

HOHo oo Moo o Moto OH

N ANANANA

-3 -2 -1 +1 +2

Figure 4.6 Structure of the modified “acarbose” when bound to HPA. HPA ‘subsites are
shown to indicate the binding mode of this inhibitor. ‘

Given the amount of work that has been done on o-amylases, there are relatively
few known carbohydrat’e-based inhibitors for this enzyme. This may, in part, be due to
the synthetic difficulties involved in making malto-oligosaccharide based inhibitors.
Because all a-amylases have several subsites, it comes as no surprise that
monosaccharide analogues such as deoxynojirimycin, which strongly inhibit o-
glucosidases, are not very good inhibitors of a-amylases. However, because o-amylases
belong to the same family of glycosidases as o-glucosidases, namely family 13, their
transition states should be similar and the —1 subsite of a-amylase, which accommodates
this transformatioﬁ, should have a similar active site architecture to that of family 13 a-
glucosidases. From this, inhibitors of family 13 o-glucosidases would be expected to
bind well to the —1 subsite. A possible reason for the low affinity of o-glucosidase
inhibitors to oi-amylases may therefore be because the monosaccharide analogue is bound

too loosely within the —1 subsite of an endo-glycosidase. Binding to the —2 subsite as a
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minimum may also be required to constrain the inhibitor to make all of the potential
interactions.

If this is the case, then by converting a monosaccharide analogue inhibitor to a di-
or trisaccharide by linking a malto-ol.igosaccharide a(1,4) to the non-reducing end of the
inhibitor, it may be possible to providé this constraint. Indeed, this was seen in the case of
acarbose, where, by “extending” the inhibitér by several glucose moieties, the inhibitory
portion of the compound was directed into the —1 subsite. Once positioned in the —1
subsite by the other sugar moieties, the inhibitory portion of the compound may exhibit
its full inhibitory potential.

In one study, the a-glucosidase inhibitor, gluconolactone, was extended by a
varying number of glucose moieties (Figure 4.7a) (148, 149). The monosaccharide is a 2
mM inhibitor of Limpet a-glucosidase (/50) but does not seem to inhibit oi-amylases to
any significant extent. When the “inhibitor” was extended by a single glucose moiety, the
ICso was determined to be 140 uM against PPA. More impressive was when the inhibitor
V\;as extended at the non-reducing end by a maltose moiety. The ICs, for this extended
inhibitor was 0.9 uM for PPA and 17 pM for HPA (Table 4.1). In contrast, maltose has a
Ki value of 28 mM (151). In a similar study, several iminocyclitols (Figure 4.7b,c) were
extended on the non-reducing end by one to four glucose moieties (/52). As in the
gluconolactone study, the inhibitor extended by a maltose moiety had an ICsg in the range

of 20-40 PM.
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Figure 4.7 Structures of the extended inhibitors: gluconolactone extended by n glucose
moieties (4.2), hexahydro-3,4,5,6-tetrahydroxyl-1H-azepine extended by n glucose
moieties (4.3), and 3,4,5-trihydroxypiperidine extended by n glucose moieties (4.4).

n= 0 1 2 3

4.2 >5.0mM 2.5 mM 0.043 mM 0.030 mM
4.3 >5.0mM 3.0mM 0.034 mM 0.025 mM
4.4 Not tested Not tested 0.017 mM 0.0095 mM

Table 4.1 ICsq values for the extended inhibitors from Figure 4.7 (148, 149, 152).

Interestingly, the natural product salacinol was found to be an inhibitor of o.-
amylase with K; values of 10 and 15 uM for PPA and barley a-amylase, respectively
(153). This compound has a five membered ring and contains a zwitterionic sulfonium-
sulfate structure (Figure 4.8). The positive charge on the ring sulfur could mimic the
positive charge developed in the oxocarbenium ion-like transition state. Furthermore, the
five membered ring structure is though to mimic the planar conformation adopted by C-5,

O-3, C-1 and C-2 of the pyranose ring during the transition state. This result suggests that
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it is possible for monosaccharide analogues to inhibit o-amylases at low micromolar

concentrations.

OH

4.5
Figure 4.8 Structure of salacinol (4.5).

4.1.4 Substrates and assays for o-amylases

In order to study the mechanisms of enzymes, or develop inhibitors against them,
it is essential to have a suitable assay to measure enzymatic activity. In order to
accomplish this, the conversion of substrate to product must be accompanied by a change
in properties that is quantifiable. The turnover of the natural substrate, however, does not
often result in an easily detectable change. Therefore, synthetic substrates are often used
in assays as more convenient ways of measuring enzymatic activity.

The natural substrates of a-amylase are glucose polymers, usually in the form of
starch or malto-oligosaccharides. Although it is possible to directly assay for a-amylase
activity by using starch as a substrate (for example, using the 3,5-dinitrosalicylic acid
assay (154)), it is very difficult to quantify starch due to its large molecular weight.
Furthermore, it is virtually impossible to obtain a homogeneous sample of starch.
Therefore, it is difficult to use these assays to obtain meaningful and reproducible kinetic
parameters. Malto-oligosaccharides have defined molecular weights, and their hydrolysis

may be monitored using HPLC analysis. However, assays involving HPLC separation do
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not allow for continuous monitoring of the hydrolysis. In other words, the reaction must
be stopped at various time points in order to define a reaction progress profile.
Furthermore, such assays are often time consuming and as such, are not suitable for rapid
screening. To solve this problem, a number of small molecules have been synthesized as
substrates for o-amylase. These substrates can be broadly classified into two categories —
those requiring coupling enzymes, and those that can be used to directly measure o.-
amylase activity.

A type of synthetic substrate that is often used for enzyme assays is one that
releases a phenol such as p-nitrophenol (PNP) upon reaction. The release of such a group
can be measured by monitoring the increase in absorbance at a fixed wavelength (which
depends on the particular phenolate being used). Unfortunately, when a phenyl group is
attached to a malto-oligosaccharide, such as in the case of p-nitrophenyl a-
maltotetraoside (0PNP-G4) or p-nitrophenyl a-maltopentaoside (PNP-G5), the o-
amylase does not specifically cleave the glycosidic linkage between the sugar and the
phenyl group. Rather it favours hydrolysis between two of the glucose moieties within
the substrate and the products of the reaction are shorter p-nitrophenyl oligosaccharide
such as p-nitrophenyl o-maltoside (¢PNP-G2) and p-nitrophenyl a-maltotrioside (PNP-
G3). However, since these are good substrates for a-glucosidases, addition of a coupling
enzyme, o-glucosidase, will lead to the release of PNP, which can be monitored

continuously by measuring the increase in absorbance at 400 nm (Scheme 4.2) (155,

156).

119




a-amylase G-G-G + G-G-G-PNP o-glucosidase 3G + PNP
G-G-G-G-G-G-DNP —™  (_G.G-G + G-G-PNP 2G + PNP

Scheme 4.2 Several possible reactions for monitoring a-amylase activity using PNP-G6
and a coupling enzyme o-glucosidase. The released PNP can be monitored as an increase
in absorbance at 400 nm. :

/vo
o (o}
HO

OH

4.7

Figure 4.9 Structures of two blocked substrates used in coupled assays for determining
o-amylase activity (4.6-4.7).

One problem with this approach is that the coupling enzyme can slowly hydrolyse
the parent malto-oligosaccharides. In order to avoid this, substrates with a protecting
group attached to the non-reducing end of the p-nitrophenyl oligosaccharide have been

synthesised (Figure 4.9) (157-159). Because a-glucosidases are specific for the non-
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reducing end sugar, these modified substrates will block a-glucosidase hydrolysis. If the
malto-oligosaccharide portion of this molecule is long enough, the presence of the
protecting group does not affect the ability of the ai-amylase to cleave the
oligosaccharide. Therefore, these blocked substrates will not undergo background
hydrolysis.

One of the main problems with these PNP releasing assays is their requirement
for a coupled enzyme. Although these assays are fairly sensitive, making them very
useful for clinical detection of a-amylase activity, the use of a coupled enzyme may
result in artefacts during kinetic or inhibition studies.

Several substrates that do not require coupled enzymes have also been developed
for the continuous monitoring of oi-amylase activity. One such substrate (Figure 4.10) is a
malto-oligosaccharide containing two fluorescence groups, one attached at the reducing
end and the other attached at the non-reducing end of the polymer (/60). The two groups
were chosen so that the fluorescence of one of group would be quenched by the other
group through fluorescence resonance energy transfer (FRET). Upon cleavage of the
oligosaccharide, FRET cannot occur due to the increase in the average distance between
the groups. The cleavage of the substrate is therefore seen as an increase in fluorescence.
However, this substrate is not very soluble in aqueous solutions due to the hydrophobic

nature of these fluorescence groups and therefore cannot be used at high concentrations.
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Figure 4.10 Structure of a fluorescence quenched substrate of c-amylases (4.8).

Maltosides and maltotriosides with leaving groups such as PNP or fluoride have
also been used for directly measuring o-amylase activities. Unlike PNP-G4 or PNP-GS5,
PNP-G2 is exclusively cleaved by a-amylase at the glycosidic linkage between the sugar
and PNP. Therefqre, PNP release can be used as an indicator of substrate turnover. |
However, PNP-G2 has a very low k¢, value and thus, is not a very good substrate of this
enzyme. In comparison, sugars with a fluoride leaving group, such as maltotriosyl
fluoride (G3F), are very good substrates with k., values that are several orders of
magnitude higher than that for PNP-maltoside (Table 4.2) (161). When hydrolysed, G3F
releases a fluoride ion, which can be detected using a fluoride sensitive electrode. The use
of this electrode makes this assay fairly cumbersome and thus, it is not inherently useful

for quick screens or for complex experiments.
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Keat K koK Reference

G2F 1.5%x10%s™ 2.1 mM 71 (161)

G3F 2.8%x10°s 0.3 mM 930 (161)

PNP-G2 4x107s" 4 0.01 (162)
oDNP-G2 045" 3.6 mM 0.11 This thesis
oDNP-G3 2955 1.5 mM 2.0 This thesis
MeoDNP-G2 275" 5.5mM 0.49 This thesis
aCNP-G3 195" 3.6 mM 0.52 This thesis

Table 4.2 Kinetic parameters for cleavage of maltoside and maltotrioside substrates by
HPA.

4.2 Specific aims of this study

1) Synthesis and characterization of novel substrates for human pancreatic o-amylase.
Although there are various assays that have been developed for o-amylases, each assay
has some problem for specific uses. Ideally, a substrate used in an assay would have a
readily detectable change upon reaction that could continuously be measured, a high rate
of hydrolysis, a relatively low dissociation constant, and no side reactions to complicate
the kinetics. Therefore, a substrate with a high k., value like that of G3F but can be
monitored by measuring change in absorbance, as in the case of PNP-G2, would be a
good candidate for the “ideal substrate”. In order to develop such a substrate, several

chromogenic substrates will be synthesized.
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2) Screening and characterisation of novel inhibitors of human pancreatic o-amylase.
The substrate developed in the first part of the study will be used to de;/elop a screening
method for identifying potential inhibitors of HPA. This screen will be used to rapidly
identify potential inhibitors of HPA from a library of monosaccharide analogues. A more
detailed analysis of one of the more promising “hits” from this screen will be

characterized further to validate this screen.
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4.3 Results and discussion-part |: Development of a convenient

assay

4.3.1 Rationale for the design of the novel substrates

The main reason for the large difference in the k., values of PNP-G2 and the
glycosyl fluorides, such as G2F and G3F, is likely the greater leaving group ability of
fluoride versus p-nitrophenélate. This is reflected in the different pK, values of the
conjugate acid of the leaving groups; 7.0 for p-nitrophenol and 3.2 for fluoride (the lower
the pK, value, the better the leaving group ability). Therefore, in order to create a phenyl
glycoside that has a high k., value, the conjugate acid of the leaving group must have a
low pK,. 2,4-Dinitrophenol has a pK, value of 3.9, a value comparable to that of HF.
Therefore, a substrate with a 2,4-dinitrophenolate (DNP) leaving group should have a
fairly high k., value. In addition, the extinction coefﬁcie_nt of DNP is about twice as high
as that of PNP at pH 7.0, making an assay using this substrate more sensitive to HPA
activity. Furthermore, because of the low pK,, the extinction coefficient of DNP is
essentially independent of pH down to 6.0, making it usable over a wider pH range. This
makes the 2,4-dinitrophenyl o-maltoside (aDNP-G2) and the 2,4-dinitropheny! o-
maltotrioside (0DNP-G3) potentially good candidates for the ideal HPA substrate.
4.3.2 Synthesis of 0DNP-G2

The synthesis of the peracetylated aDNP-G2 (Scheme 4.2) was adopted from a
literature synthesis of peracetylated 2,4-dinitrophen3ﬂ'oc-glucoside (aDNP-Glc) (163).
Initially, the acetate group at the anomeric center was selectively removed from

peracetylated maltose (4.9) using 1.1 eq of hydrazine-acetate in DMF. After a quick
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workup, the product (4.10) was coupled to DNP by stirring overnight with 2,4-
dinitrofluorobenzene (DNFB) and diazabicyclo[2.2.2]octane (DABCO) in DMF. This
nucleophilic aromatic substitution resulted in primarily the peracetylated 2,4-
dinitrophenyl B-maltoside (4.11) (roughly 9:1 B/o mixture) with a yield of 83% over 2
steps. The peracetylated tDNP-G2 was obtained by the base-catalyzed anomerization of
4.11. By treating 4.11 with K,COj; in DMF (163) over 2 days, the equilibrium mixture of
the o~ and B-anomers was obtained in a ratio of 75:25. As might be expected, this ratio is
similar to that previously obtained for the anomerization of peracetylated DNP-Glc (164).
After workup, the o-anomer crystallized out from a solution of EtOAc/PetEt to give the

peracetylated aDNP-G2 (4.12) in a 37% yield.
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Scheme 4.3 Outline for the synthesis of «DNP-G2. (a) NH,NH,-acetate, DMF; (b)
DNFB, DABCO, DMF, 83% over two steps; (¢) K,CO3;, DMF, 37%; and (d) 5% AcCl
(v/v), MeOH, 20 %.

A number of unsuccessful attempts have been made to synthesize a-DNP-Glc.
The problem in all cases has been during the deprotection step. Firstly, this deprotected
product is inherently hydrolytically labile. In addition, the DNP migrates relatively easily

to the syn 2-hydroxyl group of the sugar. Recently, it was shown that the peracetylated
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aDNP-Glc could be deprotected using 5% HCI in MeOH at 4°C in 5 hours (/635).
Because the additional glucose moiety adds rigidity to the reducing end glucoside, the
deprotected aDNP-G2 should be more hydrolytically stable than the DNP-Glc. The
method used for deprotection of aDNP-Glc should therefore be utilizable for the
deprotection of tDNP-G2. When the reaction was attempted, it was found that
deprotection of aDNP-G2 took a considerably longer time than did the deprotection of
aDNP-Glc. In fact, even after 24 hours, the reaction had not gone to completion.
Furthermore, even before all the aDNP-G2 had been deprotected, TLC analysis
suggested that hydrolysis of the DNP group was taking place, resulting in the formation
of maltose. Therefore, the reaction was stopped before 100% of the product was
deprotected (about 20% mono-acetylated DNP-G2 still remained, by TLC analysis). The
purification of the reaction mixture was achieved by flash chromatography using 27:2:1
EtOAc/MeOH/AcOH as the eluaﬁt. The AcOH in the eluant was used in order to
protonate the DNP, which would otherwise not separate from the desired product. In
order to remove the AcOH from the product, the maltoside was precipitated from a
MeOH solution by adding Et,O. The aDNP-G2 (4.13) was obtained in a final yield of
20%.
4.3.3 Synthesis of tDNP-G3

The synthesis of the «DNP-G3 was similar to that of aDNP-G2 (Scheme 4.4).
Briefly, the 1-hydroxyl group of the peracetylated maltotriose (4.14) was selectively
deprotected using hydrazine-acetate in DMF. This product (4.15) was coupled to DNP by
treatment with DNFB and DABCO in DMF to yield the 2,4-dinitrophenyl B-maltotrioside

(4.16) in 87% yield over two steps. The peracetylated tDNP-G3 (4.17) was obtained by
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the base-catalyzed anomerization (K»COQj; in DMF) of 4.16. This yielded the equilibrium
mixture of the o- and B-anomers in a ratio of 75:25. Unlike the protected aDNP-G2
(4.12), 4.17 did not crystallize under several conditions attempted. The purification of the
a-anomer was therefore achieved using flash chromatography to give pure 4.17 in a 54%
yield. This compound was deprotected under acidic conditions using 5% AcCl/MeOH.

As was the case with the deprotection of aDNP-G2, not all of the aDNP-G3 was
deprotected before hydrolysis of the DNP group became evident. Therefore, the reaction
was stopped before completion. The fully deprotected «DNP-G3 was purified by flash
chromatography using 7:2:1 EtOAc/MeOH/AcOH as the eluant. The final product was
precipitated from a MeOH solution by addition of Et,O to yield the pure aDNP-G3

(4.18) in 27% yield.
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Scheme 4.4 OQutline for the synthesis of aDNP-G3. (a) NH,NH,-acetate, DMF; (b)
DNFB, DABCO, DMF, 88% over two steps; (¢) K,COs, DMF, 54%; and (d) 5% AcCl
(v/v), MeOH, 27%.
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4.3.4 Kinetic analysis of aDNP-G?2 as a substrate for HPA

Testing of aDNP-G?2 as a substrate for HPA was accomplished by monitoring the
change in absorbance at 400 nm of the reaction mixture. As would be expected from
DNP release through cleavage of the glycosidic bond, there was a time dependent
increase in absorbance when the compound was incubated with enzyme. In comparison,
the background rate of hydrolysis for tDNP-G2 in the absence of enzyme was negligible
0\.161' the timeframe of the assay (20 minutes). Enzyme catalyzed hydrolysis rates were
constant over the first several minutes and the initi.al rates, with respect to substrate
concentration, fit well to the Michaelis-Menten equation. From this, the kinetic
parameters 'for this substrate were determined (Table 4.2).

Comparison of the K., value for tDNP-G2 with that of PNP-G2 or G2F revealed
that there is no significant difference in the apparent binding of these substrates. This is
expected as each of the substrateé is thought to occupy the —2 and —1 subsites during
hydrolysis. The main difference between these substrates was seen in their ke, values. As
might be expected from the pK, values of the conjugate acids of these three leaving
groups, the k¢, value of the G2F was greater than that for )DNP-G2, which was greater
than that for PNP-G2. Somewhat unexpected, and disappointing, was the fact that the &,
value for aDNP-G2 was only one order of magnitude higher than that for PNP-G2, and
three orders of magnitude lower than the k., value for G2F.

4.3.5 Analysis of the products of HPA catalysed cleavage of dDNP-G2

To determine the mode by which HPA was catalyzing the release of DNP, the

products formed from the HPA catalyzed reaction of aDNP-G2 were determined by

using an HPLC attached in series to both a UV detector and evaporative light scattering
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detector (ELSD). After 20 minutes, the predominant products formed were maltose,
DNP, DNP-Glc and DNP-G4 (Figure 4.11). The formation of the DNP-glycosides was
only observed in the UV detector and not with the ELSD suggesting that these products
are only produced in a small quantity. However, the ELSD has different response factors
for different molecules énd therefore, it may be possible that the DNP-glycosides are
formed in significant amounts but not detected (from standards, the DNP-glycosides

seemed to give roughly half of the response of their respective malto-oligosaccharide).
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Figure 4.11 HPLC analysis of the reaction products of the HPA catalyzed reaction of
oDNP-G2 after 20 minutes. Compound was detected using (a) UV detector, and (b)
ELSD detector. Conditions: Tosoh Amide-80 column, 0.7 mL/min (CH;CN/H,0O 75:25
-> 55:45 in 10 minutes followed by hold at this concentration).




The DNP-G4, which seems to be formed in small quantity, is a possible intermediate
species for the formation of all other products. This species is the product of a
transglycosylation of aDNP-G2 onto another molecule of aDNP-G2 with the relea_se of
DNP. The product can be hydrolysed in three different ways — by formation of
maltotetraose and DNP; by formation of maltotriose and «DNP-Glc; and finally, by
formation of tDNP-G2 and maltose. Alternatively, formation of maltose could be
explained by direct hydrolysis of the DNP group from aDNP-G2. From these data, either
route is plausible and more detailed studies are required in order to determine the mode
of DNP release.
4.3.6 Kinetic analysis of aDNP-G3 as a substrate for HPA

Not surprisingly, aDNP-G3 was also a substrate for HPA. The kinetic parameters
for hydrolysis of this compound were once again determined by fitting initial rates at
varying substrate concentrations to the Michaelis-Menten equation (Table 4.2). In the

case of the glycosyl fluorides, the K, value of G3F was 10 fold lower than that for G2F.
It was therefore expected that the same trend would be seen for the K, values of aDNP-
G3 and oDNP-G2. The K., value of «DNP-G3 was indeed lower than the K, value for
aDNP-G2 but only by a factor of two. However, the k¢ value for aDNP-G3 was 10 fold
higher than that of aDNP-G2. This is in sharp contrast to the glycosyl fluorides, where
G3F and G2F had similar k¢, values.

Recently, we were able to obtain a sample of 2-chloro-4-nitrophenyl o-
maltotrioside (0dCNP-G3; Figure 4.12, Genzyme, Massachusetts) (/66). Although this
compound had been reported as a substrate for HPA, its kinetic parameters had only been

reported at pH 6.0. This made comparison of these parameters with respect to other
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substrates difficult. Therefore, the kinetic parameters of aCNP-G3 (Table 4.2) were
determined under standard conditions (50 mM NaP; buffer, pH 7.0, 100 mM NéCl).
Under these conditions, the K, value for this substrate is two fold higher than for cDNP-
G3. This is consistent with the fact that these two substrates are similar in structure. More
intriguing was the fact that the k¢, value for this compound was 1.9 s, a value only
slightly lower than the k., value for tDNP-G3. Because the pK, value of 2-chloro-4-
nitrophenol is 5.1, an entire pH unit higher than DNP, the k., value might be expected to
reflect this difference. These results seem to indicate that decreasing the pK, of the

leaving group does not result in a significant increase in the k¢, value of the substrate.
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Figure 4.12 Structure of aCNP-G3.

4.3.7 Analysis of the products of HPA catalysed cleavage of aDNP-G3
Product analysis was performed on the HPA catalyzed cleavage of aDNP-G3 in

order to determine the mode of DNP release (Figure 4.13). After 20 minutes of reactions,

several products including DNP, maltotriose, DNP-G6 and DNP-G4 were formed.

Unfortunately, due to a trace contamination of glucose and maltose in the starting
material, it was not possible to determine whether small amounts of these compounds

were formed during the reaction. As was the case with DNP-G2, the transglycoyslation
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product, aDNP-G6, was formed to a significant level. In fact, this product was formed to
the extent that it was observable with the ELSD. The DNP release and the formation of
maltotriose could be due to either the direct hydrolysis of the‘ glycosidic bond between
the DNP and maltotriose moiety, or to transglycosylation followed by hydrolysis. Once
again, without a more detailed kinetic study on the hydrolysis of longer DNP-malto-

oligosaccharides, it is not possible to say with certainty the mode of DNP release.
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Figure 4.13 HPLC analysis of the reaction products of the HPA catalyzed reaction of
oDNP-G3 after 20 minutes. Compound was detected using (a) UV detector, and (b)
ELSD detector. Conditions: Tosoh Amide-80 column, 0.7 mL/min (CH;CN/H,0 75:25
—> 55:45 in 10 minutes followed by hold at this concentration).
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4.3.8 Kinetic analysis of DNP-Glc as a substrate for HPA

By way of comparison, «DNP-Glc was also tested as a substrate for HPA. The
data do not fit to the Michaelis-Menten equation, but rather, the rate seemed to increase
exponentially with concentration (Figure 4.14) in much the same way as was seen for the
HPA catalyzed reaction of glucosyl fluoride (GIcF) (/57). Product analysis in this case
showed that the main product was maltose (Figure 4.15), resulting from

transglycosylation of GlcF onto another molecule of itself. It is very likely that the
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Figure 4.14 The Michaelis-Menten plot for the reaction of aDNP-Glc catalyzed by HPA.
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Figure 4.15 HPLC analysis of the reaction products of the HPA catalyzed reaction of
oDNP-Glc after 20 minutes. Compound was detected using (a) UV detector, and (b)
ELSD detector. Conditions: Tosoh Amide-80 column, 0.7 mL/min (CH;CN/H,O 75:25
-> 55:45 in 10 minutes followed by hold at this concentration).
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aDNP-Glc is also acting in the same manner as this substrate. As would be expected
from transglycosylation, the product analysis showed the formation of glucose, maltose,
and maltotriose as well as their respective DNP-glycosides.
4.3.9 Conclusions and future directions

Two compounds, aDNP-G2 and aDNP-G3, were synthesized and tested as
substrates for HPA. The initial rates were linear with respect to time and gave good fits to
the Michaelis-Menten equation. Both these substrates seemed to react, at least in part, via
transglycosylation mechanisms. Because each of these reactions and their reaction
products add another level of complication to the overall kinetics of the reaction, a better
substrate may be one in which the substrate is blocked at the non-reducing end so that
transglycosylation may not occur. This may be accomplished, for example, by
methylating the non-reducing end 4-hydroxy! group or by removing this functional group
completely. Of these substrates, the ’DNP-G3 had the highest k.., as well as the highest

kea/'Km, making it the most favourable substrate for use for kinetic studies.
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4.4 Results and discussion: Rapid screening of monosaccharide
inhibitors
4.4.1 Rationale for seélrching for monosaccharide inhibitors

As was demonstrated in previous studies with gluconolactone, and iminocyclitol
analogues (148, 149, 152), linking a malto-oligosaccharide to the non-reducing end of a
potential monosaccharide “inhibitor” can transform a seémingly poor inhibitor of a-
amylase into an inhibitor with a K; value in the low micromolar range, decreasing the K;
value at least 3 orders of magnitude. Therefore, if the initial monosaccharide already has
significant inhibitory activity towards o-amylase, then the extended inhibitor may have a
K; value comparable to that of acarbose.

Presently, in the literature, there are very few examples of monosaccharide
inhibitors of a-amylases, an apparent notable exception being salacinol (Figure 4.8). A
reason for this relative scarcity may be that these enzymes are not routinely included in
inhibition studies when a novel compound is isolated or synthesized. It is, however, still
possible that a number of known a-glucosidase inhibitors may also inhibit a-amylases. In
order to determine whether any of these compounds have inhibitory activity towards -
amylases, a convenient screen is required to rapidly indentify potential candidates.

4.4.2 Rapid screen for identifying potential HPA inhibitors

Previous studies showed that in certain cases, the K; value decreased by over 3
orders of magnitude whén monosaccharide analogues were extended by two glucose
moieties (148, 149, 152). Therefore, if a monosaccharide significantly inhibits HPA

activity at 1 mM concentration, then it could be considered a potential candidate for
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future extension studies. If a DNP-glycoside is used as a substrate, these assays could be
done spectrophotometrically and as such, large libraries of compounds could be quickly
screened for potential inhibitors. Because DNP-G3 has a higher k., value and lower K,
value than does «DNP-G2, it was used as the substrate of these assays.

The ICso measured for an inhibitor is dependent on the concentration of substrate
that is used in the assay — thus it is of limited inherent value. In the case of a competitive
inhibitor, if the substrate is at saturating concentrations ([Substrate] >> K,), the 1Cso will
be considerably higher than the K; value. Conversely, at substrate concentrations much
lower than the K, value, the ICso will be lower than the K; value. Therefore, a substrate
concentration around the K, value (1.5 mM in the case of aDNP-G3) was chosen for the
assay so as to give meaning to the ICsy values measured.

4.4.3 Positive control for the new screen

To show that an assay using 0DNP-G3 would identify HPA inhibitors, the K;
value for a well characterized o-amylase inhibitor, acarbose, was determined using this
suBstrate. Previously, when G3F was used as a substrate, acarbose was found to be a non-
competitive inhibitor of HPA with a K value of 20 nM (/45). Using oDNP-G3 as a
substrate, the approximate K; value for acarbose with HPA was determined to be 20 pM,
a value 3 orders of magnitude higher than the value that was previously determined for
this compound.

At first glance, this would seem to indicate that changing the substrate changes
the K; value of this inhibitor. However, several results, both from this study and from the
‘literature, seemed to suggest that another factor could underlie this variable K; value.

Firstly, the initial rates measured for aDNP-G3 hydrolysis performed at an acarbose
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concentration of 1.8 x 10® M showed that the rate steadily decreased over several
minutes (Figure 4.16), with the rate after 20 minutes being ~30% of the initial rate. This
is a significantly larger decrease in rate than would be expected for substrate depletion,
and in fact, in the control assay where no acarbose was present, such a decrease was not
observed. Secondly, it had been shown previously that G3F, at least in part,
transglycosylates onto itself (/67). Because acarbose is a pseudo-tetrasaccharide, it is
possible that HPA adds a maltotriosyl unit onto the non-reducing end of acarbose by
transglycosylation to create an elongated acarbose molecule in situ. If the extended
acarbose is a better inhibitor than is the unmodified form, its formation would result in a
progressively decreasing rate. Indeed, as was mentioned in earlier, structural studies of
acarbose bound to HPA have consistently shown that the bound form of acarbose has

been modified.
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Figure 4.16 Hydrolysis of «DNP-G3 in the presence (-) and absence (-) of 1.8 x 10° M

acarbose.

Therefore, it is possible that the K; value determined for acarbose, using G3F as a
substrate, was that of a modified form of acarbose. Because the k. value for aDNP-G3
hydrolysis is 100 times lower than the k. value for G3F hydrolysis, the formation of ES”
(Scheme 4.1) will occur at least 100 times more slowly. This, in turn, means that the

transformation of acarbose to a more potent inhibitory form will also be 100 times slower
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when using aDNP-G3 versus G3F (assuming similar reaction conditions). The first 15-30
seconds after enzyme addition during G3F hydrolysis cannot be observed due to the
nature of the fluoride electrode assay. By this time, the reaction leading to acarbose
modification may have already been completed. The time that is required for acarbose
modification would be considerably longer if aDNP-G3 were used as thé substrate. This
would explain the decreasing rate seen when monitoring DNP-G3 hydrolysis in the
presence of acarbose. Therefore, the K; value determined by using the initial rates of
oDNP-G3 hydrolysis (in the presence of acarbose) most likely represents the K; value of
the unmodified acarbose.

If the above hypothesis is correct and the true inhibiting species in the previous
inhibition study is the elongated version of acarbose, the extended acarbose should have
the same K regardless of whether the substrate is G3F or aDNP-G3. Chemical synthesis
of such a compound is extremely challenging (although recently, an enzymatic synthesis
of this compound was published (/67)) and as such, it was not possible to test the
hypothesis directly. However, the extended acarbose should form in situ within the first
15-30 seconds if G3F and acarbose are incubated with HPA. If such an extended
acarbose is created, then the HPA activity sflould be inhibited at nanomolar acarbose
concentrations, even if aDNP-G3 is used as a substrate. Indeed, when HPA activity was
measured using 0DNP-G3 (I mM) in the presence of both G3F (0.2 mM) and acarbose
(180 nM), the initial rate was found to be 67% of that in the control reaction where
acarbose was not present (Figure 4.17). In contrast, when the HPA activity was measured
using aDNP-G3 in the presence of only acarbose (180 nM), the initial rate was similar to

that in the control reaction where acarbose was not present.
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Figure 4.17 Hydrolysis of «DNP-G3 in the presence of 1.8 x 107 M acarbose that had
been pre-incubated with G3F and HPA (-). Control where G3F was pre-incubated with
HPA (-) prior to assaying with aDNP-G3.

When acarbose was pre-incubated for 1 hour with G3F and HPA prior to assaying
for enzymatic activity with aDNP-G3, the inhibitory activity was significantly lower than
for the control where HPA was pre-incubated with only G3F. This pre-incubation was
done at varying concentrations of acarbose to determine a rough K; value for the G3F-
extended acarbose. First approximation showed that the K; value for the extended
acarbose was 140 nM. Although this value is one order of magnitude higher than the Ki
value determined for acarbose using G3F, it is also considerably lower than the 20 UM Kj;
value determined for acarbose by using ®DNP-G3 as a substrate. Due to the low
concentrations of acarbose being used, no product analysis for the HPA-catalyzed
reaction of acarbose and G3F was performed. Therefore, there is no conclusive evidence
to say that the potent inhibitor in the reaction mix is an acarbose extended at the non-
reducing end by a maltotriosyl moiety. However, these results clearly demonstrate that
G3F is playing a role in reducing the apparent K; value of acarbose.

These results demonstrate that the K; value obtained for acarbose using G3F is

likely not the K; value of acarbose but rather that of a modified acarbose. In fact, it is
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likely that K; values determined for acarbose by using substrates with similar k¢, values
to that of G3F (including malto-oligosaccharides) are also plagued with this problem.
Because of the lower &, value for aDNP-G3, the K| value determined using this
substrate is probably a more accurate measure of the true K; value of acarbose. As such,
oDNP-G3 is a better substrate for determining true K; values than are the other
substrates.
4.4.4 Design of a rapid screen for identifying potential elongated HPA inhibitors

In light of these results, a secondary assay may be envisioned to quickly
determine whether an extended version of a monosaccharide analogue would be a good
HPA inhibitor. In this assay, the HPA would first be pre-incubated with G3F and the
monosaccharide analogue. During this time, the compund may be elongated by several
glucose moieties via transglycosylation, in much the same way as in the case of acarbose.
The activity of the HPA would then be determined using «DNP-G3. If the extended
compound inhibits HPA activity, then this will be seen as a lower rate of aDNP-G3
hydrolysis than in the control where the HPA is pre-incubated with only G3F. The ratio
of these two rates can be compared to the ratio for the rate of HPA catalyzed hydrolysis
for DNP-G3 in the presence and absence of the monosaccharide analogue (no pre-
incubation or G3F). A significant difference in these two ratios will indicate whether the
extended compéund is a better inhibitor than is the unmodified compound.

A negative result from this assay, however, does not immediately imply that the
extended version of the compound is not a good HPA inhibitor. It is equally possible that
under the conditions of the assay, the inhibitor is not extended; that is to say that the

inhibitor does not act as a good acceptor. This will depend on the K, and kiyns of the
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compound (Scheme 4.1). A positive result, though, would strongly suggest that the
addition of several glucose moieties to the non-reducing end of this compound would
result in a good inhibitor of HPA.

The screen for HPA inhibitors would therefore consist of two parts. In the first
(Assay#1), aDNP-G3 would be used to assay for inhibition of HPA activity at a single
concentration of inhibitor (1 mM). In the second part, the inhibitor would be pre-
incubated with G3F and HPA for 15 minutes. After this time, the HPA activity would be
measured using tDNP-G3 (Assay#2). These two experiments would show (a) if the
monosaccharide is able to inhibit HPA activity, and (b) if the inhibitor, when extended by
several glucose moieties, is better able tol inhibit HPA activity.

4.4.5 Results of the rapid a-amylase screen for potential inhibitors

The monosaccharide inhibitors that were screened in this study included a
“library” of seven salacinol-like compounds provided to us by Professor Pinto at Simon
Fraser University and the potent a-glucosidase inhibitor, D-gluconohydroximino-1,5-
lactam (GHIL) (768), synthesized by Dr. Tanja Wrodnigg (Table 4.3).

The results of the Assay#1 and Assay#2 are summarized in Table 4.3. To our
disappointment, although not totally unexpected, neither the seven salacinol-like
compounds, nor the GHIL inhibited HPA activity significantly at a concentration of ~1
mM. The best inhibitor among these compounds was the GHIL, which reduced the HPA
activity to 88 % of the control rate. As all of the compounds tested were monosaccharide
analogues, it may have been optimistic to set the threshold of the inhibitor concentration

at 1 mM.
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Table 4.3 Results of the screen using Assay#1 and Assay#2. The numbers in each of the columns refers to the percentage of HPA activity still

left when tested with the assay.

Compound Assay#l | Assay#2 Compound Assay#l | Assay#2
HO= & (GHIL) 82% 25% 93% 100%
\N/OH

o @('\é)\/ o 0 s osoP 0 0

‘\Q 3503 85% 100% 89% 100%

V-8 85% 89% R o 95% 100%

s; HO““‘““ .."'I"’OH
oY gH

89% 89% o 100% 100%

OH
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When the compounds were tested with Assay#2, once again, there was no
significant inhibition of HPA activity by any of the seven salacinol-like compounds. As
was mentioned earlier, these negative results may have several explanations. The first is
that the elongated forms of these compounds do not inhibit o-amylase to any significant
level. The other possibility is that HPA is not able to transglycosylate the maltotriose unit
onto the salacinol-like compound due to the high K, or low kirns values for the
salacinol-like compounds. If the latter is the case, it may be possible to favour
transglycosylation onto the inhibitor by increasing its concentration in the assay mix.
However, because these compounds showed little inhibition in either of these assays, they
were not studied any further. In sharp contrast, GHIL was found to substantially inhibit
HPA activity when pre-incubated with HPA and G3F. In fact, the rate of aDNP-G3
hydrolysis was 25% of the rate of the control where no inhibitor was present. This
compound was therefore chosen for further studies.

4.4.6 Analysis of GHIL as an inhibitor of HPA

Using aDNP-G3 as a substrate, an approximate K; value of 11 mM was
determined for GHIL with HPA. This value is 4 orders of magnitude higher than that
with yeast a-glucosidase. This difference in K; values may be due to the fact that HPA is
an endo-glycosidase. As ‘alluded to in Section 4.3.1.2, endo-glycosidases may also require
binding at the —2 subsite in order to orient the sugar in the —1 subsite to make appropriate
interactions with active site residues. Indeed, when various malto-oligosaccharides were
tested as substrates for HPA, it was found from k../K,, values that the both the —1 and -2

subsites are important for catalysis (08).
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Results of a three-dimensional structural analysis for HPA, where GHIL had been
soaked in, showed that this inhibitor bound in an unexpected fashion (/69). The GHIL
was bound in the +1 subsite with the “reducing end” pointing towards the —1 subsite
(Figure 4.18). Furthermore, there was no electron density for a sugar bound in the —1
subsite. If GHIL were acting as a transition state analogue, or it were binding in the same
manner as it does for a-glucosidase, then the inhibitor should bind to the —1 subsite.
Although this reverse binding mode may be an artefact of crystallization, the structural
study strongly suggests that binding to the —1 subsite is not the most favoured binding

mode for this monosaccharide inhibitor.

-3 -2 -1 +1 2

Figure 4.18 Schematic of the binding mode of D-gluconhydroximolactam in HPA (169).

Interestingly, when GHIL was pre-incubated with G3F and HPA, it seemed to
better inhibit HPA activity than it did in the absence of G3F. This suggests that, as in the
case of acarbose, the GHIL is being extended in situ, presumably through
transglycosylation, to result in a potent inhibitor of HPA. When HPA activity was
monitored using ®DNP-G3 in the presence of GHIL (1 mM) but without G3F, there was
a time dependent change in the rate of DNP hydrolysis. This is consistent with the

formation of a modified inhibitor as was seen in the case of acarbose. The formation of

the modified inhibitor could be monitored by incubating GHIL (1 mM) with G3F (0.4




mM) and HPA for varying time periods. The residual HPA activity could then be
measured with «DNP-G3. From this, it was evident that the modification reaction was
complete after 30 minutes under these conditions.

To quantitate the change in inhibitory activity, an approximate K; value was
determined for the inhibitory species in the reaction mix. As was done in the acarbose
study, the extended inhibitor was created in situ by pre-incubating varying concentrations
of GHIL with a fixed concentration of G3F (0.4 mM) and HPA. After 1 hour of
incubation at 30°C, the HPA activity was measured using «DNP-G3 (0.9 mM).
Assuming complete conversion of the GHIL to the inhibitory form, the data was plotted
in the form of a Dixon plot. From this, the approximate K; value was determined to be
265 uM. As the K; value of GHIL is 11 mM, this is an improvement in the K; value by 3
orders of magnitude.

If this approximate K; value for the G3F-extended GHIL is close to the actual K;
value, then the strategy for extending an a-glucosidase inhibitor may not be as promising
as originally hypothesized. Although extension of the monosaccharide analogue did
significantly decrease the K; value, the final K; value is not close to the 20 nM seen for
acarbose. Furthermore, even the extended gluconolactone (4.2, Figure 4.7) had a K value
of 30 uM (748), implying that a lower K; value of the a-glucosidase inhibitor does not
necessary equate to a lower K; value of the extended compounds for HPA.

However, in order to determine this approximate K; value for the extended GHIL,
it was necessary to make several assumptions. As stated before, the key assumption made
was that the GHIL was completely converted into the inhibitory form. Such an

assumption was required to plot a Dixon plot. However, even from the point of the
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experimental design, it was clear that this assumption is not true. In this experiﬁent, for
most of the data points, the limiting reagent was G3F (0.3 mM) as opposed to the GHIL.
This concentration was chosen in order to avoid inhibition by G3F, which could be
considered a competing substrate (K, value of 0.5 mM). Therefore, the maximal
concentration of extended GHIL would be 0.3 mM. Thé fact that the Dixon plot gave a
straight line, though, does suggest that there is a linear correlation between the
concentrations of inhibitor added and the modified inhibitor formed.

The maximal concentration of modiﬁe‘d inhibitor formed in this experiment is
probably even lower than 0.3 mM as this value assumes that transglycosylation is the
predominant reaction. As seen from analysis of the products of HPA catalyzed reaction
with G3F, hydrolysis, rather than transglycosylation of G3F onto another molecule of
G3F is the preferred mode of action (/61). Since G3F is a trisaccharide, it is more likely
to be a better acceptor than is GHIL. Therefore, it is likely that the extended D-
gluconhydroximolactam makes up a very small percentage of the reaction produpt. In
fact, MALDI-TOF analysis of this reaction mixture showed little sign of an extended
GHIL.

When crystals of HPA were soaked with both GHIL and G3F, the results
seemingly contradicted the kinetic analysis (/69). The structure determined in this case
showed that a bound maltotriose (occupying —3 to —1 subsites) and the GHIL (similar
binding mode to the previous structure) were both bound. However, these two
compounds seemed to be bound as independent molecules and ﬁot as an extended GHIL.

This might suggest that the increased inhibitory potency of the GHIL is not due to its
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modification in situ. However, it may be also be possible that under the conditions used
for obtaining this data, the modification was not favourable.

Because structural analysis did not show any modified inhibitors bound in the
active site, it was necessary to show that extension of GHIL, in the presence of HPA and
G3F, was a feasible hypothesis. To demonstrate this, 10 mM of G3F and 9 mM of GHIL
were incubated for 1 hour in the presence of HPA (1.2 mg-ml™). Under these conditions,
the transglycosylation of a maltotriose unit onto GHIL would be more favoured than in
the previous experiment due to the high acceptor concentrations. Furthermore, unlike in
the previous case, the high concentrations of both starting materials made it possible for a
significant level of extended product to be formed so that they could be detected by
MALDI-TOF (Figure 4.19).

Indeed, the spectra from the MALDI-TOF analysis showed that in this reaction
.mix, there were compounds with masses of 539 and 702, which corresponding to GHIL
extended by 2 or 3 sugars. These data demonstrate thét HPA is able to extend GHIL by
several glucose units, most likely via transglycosylation. The fact that, even under these
conditions, the predominant product is maltotriose and maltotetraose (2xG3F > G6F -
G2F + G4) confirms the previously suggested notion that under the conditions of the
previous kinetic experiments, the extended GHIL make up a very small percentage of the
product. In turn, this implies that the actual K; value of the inhibitory species is
significantly lower than than the K; value determined from this study (possibly by se;/eral

orders of magnitude).
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Figure 4.19 MALDI-TOF spectra for the reaction of G3F and GHIL (a) prior to addition
of enzyme, and (b) after 1 hour of incubating with the enzyme. Inh = GHIL; InhGX =

GHIL extended by X glucose moieties; GX = glucose polymer of X monomeric units; Na
= sodium ion; and H = proton.
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4.4.7 Conclusions and future directions

This study has demonstrated that rapid screening using *DNP-G3 can identify
potential HPA inhibitors. By pre-incubating the inhibitor with G3F and HPA, a secondary
screen can also be set up in parallel to determine the possibility that an inhibitor can be
extended in situ to create a better inhibitor of HPA. The two assays were validated using
acarbose as the model inhibitor of o-amylase. When these screens were used to test a
small library of monosaccharide inhibitors, the GHIL was found to be of potential
interest.

Further analysis of GHIL showed that, although this compound only has a K;
value of 11 mM, by pre—incubating it with G3F and HPA, it becomes a significantly more
potent inhibitor of HPA with a K; << 260 puM. The modification that occurs is most likely
the extension of the inhibitor at the non-reducing end by séveral glucose moieties. This is
consistent with kinetic and structural analysis of acarbpse, another inhibitor that is
thought to be modified in situ. However, the evidence provided in this thesis is still
circumstantial, as we have not demonstrated that the extended form of the GHIL is an
actual inhibitor of HPA.

To conclusively demonstrate this, it is necessary to deterlmine the true K; value for
the extended GHIL. To achieve this, firstly such a species must be made and isolated.
There are two approaches that could be taken to accomplish this goal. As was shown in
the present study, HPA will create detectable amounts of various extended forms of
GHIL through transglycosylation. These species could be isolated by standard analytical
methods such as HPLC, and then used for kinetic characterization to determine their K;

values. However, enzymatic synthesis of the enzyme’s own inhibitor may be problematic
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since the formation of the inhibitor would shut down the catalytic activity of the enzyme.
Furthremore, from the analysis of the products using MALDI-TOF, the overall yield of
this reaction would not be very high. The second approach, which is much more labour-
intensive, is to chemically synthesize extended GHIL by coupling various malto-
oligosaccharides to the GHIL (or a precursor). Although synthesis of each species would
not trivial, this approach would most likely have a higher overall yield and provide access

to useful quantities of inhibitor.
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Chapter 5 Experimental
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5.1 Synthesis

5.1.1 Synthesis of 5-fluoro-B-L-gulosyl fluoride

The synthesis of SFGulF was adopted from (72). All spectra for the compounds made
during the synthesis of SFGulF were compared with the assignments from this reference.
However, each NMR spectra was also independently assigned.
1,2,3,4,6-Penta-0-acetyl-D-mannopyranose (2.1). Mannose (10 g, 55.5 mmol) was
dissolved in pyridine (100 mL) and acetic anhydride (100 mL) was added in excess. The
reaction mixture was left stirring overnight. The solvent was then evéporated off in vacuo
and the remaining syrup was redissolved in EtOAc. This solution was washed with
aqueous 1 M HCI, sat. NaHCOs, and brine, and then dried over MgSO,. The solvent was
evaporated off in vacuo yield in 2.1 (18 g, 84%) as a brown syrup.
2,3,4,6—Tetra—0-acet);l-(x-D-mannosyl fluoride (2.2). Compound 2.1 (13 g, 33.3 mmol)
was transferred to a plastic vial and 25 mL of HF/pyridine was added at 0°C. The
reaction mixture was left stirring overnight at 4°C and for a further 2 to 3 h at room
temperature, then quenched 5y addition of sat. NaHCOs solution (excess). The product
was extracted with EtOAc and the organic layer was washed with 1 M HC], sat.
NaHCO3, and brine. After drying over MgSQ,, the solvent was evaporated in vacuo.
Puriﬁqation of the product was achieved by column chromatography (EtOAc/PetEt 1:1)
to yield 2.2 (9.9 g, 85%) as a white solid. "H NMR data (CDCls, 300 MHz): & 5.55 (dd,
1H,J,,=18Hz,J,r=48.5, H-1), 530-5.40 (m, 3 H, H-2, H-3, H-4), 4.28 (dd, 1 H, Js5¢
=54, Jeaop = 12.8, H-6a), 4.10-4.20 (m, 2 H, H-5,H-6b), 2.15, 2.09, 2.04, 1.99 (4 X s, 4 X

3 H, -OAc). ”F NMR data (proton-decoupled, referenced to TFA): § -61.72.
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2,3,4,6-Tetra-0-acetyl-5-bromo-o-D-mannosyl fluoride (2.3). Compound 2.2 (6.5 g,
18.6 mmol) was dissolved in 125 mL of dry CCly and N-bromosuccinimide (13 g, 73
mmol) added. The reaction mixture irradiated two 250 W tungsten lamps and left
refluxing overnight. The CCl4 was evaporated under reduced pressure and the resulting
solid was redissolved in CH,Cl,. This solution was washed with sat. NaHCO;, 1 M HCI,
water, and brine. The organic layer was then dried with MgSO4 and the solvent
evaporated under reduced pressure. The product was purified by column chromatography
(2% CH;CN in CH,Cl,) to yield 2.3 (2 g, 25% yield) as a clear oil. '"H NMR data
(CDCls, 300 MHz): 6 5.68 (dd, 1 H, J,3=2.3 Hz, J34=10.7, H-3), 5.66 (dd, 1 H, J, ; =
1.5,J, g =48.4, H-1), 547 - 5.56 (m, 2 H, H-2, H-4), 4.40 (s, 2 H, H-6a, H-6b), 2.16 (s, 3
H, -OAc), 2.09 (s, 6 H, 2 X -OAc), 2.00 (s, 3 H, -OAc). "’F NMR data (referenced to
TFA): 6 -58.73 (d, J1r = 48.3 Hz). MS data (ES): Calculated for C4sH;3BrFOo 451 (M +
Na"), found 451.1. |
2,3,4,6-Tetra-0-acetyl-5-fluoro-f-L-gulosyl fluoride (2.4). Compound 2.3 (1.5 g, 3.49
mmol) was dissolved in 20 mL of dry CH3CN. To this solution, AgF (0.9 g, 7.1 mmol)
was added and the suspension was stirred in the dark for 24 h. The mixture was filtered
through a celite/silica column and the filtrate was dried under reduced pressure. The solid
was redissolved in EtOAc and this was washed with 1 M HCI and brine. The organic
phase was dried using MgSO, and the solvent evaporated under reduced pressure.
Column chromatography (1:2 EtOAc/Pet Et) yielded 2.4 (0.5 g, 30%) as a clear oil. 'H
NMR data (CDCls, 400 MHz): 6 5.83 (dd, 1 H, },2,=7.3 Hz, J; ;1 = 53.3, H-1), 5.36 (dd,

1 H, J54=7.6, Jo3=23.7, H-3), 5.30 (m, | H, H-4), 5.20 (ddd, 1 H, Jo5, = 10.7, H-2), 4.47

(dd, 1 H, Jea 60 = 12.5, Jears = 23.8, H6a), 4.13 (dd, 1 H, Jprs = 13.7, H-6b), 2.12, 2.11,




2.08,2.06 (s x 4,3 Hx4,-OAc). F NMR data (proton decoupled, referenced to TFA):
8 -42.08 (F-5), -75.22 (E-1). MS data (ES): Calculated for C;4H,sF209 391.1 (M + Na"),
found 391.3.

5-Fluoro-B-L-gulosyl fluoride (2.5). Compound 2.4 (93 mg, 0.25 mmol) was dissolved
in 2 mL dry MeOH under N, and NHj; gas was bubbled into the solution for 10 minutes at
0°C. The solution was warmed to room temperature and then reaction was left stirring for
2 h. The solvent was removed under reduced pressure and the product purified by column
chromatography (EtOAc/MeOH/H,0 27:2:1) to yield 2.5 (15 mg, 30%) as a clear oil. 'H
NMR data (CDCl;, 300 MHz): 8 5.61 (dd, 1 H, J;,=6.7 Hz, J, ) = 54.8, H-1), 3.95-
4.03 (m, 2 H, H-3, H-4), 3.75-3.93 (m, 2 H, H-2, H-6), 3.59 (dd, 1 H, Jssp = 12.3, Jebrs =
17.8, H-6b). "’F NMR data (referenced to TFA): § -45.99 (m, F-5), -74.84 (dd, Jr1 r2 =
8.5, F-1). MS data (ES): Calculated for CsH;oF205 200.1 (M + Na"), found .

5.1.2 Synthesis of 2-deoxy-2-fluoro-o-D-mannosyl fluoride

The synthesis of 2FManF was adopted from (/02). All spectra for the compounds made
during the synthesis of 2FManF were compared with the assignments from this reference.
However, each NMR spectra was also independently assigned.
3,4,6-Tri-0O-acetyl-2-deoxy-2-fluoro-o-D-mannosyl fluoride (2.7). Tri-O-acetyl-2-
deoxy-2-fluoro-f-D-mannosyl fluoride (2.6) was synthesized by Dr. David L. Zechel.
This compound (315 mg, 1 mmol) was dissolved in 4 mL HF/pyridine at -78°C and
brought to room temperature. The reaction was stirring overnight. The reaction was
quenched with sat. NaHCOs, and extracted with CH,Cl,. The organic layer was washed

with H,O, 1 M HCI and brine. The solvent was removed under reduced pressure and the

product was purified by column chromatography (4:1 PetEt/EtOAc) to yield 2.6 (100 mg,




33%) as a white solid. 'H NMR data (CDCl, 300 MHz): 8 5.72 (dddd, 1 H, J;,=2.3
Hz, Ji 1= 483, Ji 5= 2.3, H-1), 5.40 (dd, 1 H, H-4), 5.24 (dddd, 1 H, Jo3=2.3, J34=
10.3, J3p1 = 2.3, Jsp2 = 27.6, H-3), 4.88 (ddd, 1 H, J, 5, = 48.8, H-2), 4.27 (dd, 1 H, J56, =
4.7, Jeaso = 12.7, H-62), 4.07-4.21 (m, 2 H, H-6b, H-5), 2.10, 2.09, 2.04 (s x 3, 3 Hx 3, -

OAc). "’F NMR data (referenced to TFA): § -66.95 (dd, F-1), -130.73 (ddd, F-2). MS

‘data (ES): Calculated for C,H;6F>,07 333.1 (M + Na"), found 332.9.

2-Deoxy-2-fluoro-o-D-mannosyl fluoride (2.7). Compound 2.6 (50 mg, 0.16 mmol) was
dissolved in 5 mL dry MeOH under N, and NH3 gas was bubbled into the solution for 10
minutes at 0°C. The temperature was brought back up to room temperature and the
reaction was left stirring for overnight. The solvent was removed in vacuo and the
product purified by column chromatography (EtOAc/MeOH/H,0 27:2:1) to yield 2.7
(22.9 mg, 77%) as a white solid. '"H NMR data (CDCls;, 300 MHz): & 5.67 (ddd, | H, H-
1), 4.68 (ddd, 1 H, H-2), 3.58-3.83 (m, 5 H, H-3, H-4, H-5, H-6a, H-6b). F NMR data
(referenced to TFA): 6 -67.34 (dd, F-1), -133.03 (ddd, F-2). MS data (ES): Calculated
for CsH,0F204 207.0 (M + Na"), found 207.3.

5.1.3 Synthesis of 2,4-dinitrophenyl o-D-mannoside

2,4-Dinitrophenyl 2,3,4,6-tetra-0O-acetyl-o.-D-mannoside (2.8). Compound 2.1 (5 g, 13
mmol) was dissolved in 25 mL of dry CH,Cl, and 25 mL of HBr/AcOH was added at
0°C. The mixture was warmed to room temperature and left standing for 2 h. The
solution was quenched by adding the reaction mixture to an excess of saturated solution
of NaHCO;. The product was extracted from the aqueous layer with CH,Cl, and the
organic layer was washed repeatedly with sat. NaHCOj3 followed by brine. The organic

layer was dried over MgSQ, and the solvent removed in vacuo. The product was
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dissolved in dry CH,Cl, (50 mL) and dried over 4 A molecular sieves for 1 h. Separately,
AgyCOs (5 g, 18 mmol), 2,4-dinitrophenol (5 g, 27 mmol), and 1, (several crystals) were
suspended in dry CH,Cl, (50 mL) and dried with 4 A molecular sieves. The dried
solution of 2.8 was added to the reaction mixture and left stirring overnight. The reaction
was filtered through a short celite/silica column and the filtrate was washed with 1 M
NaOH, sat. NaHCOs and brine. The solvent was removed under reduced pressure to yield
a yellow foam. After work-up, the protected product was recrystallized from EtOH to
yield white needles (2 g 30%). "H NMR data (CDCls, 300 MHz): & 8.80 (d, 1 H, -Ar),
8.42 (dd, 1 H, -Ar), 7.48 (dd, | H, -Ar), 5.79 (d, 1 H, J; = 1.9 Hz, H-1), 5.51 (dd, 1 H,
J23=3.4,)3,=99, H-3),5.47 (dd, 1 H, H-2), 5.40 (dd, 1 H, J45=9.8, H-4), 4.20-4.30
(m, 1 H, H-6a), 4.02-4.11 (m, 2 H, H-5, H-6b), 2.20,2.05 (s x 2, 3 Hx 2, -OAc X 2), 2.02
(s, 3 Hx 2, -OAcx 2). MS data (ES): Calculated for C,2H 4N,O10 537.1 (M + Na"),
found 537.3.

2,4-Dinitrophenyl o-D-mannoside (2.10). Compound 2.9 (0.85 g, 1.6 mmol) was
dissolved in dry MeOH (10 mL) and cooled to 0°C. While stirring, AcCl was added
slowly to a final concentration of 5% (v/v). The reaction was left overnight at 0°C. After
completion, the solvent was removed under ir vacuo and the HCI azeotroped off with
Et;0. The product was purified using column chromatography (EtOAc/MeOH/AcOH
27:2:1) to yield 2.9 (250 mg, 45%) as a yellow powder. "H NMR data (CDCl;, 300
MHz): 6 8.78 (d, 1 H, -Ar), 8.49 (dd, | H, -Ar), 7.78 (dd, 1 H, -Ar), 5.87(d, 1 H, J; > =
1.6 Hz, H-1), 4.08 (dd, | H, J,3=3.3,H-2),3.92 (dd, 1 H, J;4=9.5, H-3), 3.66-3.85 (m,
3 H, H-4, H-6a, H-6b), 3.56 (m, 1 H, H-5). MS data (ES): Calculated for C,,H4N>09

369.1 (M + Na*), found 369.1.
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5.1.4 Synthesis of 2,4-dinitrophenyl o-maltoside

Conditions for the synthesis of peracetylated aDNP-G2 was adopted from (/63).
1,2,2°,3,3’,4°,6,6°-Octa-0-acetyl-B-maltose (4.9). Maltose (20.1 g, 58.7 mmol) was
dissolve in pyridine (75 mL), and acetic anhydride (75 mL) was added. The solution was
stirred overnight. The solvent was removed in vacuo and the product redissolved in
EtOAc and then extensively washed with sat. NaHCOs, 1 M HCl solution and brine. The
solvent was evaporated under reduced pressure to yield a white foam. The f-anomer was
recrystallized from hot EtOH to yield 4.9 as white needles (32.11 g, 81%). '"H NMR data
(CDCl;, 300 MHZ): 85.71 (d, 1 H, J, ;= 8.1 Hz, H-1), 537 (d, 1 H, J;- » = 4.2, H-1"),
5.32(dd, 1 H, H-3), 5.26 (dd, 1 H, H-3), 5.02 (dd, 1 H, H-4),4.94 (dd, 1 H, J,3=9.1, H-
2),4.82(dd, 1 H, Jp» 3 = 10.5, H-2"), 4.42 (dd, 1 H, Js56, = 2.3, Jea6p = 12.3, H-6a), 4.15-
4.24 (m, 2 H, H-6b, H-6a"), 3.95-4.05 (m, 2 H, H-6b’, H-4), 3.90 (ddd, 1 H, J4 5 = 10.0,
Js 600 = 2.3, Js 6p» = 3.6, H-5"), 3.80 (ddd, 1 H, J45=9.6, Js 6, =4.2, H-5), 2.01 (s, 3 H, -
OAc), 2.06 (s x 2,6 H, -OAc x 2),2.01,1.99,1.98, 1.97 (s x 4, 3H x 4, -OAc x 4). MS
data (ES): Calculated for C,3H33019 701.2 (M + Na+), found 701.3.
2,2°,3,3’,4°,6,6’-Hepta-O-acetyl-maltose (4.10). Compound 4.9 (5 g, 7.4 mmol) was
dissolved in 40 mL of DMF and treated with hydrazine-acetate (1 g, 1.5 eq) at 50°C. The
reaction mixture was warmed to room temperature and left stirring for 2 h. The DMF was
then removed in vacuo and the remaining syrup redissolved in CHCls;. The solution was
washed twice with sat. NaHCOs and once with brine, and then dried over MgSQ,. The
solvent was removed in vacuo to yield 4.10 as a white foam. This product was used
without further purification. MS data (ES): Calculated for C6H36013 659.2 (M + Na+),

found 659.3.
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| 2,4-Dinitrophenyl 2,2°,3,3°,4°,6,6’-hepta-0O-acetyl--maltoside (4.11). Compound 4.10

was dissolved in 50 mL of dry DMF. To this solution, 2,4-dinitrofluorobenzene (DNFB;
1.37 g, 7.4 mmol) and diazabicyclo[2.2.2]octane (DABCO; O.-83 g, 7.4 mmol) was added
and the reaction was left stirring in the dark for overnight. The DMF was then removed in
vacuo and the remaining syrup was dissolved in CHC]l;. The solution was washed with
sat. NaHCOs and brine, and then dried over MgSQOy. The solvent was removed in vacuo
and the crude product was purified by column chromatography (PetEt/EtOAc 2:1) to
yield 4.11 (4.9 g, 83% over 2 steps) as a yellowish foam. "H NMR data (CDCls, 300
MHz): 6 8.69 (d, 1H, -Ar), 8.44 (dd, H, -Ar), 7.41 (dd, 1 H, -Ar), 543 (d, 1 H, J;: »» =
42 Hz, H-1°),5.36 (dd, 1 H, J»:3» = 10.4, J3» »» = 9.6, H-3"), 5.36 (d, 1 H, J, > = 6.6, H-1),
5.27(dd, 1 H, H-3),5.13 (dd, 1 H, J,5="7.7, H-2), 5.05 (dd, 1 H, H—4’), 4.85(dd, 1 H,
Jp3=10.4,H-2"),4.55(dd, | H, Js 62» = 3.1, Jear 60> = 12.7, H-62"), 4.16-4.28 (m, H-6b’,
H-6a), 4.01-4.16 (m, H-4, H-5), 3.91-4.05 (m, H-6b, H-5"), 1.98, 2.00, 2.01, 2.'03, 2.05,
2.06,2.08,2.10 (s x 7, 3H x 7, -OAc x 7). MS data (ES): Calculated for C,6H33N,02,
825.5 (M + Na"), found 825.3.

2,4-Dinitrophenyl 2,2°,3,3’,4°,6,6’-hepta-O-acetyl-a-maltoside (4.12). Compound 4.11
(4.9 g, 6.1 mmol) was dissolved in 15 mL of DMF, treated with K,CO; (2.3 g, 16.6
mmol) and left stirring overnight in the dark. The DMF was then removed i vacuo and
the resulting syrup was redissolved in CHCl;. The solution was washed with sat.
NaHCOjs and brine, and then dried over MgSO,. The solvent was removed in vacuo to
yield a yellow foam. The solid was recrystallized from EtOAc/PetEt to yield 4.12 (1.8 g,
37%) as the pure o-anomer. "H NMR data (CDCl;, 300 MHz): § 8.75 (d, 1 H, -Ar), 8.42

(dd, 1 H, -Ar), 7.48 (dd, | H, -Ar), 5.86 (d, 1 H, J,,=3.9 Hz, H-1), 5.69 (dd, 1 H, J,3 =
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10.0,);4=8.5,H-3),5.44(d, 1 H, J;-» =42, H-1"), 533 (dd, 1 H, J>: 3 = 10.4, J3:4 = 9.6,
H-3), 5.04 (dd, 1 H, H-4"), 4.92 (dd, 1 H, H-2), 4.85 (dd, 1 H, H-2"),4.45 (dd, 1 H, J5¢,
= 1.5, Jeap = 2.7, H-6a), 4.16-4.28 (m, 2 H, H-6b, H-62’), 4.00-4.15 (m, 3 H, H-5, H-6b’,
H-4),3.93 (ddd, 1 H, J4 5 =104, J5: 6o = 3.5, J5 6y = 2.3, H-5"), 2.10, 2.09 (s X 2, 3 H X
2, -OAc x 2), 2.08 (s, 6 H, -OAc X 2), 2.05, 2.04, 2.00, 1.98 (s x 4, 3H x 4, -OAc x 4).
MS data (ES): Calculated for'C26H3gN2022 825.5M + Na+), found 825.3.
2,4-Dinitrophenyl a-maltoside (4.13). Compound 4.12 (0.84 g, 1.0 mmol) was
dissolved in 10 mL of MeOH, cooled to 0°C. AcCl (0.5 mL, 5% v/v) was slowly added
and the reaction was left stirring for 2 days at 4°C. The solvent was removed under
reduced pressure and the solid was purified by column chromatography
(EtOAc/MeOH/AcOH 17:2:1). Most of the AcOH was removed by azeotroping with
hexane. The remaining solid was precipitated from MeOH/Et,0 to yield 4.13 (100 mg,
20%) as a yellow powder. Selected "H NMR data (MeOH, 300 MHz): § 8.75 (d, 1 H, -
Ar), 8.46 (dd, 1 H, -Ar), 7.68 (dd, 1 H, -Ar), 5.92(d, 1 H, J,;z =3.5Hz, H-1),5.17(d, 1
H, Ji-2» = 3.7, H-1"). MS data (ES): Calculated for CysH24N20;5 531.4 (M + Na+), found
531.3.

5.1.5 Synthesis of 2, 4-diniiroi)henyl o-maltotrioside

Conditions for the synthesis of peracetylated aDNP-G3 was adopted from (/63).
1,2,2°,2”.3.3°,3”,4”,6,6°,6”-Undeca-0-acetyl-maltotriose (4.14). Maltotriose (8 g, 15.9
mmol) was dissolve in 75 mL of pyridine and acetic anhydride (75 mL) and the solution
was stirred overnight. The solvent was removed in vacuo, the product redissolved in

EtOAc, and the solution washed extensively with sat. NaHCOs, 1 M HCI solution, and
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brine. Thé solvent was removed under reduced pressure to yield a 4.14 (15.3 g, 99.8%) as
white foam. MS data (ES): Calculated for C40Hs4027 989.3 (M + Na"), found 989.5.
2,2°,2”.3.3°,3” 4°°,6,6°,6”-Deca-0-acetyl-maltotriose (4:15). Compound 4.14 (6 g, 6.2
mmol) was dissolved in 50 mL of dry DMF and treated x;lith hydrazine-acetate (0.64 g,
1.1 eq) at 50°C. The reaction mixture was warmed to room temperature and left stirring
for 2 h. The DMF was then removed in vacuo and the remaining syrup redissolved in
CHCl;. The solution was washed twice with sat. NaHCOs and once with brine and dried
over MgSQ,. The crude product was purified by column chromatography (Pet Et/EtOAc
3:1) to yield 4.15 as a white foam. MS data (ES): Calculated for C33Hs,026 947.8 (M +
Na"), found 947.5.

2,4-Dinitrophenyl 2,2°,2”,3,3°,3” 4”,6,6°,6”-deca-O-acetyl-B-maltotrioside (4.16).
Compound 4.15 (3.0 g, 3.2 mmol) was dissolved in 40 mL of dry DMF and to this
solution, DNFB (0.67 g, 1.1 eq) and DABCO (0.37 g, | eq) were added, followed by
stirring overnight in the dark. The DMF was then removed in vacuo and the remaining
syrup was dissolved in CHCIl;. The solution was washed with sat. NaHCO; and brine,
and then dried over MgSQ,. The solvent was removed under reduced pressure and the
crude product was purified by column chromatography (PetEt/EtOAc 2:1) to yield 4.16
(3.1 g, 88% over two steps) as a yellowish foam. '"H NMR data (CDCl;, 400 MHz): &
8.67(d, 1 H, -Ar), 8.42 (dd, 1 H, -Ar), 7.46 (dd, 1 H, -Ar), 5.24-5.40 (m, 6 H, H-1, H-1",
H-1”, H-3, H-3’, H-3”), 5.10 (dd, 1 H, J, = 6.5 Hz, J,5= 7.7, H-2), 5.04 (dd, 1 H, J3»4 =
9.9, 147,57 =9.9, H-4”), 4.82 (dd, 1 H, J;»2» = 4.1, J»3»= 10.5, H-2"), 4.71 (dd, | H, J1-»
=4.0,Jy3=10.3,H-2"),4.53(dd, | H, Js5=3.0, Jsa 6o = 12.2, H-6a), 4.43 (dd, 1 H, J5p

= 4.5, H-6b), 4.21 (dd, 1 H, Js g = 3.6, Jea~ o> = 12.5, H-6a”), 4.17 (dd, 1 H, J5 - = 3.3,
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Jea 60> = 12.4, H-6b"), 4'1..10 (dd, 1 H, H-4), 3.88-4.05 (m, 5 H, H-4’, H-5, H-5’, H-5”, H-
6b),2.12, 2.08, 2.06, 2.05, 2.03,2.02 (s X 6, 3H x 6, -OAc X 6), 1.99 (s, 6H, -OAc X 2),
1.97 (s, 6 X 2, -OAc x 2). MS data (ES): Calculated for C44Hs4N,O30 1113.9 (M + Na"),
found 1113.4. |
2,4-Dinitrophenyl 2,2°,2”,3,3°,3”.4”,6,6°,6”-deca-0O-acetyl-a-maltotrioside (4.17).
Compound 4.16 (2.2 g, 2.0 mmol) was dissolved in 7 mL of dry DMF, treated with
K,COs5 (0.7 g, 5.1 mmol) and the reaction mixture left stirring overnight. The DMF was
then removed in vacuo and the resulting syrup was dissolved in CHCI;. The solution was
washed with sat. NaHCOj5 and brine, and then dried over MgSQO4. The solvent was
removed in vacuo to yield a yellow foam. The solid was purified by column
chromatography (EtOAc/PetEt 1:3) to yield 4.17 (1.2 g, 54%). '"H NMR data (CDCl;,
400 MHz): 8 8.75 (d, 1 H, -Ar), 8.43 (dd, 1 H, -Ar), 7.53 (dd, 1 H, -Ar), 584 (d, L H, J, »
=3.7Hz, H-1), 5.66 (dd, 1 H, J.2’3 =938, J;,=28.6,H-3),5.27-5.39 (m, 4 H, H-1’, H-17,
H-3’, H-3”), 5.04 (dd, 1 H, H-4"), 492 (dd, 1 H, H-2),4.83 (dd, 1 H, J;»»» = 4.0, Jp» 3» =
10.5,H-2"),4.74 (dd, 1 H, J;- > = 4.‘1, J»3 =99, H-2"), 4.41-4.51 (m, 2 H, H-6a, H-6a’),
4.29(dd, 1 H, Js 5= 4.0, Jea 60 = 12.5, H-6b), 4.22 (dd,.l H, Js ¢ =3.5, Joar .60 = 12.5, H-
6b%), 4.10-4.19 (m, 2 H, H-6a”, H-5"), 4.00-4.08 (m, 2 H, H-4, H-6"), 3.87-3.98 (m, 3 H,
H-4’, H-5, H-57), 2.14 (s, 6H, -OAc x 2), 2.08 (s, 3 H, -OAc), 2.05 (s x 2,3 Hx 2, -OAc
x 2), 2.03,2.02,2.00, 1.99, 1.97 (s X 5, 3 Hx 5, -OAc x 2). MS data (ES): Calculated for
CasHs4N2030 1113.9 (M + Na"), found 1113.4.

2,4-Dinitrophenyl a-maltotrioside (4.18). Compound 4.17 (120 mg, 0.11 mmol) was
dissolved in 10 mL of dry MeOH. This solution was cooled to 0°C and AcCl (0.5 mL,

5% v/v) was added slowly while stirring and the reaction mixture left stirring for 2 days
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at 4°C. The solvent was evaporated under reduced pressure and the solid was purified by
column chromatography (EtOAc/MeOH/AcOH 7:2:1). Most of the AcOH was removed
by azeotroping with hexane. The product was precipitated from I\/ieOH/EtzO to yield 4.18
(20 mg, 27%) as a yellow powder. Selected '"H NMR data (MeOH, 300 MHz): & 8.77
(d, 1 H, -Ar), 8.48 (dd, 1 H, -Ar), 7.71 (dd, 1 H, -Ar), 595 (d, 1 H, J;,=3.5 Hz, H-1),
5.19,5.16 (dx 2,1 Hx 2, H-1’, H-1”). MS data (ES): Caiculated for Cy4H34N2059 693.5

(M +Na"), found 693.3.
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5.2 Protein Chemistry

5.2.1 Site directed mutagenesis
Specific mutations were created in the human pancreatic o.-amylase (HPA) gene
in the plasmid pPIC9-AMY (723) by using the QuikChange site-directed mutagenesis kit
(Stratagene). In this method, a complementary pair of oligodeoxyribonucleotides
containing the desired mutation (see table) was used as primers in a primer extension of
the entire plasmid. All primers were chemically synthesized at the Nucleic Acid and
Protein Services (NAPS) Unit at the University of British Columbia (Vancouver,
Canada). The extension reaction mixture contained the pair of primers (125 ng), the
vector (10 ng), each of the four deoxynucleotides (100 wmol), and Pfu polymerase (2.5
units) in the supplied polymerase buffer (Stratagene). The reaction was repeated 13 times
by cycling the temperature of the reaction mixture using a GeneAmp PCR system 2400
(Perkin-Elmer). In all of the PCR reactions performed, the temperature cycle was 95°C
(10 seconds) — 55°C (5 seconds) — 67°C (15 minutes). The wild-type DNA was digested
after the final extension reaction by addition of the restriction enzyme Dpnl (New
England Biolab).
After 1 hour of digestion, 5 pL. of reaction mixture was used to transform Escherichia
coli (DH50) (170). The transformed ce;lls were plated on LB-plates containing ampicillin.
Generally, each transformation resulted in 2-6 colonies. Each of the colonies was grown
up in liquid LB culture and the plasmid was isolated. The isolated plasmids were then
screened for the desired mutations by sequencing the region of interest, carried out by the

NAPS Unit. Usually, 2-3 clones were sequenced per mutation reaction and in all cases,
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the plasmid contained the desired mutation. The entire HPA gene was then sequenced for

each of the mutated plasmids to confirm the fidelity of the extension reaction.

Primer Primer sequence Mutant
name generated
R195A-S | CATTGGTGTTGCAGGGTTCGCACTTGATGCTTCCAAGCAC

R195A-A | GTGCTTGGAAGCATCAAGTGCGAACCCTGCAACACCAATG RI9IA -
R195Q-8 | CATTGGTGTTGCAGGGTTCCAACTTGATGCTTCCAAGCAC

R195Q-A | GTGCTTGGAAGCATCAAGTTGGAACCCTGCAACACCAATG RISQ
N298S-S | CTCGTTGATTGTCATGGCTATCCACAAAGACAA

N298S-A | CTTGTCTTTGTGGATAGCCATGACAATCAAGGA N298S
R337A-S | CATCCTTACGGATTTACAGCAGTAATGTCAAGCTACCGTTGG

R337A-A | CCAACGGTAGCTTGACATTACTGCTGTAAATCCGTAAGGATC RSI7A
R337Q-S | CATCCTTACGGATTTACACAGGTAATGTCAAGCTACCGTTGG

R337Q-A | CCAACGGTAGCTTGACATTACCTGTGTAAATCCGTAAGGATG R0

Table 5.1 Oligonucleotides used for mutating the chloride ion-binding site in
recombinant HPA.

The pPIC-AMY plasmid containing the mutation (linearized with the restriction

enzyme Sacl) was transformed into the P. pastoris strain GS115 by electroporation using

the Invitrogen protocol (Invitrogen, 1995). The transformed cells were then plated on

Yeast extract Peptone digest (YPD, 1% yeast extract (w/v), 2% peptone (w/v), 2%

glucose (w/v)) plates and grown for two days. Colonies were streaked onto minimal

dextrose (1.34% yeast nitrogen base (w/v), 4 X 107 % biotin (W/v), 2% dextrose (W/v))

plates and grown for another two days. Those cells were finally transferred again to YPD

plates to be used in expression.




5.2.2 Growth and expression of recombinant HPA from Pichia Pastoris

The conditions for growing P. pastoris and expressing recombinant HPA were
those described in the Pichia Expression Kit (Invitrogen). Briefly, a colony was picked
from a YPD plate and grown in a 5 mL culture overnight at 30°C in buffered glycerol-
complex medium (BMGY, 1% peptone (w/v), 2% yeast extract (w/v), 100 mM potassium
phosphate, pH 6.0, 1.34% yeast nitrogen base (w/v), 4 X 10~ % biotin (w/v), 1 % glycerol
(v/v)). Thié culture was used to inoculate 500 ml of BMGY, which was then grown at
30°C for a day in a baffled flask. The cells were harvested by centrifugation (5000 rpm,
10 minutes) and were resuspended in 100 ml of buffered methanol-complex medium
(BMMY, 1% peptone (w/v), 2% yeast extract (w/v), 100 mM potassium phosphate, pH
6.0, 1.34% yeast nitrogen base (w/v), 4 X 107 % biotin (W/v), 0.5 % MeOH (v/v)). The
culture was left to induce for 2 days at 30°C with the addition of 1 mL 50% MeOH every
12 hours. After 2 days, the cells were removed from the supernatant by centrifugation
(7000 rpm, 10 mintues). The expression of HPA was checked by the appearance of a
band at ~55 kDa on SDS-PAGE.
5.2.3 Purification of recombinant deglycosylated HPA

The cells were removed from the supernatant by centrifugation at 8000 rpm for 20
minutes followed by filtration using a Gelman 0.45 pm filter. 5 M NaCl was added to this
filtered supernatant to a final concentration of 0.4 M. The filtrate was then loaded on a
phenyl-sepharose column (50 x 200 mm) that had been equilibrated with 100 mM
sodium phosphate buffer, pH 7.4, containing 0.4 M NaCl. The column was washed with

the same buffer followed by elution with water. The fractions were then pooled and

concentrated by ultrafiltration using an Amicon centricon.
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To the concentrated protein solution, endoglycosidase F-cellulose binding domain
fusion protein was added and left at room temperature for 2 days. The endoglycosidase F-
cellulose binding domain fusion protein was then removed by the addition of cellulose,
which was then removed by centrifugation. The solution was then passed through a Q-
sepharose column (10 X 20 mm) that had been equilibrated with water. The flow-through,
which contains the HPA, was concentrated by ultrafiltration using an Amicon centricon.

The protein was checked for purity using SDS-PAGE and the activity was
checked using the 3,5-dinitrosalicylic acid-assay (DNS-assay, (/54)). The protein
concentration was determined by taking an Ago using € = 2.6 mgem 'ml™'. The molecular
weight was determined by ESI-MS.
5.2.4 Circular dichroism spectroscopy

All measurements of UV circular dichroism (CD) were carried out using a Jasco
Model J-720 spectropolarimeter interfaced with a circulating water bath. Protein samples
were buffer exchanged with 20 mM sodium phosphate buffer, pH 6.9 in the presence of 0
or 5 mM NaCl. Samples were then placed in a water-jacketed, cylindrical quartz cuvette
(pathlength 0.1 cm). All spectra (190-250 nm) were collected using a scan rate of 20
nm/min, a spectral slit of 1 nm and a 16 second time constant. The background signal
from the appropriate buffer was then subtracted from the spectra. Initial spectra were
averages of 10 spectral scans and were collected at 25°C. For thermostability studies, the
temperature was increased from 25 - 55°C at a rate of 50°C/hour. The CD spectrum of the
protein (0.45 mgml") was measured at 25, 35, 40, 43, 45, 47, 49, 51, 53 and 55°C. In this
case, a single scan was measured per temperature point and the background spectrum

subtracted from each spectrum.
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5.3 Enzymology

5.3.1 General methods for kinetic analysis

5.3.1.1 UV-spectroscopy

Determination of the rate of hydrolysis of chromogenic substrates by an enzyme
was performed by following the increase in the absorbance at 400 nm upon the addition
of enzyme in the appropriate buffer. These measurements were made in 1 cm pathlength
quartz cuvettes with a UNICAM UV4 UV/Vis spectrophotometer attached to a
circulating water bath or a Varian CARY 4000 spectrophotometer attached to a
temperature control unit. The rates were calculated by using the extinction coefficient of
Ae = 8440 M cm’™' (pH 4.5), Ae = 10600 M™' cm™* (pH 5.6), and Ae = 10900 M™' cm!

(pH 6.9).

5.3.1.2 Fluoride electrode

Determination of the rate of hydrolysis of glycosyl fluorides was performed by
following the increase in fluoride ion concentration upon the addition of enzyme in the
appropriate buffer. These measurements were made using an ORION 96-04 combination
fluoride electrode interfaced to a personal computer running the program LoggerPro

(Vernier Software, Oregon).

5.3.1.3 DNS-assay

Determination of the rate of hydrolysis of starch by an enzyme was performed by
quantifying the increase in reducing ends after incubation of starch with a substrate (/54).

Briefly, enzyme was added to a solution of 1% starch (w/v) and incubated for an
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appropriate length of time, depending on the activity of the enzyme. The enzyme reaction
was stopped by addition of an equal volume of stop solution (4.4 mM 3,5-dinitrosalicylic
acid, 1 M sodium potassium tartrate, 0.4 M NaOH). The increase in reducing sugar was
determined by boiling this reaction mix for 6 minutes and measuring the absorption at
546 nm using a UNICAM UV/Vis spectrophotometer. Each point was done in duplicate
and the average of the two values was reported.

5.3.2 Kinetic analysis of bovine kidney LAMAN

5.3.2.1 Steady state kinetics

All studies on the bovine kidney LAMAN were carried out at 30°C in 100 mM
sodium acetate buffer, pH 4.5 containing 0.1% BSA. Initial rates were measured using
the UV-spectroscopy method (typically 3 nM final concentration of enzyme) at varying
concentrations of DNP-Man (typically 6-8 points). The kineﬁc parameters were estimated
by direct fit of the data to the Michaelis-Menten equation using the program GraFit
4.0.14 (171). A K; value for 5SFGulF was determined by measuring rates of hydrolysis of
a range of DNP-Man concentrations (0.25 mM to 1.0 mM) at each of a series of SFGulF
concentrations (10 uM to 200 uM). The data were plotted in the form of a Dixon plot
(1/rate vs. [inhibitor]). Linear regression of each line was done using the program GraFit.
The K; was determined from the intersection of these lines (K; = -intersection).

5.3.3 Kinetic analysis of Drosophila melanogaster Golgi a-mannosidase IT

5.3.3.1 Steady state kinetics

All studies of the Drosophila melanogaster Golgi o-mannosidase II (GMII) were

carried out at 37°C in 50 mM MES buffer, pH 5.6, containing 0.1 mM ZnSO, and 0.1%
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BSA unless otherwise specified. Determination of kinetic parameters for the hydrolysis
of DNP-Man by wild-type and Asp341Asn mutant GMII was performed by using the
UV-spectroscopy method (typically 3 nM and 30 nM final concentration of enzyme
respectively) at varying substrate concentrations (typically 10-12 points). The kinetic
parameters were estimated by direct fit of the data to the Michaelis-Menten equation
using the program GraFit 4.0.14 (171). Approximate K; values for both SFGulF and
2FManF with the mutant enzyme were determined by measuring rates of hydrolysis of
DNP-Man (0.1 mM) at varying inhibitor concentrations (4 points). The data were plotted
in the form of a Dixon plot (1/rate vs. [inhibitor]) and then fit to a line using the program
GraFit 4.0.14 (171). Assuming competitive inhibition, an approximate K; value is the
negative value (x-axis) of the intersection of this line with the line for y = 1/V .
Kinetic parameters for the hydrolysis of SFGulF and 2FManF by wild-type GMII
were determined by using the fluoride electrode assay (typically 10 nM and 20 nM
enzyme final enzyme concentrations respectively) at varying “substrate” concentrations
(typically 6-8 points). In the case of SFGulF, because transglycosylatibn seemed to be
taking place, only rates at lower concentrations (6 points) were fit to the Michaelis-
Menten equation. In the case of 2FGulF, saturation was not seen and as such, the data

were fit to a line using linear regression to determine the kca/Km.

5.3.3.2 Inactivation studies

The inactivation of Asp341Asn mutant GMII by SFGulF was monitored by
incubating the enzyme (1.2 mgml™) under the above conditions in the presence of various
concentrations of SFGulF at 16°C. Residual activities were determined at various time

intervals by taking 10 pL aliquots of the inactivation mixture and adding them to a
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solution of DNP-Man (1.5 mM, 110 pL) in the above buffer and measuring DNP release
for 30 s at 16°C. Pseudo-first-order inactivation rate constants were determined by fitting
the data for the residual activity versus time to a first-order rate equation using the
program GraFit 4.0.14 (171). The k/K, was determined by measuring the slope of the plot
of kobs against SFGulF concentrations. The inactivation of the wild-type GMII by 5FGulF
was observed in the same manner except the enzyme concentration was lower (0.22
mgml™) and the temperature of the experiment was reduced to 8°C.

5.3.4 Kinetic analysis of the chloride binding site mutant HPA

All kinetic analyses of HPA activities for the wild-type and mutant HPA during
the chloride ion binding site study were carried out in 50 mM sodium phosphate buffer,
pH 6.9 at 30°C. All buffers salts used contained less than 0.005% chloride. Chloride
dependence of HPA activity was determined by measuring the HPA activity using the
DNS-assay at varying chloride concentrations (0-100 mM). The data (chloride
concentration vs. activity) were fit to a ligand-binding equation by non-linear regression
using the program GraFit 4.0.14 (171).

The dependence of HPA activity on pH was determined by measuring the
activities of the wild-type and mutant enzymes using the DNS-assay under the same
conditions as above with the exception of the buffer. At a pH of 5.6, 6.0, 6.5, 7.1, 7.6, 8.1
and 8.4, sodium phosphate buffer was used while at pH 8.7, 9.6 and 10.2, sodium
carbonate buffer was used. The plot of pH versus activity was fit to a double-ionization
pH curve by non-linear regression using the program GraFit 4.0.14 (/71). The Ky, values

for starch were determined at various pH values using the above method at a series of
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starch concentrations (0.1%-1.58% (w/v)). The data were fit to the Michaelis-Menten
equation by non-linear regression using the program GraFit 4.0.14 (171).
5.3.5 Kinetic analysis of HPA using the novel substrates

All studies were carried out at 30°C in 50 mM sodium phosphate buffer, pH 6.9
coﬁtaining 100 mM NaCl. Determinations of kinetic parameters for the various substrates
were performed by UV-spectroscopy (1.4 uM, 0.5 ¢M, 50 nM final enzyme
concentration for DNP-Glc, DNP-G2, and DNP-G3 respectively) to a range of
concentrations (10-12 points) of substrate. Typically, the rate was determined on the basis
of the first 2 minutes of hydrolysis. The data (rate vs. substrate concentration) were fit to
the Michaelis-Menten equation by non-linear regression using the progra'fm GraFit 4.0.14
170. For the substrates used in this study, the background hydrolysis was negligible and
was therefore not considered in calculating the rate of reaction.

5.3.6 Kinetic analysis of inhibitors of HPA

5.3.6.1 Rapid assay for determining inhibition potential

All studies were carried out at 30°C in 50 mM sodium phosphate bhffer, pH 6.9
containing 100 mM NaCl.

Assay#1 was performed by determining the rate of hydrolysis of ’DNP-G3 by
HPA (final enzyme concentration at 10 nM) at a concentration of 0.4 mM in the presence
of 1 mM inhibitor using UV-spectroscopy. This rate was compared to the rate of tDNP-
G3 hydrolysis in the absence of inhibitor. The difference of these two rates was reported
as a percentage where the control rate has 100%.

Assay#2 was performed by pre-incubating 1 mM of inhibitor with 0.2 mM G3F

and 10 nM HPA for 15 minutes at 30°C. To this mixture, *DNP-G3 was added to a final
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concentration of 0.4 mM and the HPA activity was assayed using UV-spectroscopy. This
rate was compared to the value for the same assay performed in the absence of inhibitor.

The difference was reported as a percentage where the control rate is 100%.

5.3.6.2 Kinetic analysis of the GHIL as an inhibitor of HPA

An approximate K; value for the GHIL was determined by measuring the rate of
hydrolysis of aDNP-G3 (1.8 mM) using UV-spectroscopy at varying inhibitor
concentrations (4-5 points). The data were plotted in the form of a Dixon plot (1/rate vs.
[inhibitor]) and then fit to a line using the program GraFit 4.0.14 (/71). Once again, an
approximate K; value was determined from the intersection of this line with the line for y
= 1/Vmax (Where K; = -intersection).

An approximate K; va].ue for the extended GHIL was determined by using a
similar set up to Assay #2 at various inhibitor concentrations. Briefly, inhibitor (4 points)
was pre-incubated with 0.3 mM G3F and 10 nM HPA for 1 hour at 30°C. To this
mixture, aDNP-G3 was added to a final concentration of 0.7 mM and the HPA activity
was assayed using UV-spectroscopy. The data were plotted in the form of a Dixon plot
(1/rate vs. [inhibitor]) and then fit to a line using the program GraFit 4.0.14 (171). The
kinetic parameters for HPA activity under these conditions were also determined by pre-
incubating the G3F (0.3 mM) with HPA for 1 hour at 30°C. To this mixture «DNP-G3
was added to various conéentrations (6 points). The data were fit to the Michaelis-Menten
equation by non-linear regression using the program GraFit 4.0.14 (/7). The upper limit
for the K; of the extended GHIL was determined from the intersection of the Dixon. plot

with the line for y = 1/V . (K = -intersection).
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5.3.7 HPLC product analysis

All product analyses were performed on a Waters 600 HPLC system equipped
with a Waters 2487 UV detector and a Sedex 75 Evaporative Light Scattering detector.
The protein was first removed from the sample using a 10 kDa molecular weight cutoff
centrifugal device (Millipore) and the filtrate was diluted to 25% (v/v) with acetonitrile.
Approximately 30 uL of sample was loaded onto a Tosoh Amide-80 (4.6 mm X 25 cm)
column. The products were then eluted at 0.7 mL/min with an acetonitrile/water (75:25 —
55:45) gradient for 10 minutes followed by acetonitrile/water (55:45) elution.

5.3.8 Mass spectrometric analysis

5.3.8.1 Analysis of the covalent intermediate formed on LAMAN

Enzyme stock (25 pL of 8 mg/ml in 100 mM sodium acetate, pH 4.5) was mixed
with 1 uL of SFGulF (40 mM in water) and incubated for 3 minutes at room temperature.
The sample was diluted with 60 uL of pepsin solution (0.3 mg/mL in 200 mM sodium
phosphate buffer, pH 2.0) and incubated for 60 minutes at room temperature. The sample
was then frozen until ready for analysis and was used immediately upon thawing.

All MS analyses of proteins and peptide samples were carried out by Dr.
Shouming He. Peptides were separated by reverse-phase HPLC onto an Ultra
Microprotein Analyzer (Michrom BioResources Inc., Pleasanton CA, U.S.A.) directly
interfaced with the mass spectrometer. In each MS experiment, the proteolytic digest was
loaded on to a Cyg column (Reliasil; 1 mm X 150 mm) and then eluted with a gradient of
0-60 % solvent B over 60 min at a flow rate of 50 pl/min (solvent A was 0.05% (V/v)
TFA/2 % (v/v) CH;CN in water; solvent B was 0.045% (v/v) TFA/90% (v/v) CH3CN in

water). In the single quadrupole mode, the MS conditions were as follows. The mass
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analyser was scanned over the range of 300 to 2200 amu with a step size of 0.5 amu, a
dwell time of 5.0 ms, an ion source voltage of 5 kV, and an orifice voltage of 50 V. The
neutral loss spectra were obtained in the triple quadrupole mode searching for the loss of
m/z of 90.5, which corresponds to the loss of the label on a doubly charged species. A
scan range of 400-1800 amu was used with a step size of 0.5 amu and a dwell time of 1.5
ms. Other parameters were as follows: ion source voltage = 4.8 kV; orifice energy = 45
V; 1Q2 =-42; Q0 = -10; the collision gas was argon/N; (9:1).

The MS-MS spectrum of the isolated, labelled peptide was obtained by selectively
introducing the m/z 688 peptide from the first quadrupole (Q1) into the collision cell (Q2)
and then observing the daughter ions in the third quadrupole (Q3). The following settings
were used: Q1 was locked on m/z 688; Q3 scanned over the range m/z 50-1390; the step
size was 0.5 and the dwell time 2.0 ms; the ion source potential was 4.8 kV; the orifice
potential was 45 V; the focusing ring voltage was 200 V; the QO potential was —10 V; the

Q2 potential was —42 V; the collision gas was No.

5.3.8.2 Analysis of the covalent intermediate formed on GMII

The analyses of protein samples were carried out by Dr. Shouming He using a
Sciex API-300 mass spectrometer interfaced with an LC-Packings HPLC system. Briefly,
the intact protein (10-20 pug) was pre-incubated for 5 minutes with either 4 mM 5FGulF
(wild-type or Asp341Asn mutant GMII), or 40 mM 2FManF (Asp341Asn mutant GMII).
This sample was introduced into the mass spectrometer through a microbore PRLP
column (1 X 50 mm) and eluted with a gradient of 20-100% solvent B in solvent A at a
flow rate of 50 pL/min over 10 minutes (solvent A, 0.06% TFA/2% CH;CN in water;

solvent B, 0.05% TFA/90% CH;CN in water). The MS was scanned over a range of 600
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— 2400 Da (4 second/scan) with a step size of 0.5 Da. The ion source voltage was 4.8 kV

and the orifice energy was 50 V.

5.3.8.3 Product analysis of HPA reactions

Product formation of the HPA catalyzed reaction of G3F with GHIL was
determined by MALDI-TOF MS analysis. G3F and GHIL were incubated with HPA
(0.06 mgml']) at 30°C in 5 mM sodium phosphate buffer, pH 6.9 containing 10 mM NaCl
for 1 hour. A saturated solution of 2,5-dihydroxybenzoic acid in de-ionized water was
used as the matrix. Sample and matrix solution were mixed in a 1:20 ratio and 1 pL of

this sample was spotted on the target plate and dried under vacuum. The MALDI-TOF
spectra were collected using a Voyager-DE-STR (Applied Biosystems) system in

reflectron mode with an acceleration voltage of 20 kV.
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Basic Kinetics
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Fundamental Equations for Enzyme Kinetics

In 1913, Michaelis and Menten proposed a simple model to account for the
relationship between the rate of enzyme catalysis and the concentration of substrate. In
1925, Briggs and Haldane extended this model include the concept of steady state. The
general scheme for an enzyme-catalyzed reaction is shown below. Free enzyme, E,
combines with free substrate, S, to form an enzyme-substrate complex, ES, which is then

turned over to yield the product, P.

k k>
E+S -~ ES——» E+P
1
Under steady state conditions,
dlES
A LE10S) -k, ES1- Kl 51 =0 (1]

The total concentration of enzyme [E], is equal to the concentration of free enzyme [E],
plus the concentration of the enzyme bound in the ES complex, [ES].

[£], =[E]+[ES] [2]
Solving for [ES] using equations | and 2, we get

[£],[S]

[S]+k_l+k2
kl

[ES]= [3]

Under steady state conditions, the initial velocity of the reaction, is equal to the rate of

formation of product:

dP
v-—d7—k2[ES] [4]
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By substituting the expression for [ES] from equation 3 into equation 4, one obtains

__k[£][S]

= [5]
k_ +k, +[S]

1
The ratio of the rate constants (k.; + k;)/k; is defined as K, the Michaelis constant, while ‘
the rate constant, k», is defined as the catalytic constant, or k¢, (the turnover number).
Therefore, equation 5 can be expressed in a more general format, also known as the

Michaelis-Menten equation:

L _ ke [ELLS)
K, +[S] (6]

In this equation, the product of ke, and [E], is also referred to as Vmax and represents the
maximal velocity.

Interestingly, when the substrate concentration is equal Ky, the initial rate of the
reaction is equal to one-half the maximal velocity (V=Vmax/2). In its simplest form, the
Michaelis constant is a measure of the binding affinity of an enzyme for a particular
substrate. Therefore, a substrate that binds well to the enzyme will have a low K, value.

A graphical representation of the Michaelis-Menten equation is shown below.
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/ V= Viax [S/Km A
V= Vmax =kcat[E]o

Vimax/2[ 7]~

Km [Substrate]

The Michaelis-Menten equation can also be plotted as a reciprocal plot (1/v vs. 1/[S]).

This is known as a Lineweaver-Burke plot.

slope = Kin/Vmax

1V

1/[Substrate]
At high substrate concentrations ([S] >> K,), v approaches its maximal value,
Vmax, and the rate becomes independent of [S]. Thus, the Michaelis-Menten equation can
be rewritten in the form:

max

v=V_ =k,[E], | [7]
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At low concentrations ([S] >> K,), the initial rate of the reaction is proportional
to [S]:

o _ kulELIS]
K

m

(8]

The Michaelis-Menten approach can be expanded to a more complex enzyme
system where two distinct reaction steps occur. Such is the case for the double
displacement mechanism. The reaction scheme for this mechanism is as follows: free
enzyme, E, combines with free substrate, S, to form an enzyme-substrate complex, ES,
with a rate constant, k; (association step). The conversion of ES to EP is termed the

glycosylation step (k;) and the turnover of EP to P is the deglycosylation step (k3).

k k k
E+S —é ES—2—>EP—3>E+P
-1

Assuming that steady state concentration of both EP and ES is reached,

flLf_]ﬂ — k,[ES]—k,[EP] =0 [9]
t
- % = k,[E][S] -k [ES]—k,[ES] =0 [10]

The total concentration of enzyme is equal to free enzyme plus all of the enzyme bound
species:

[£], =[E]+[ES]+[£P] [11]

By substituting for [EP] using equation 9, one obtains

(£, =[E]+[ES]+';—2[EP] [12]
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By solving equation 10 for [E] and substituting for [E] into equation 12, followed by a
rearrangement:

k [E],[S]

£51= K (k, +5)

[13]
k. +k,+

[S]

-

At steady state, the rate of product formation is equal to

dP
— =klEP]=k,[ES] [14]

Substituting equation 13 into equation 14, yields an expression in the form of the
Michaelis-Menten equation:

k2k3
———[E][S
k2+k3[ 1,081

k, k, +k, +[8]
ky +k, k,

From the form of the Michaelis-Menten equation:

. [ES]= [15]

k= kaks [16]
k, +k;

K, = k, k_, +k, [17]
k, + k, k,

Therefore, it becomes evident that the values obtained experimentally for k¢, and Ky, are

composed of the individual rate constants.

Enzyme kinetics in the presence of a mechanism-based inactivator

The inactivation of an enzyme, E, by a mechanism-based inactivator and its eventual

reactivation by water is shown in the following scheme:
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k| k» ks

E+1I kﬁ EJ—>» E-I—>» E+P

This is similar to the kinetic model for the double displacement mechanism seen above. If
k3 << k», such that k5 approaches zero, then an extremely stable glycosyl-enzyme
intermediate will accumulate and the enzyme will be inactivated. The model then

simplifies to:

kl k2
E+1 —L‘—k E-I —>» E-I
-1

This model predicts a time dependent inactivation of the enzyme. If [I] >> [E], then [I]
can be assumed to be essentially constant during the reaction and pseudo first-order
kinetics with respect to [E] will be observed. The equation for this expression is

analogous to the Michaelis-Menten equation:

L = kLEI

K+ L8]

where K; is the rate constant for inactivation (k; = k) and K; is an apparent dissociation
constant for all forms of enzyme-bound inactivator (K= k.;/k;). The model then appears

as:

Kz’ ki
E+] =<——— E1—>» E-I

Equation 18 can be rewritten as:
vzkobx[E] [19]

where
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k(1]

=t 20
* K+ (20]
Equation 19 can then be expressed as a differential equation:
d[E]
— =k, [E 21
dt abs[ ] [ ]
which can be solved with respect to time to give
In[E]=~k,, -t [22]
If K; >> [I], then equation 20 simplifies to
17
k,, =5l [23]

i

Enzyme kinetics in the presence of a reversible inhibitor

There are three main types of reversible inhibition, competitive, non-competitive
and uncompetitive.
i. Competitive inhibition

A competitive inhibitor competes directly with the substrate for binding to the

free enzyme. The kinetic model for this must account for this second equilibrium.

k] k2
E+S k‘————“‘ ES—>» E+P

+1 K;

El

Here, K; is the dissociation constant for the enzyme-inhibitor complex:

K = % [24]
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and the total enzyme concentration now equals:
[E], =[ET+[ES]+[E]] [25]
Using the steady state assumption (d[ES]/dt = 0), we can get the expression:

Ve [S]

‘KM(L+%9J+[S]

i

[26]

Thus, a competitive inhibitor increases the apparent K., by a factor of 1+[I]J/K;. The value
of Vmax remains unchanged since at high [S] the inhibitor is displaced from the enzyme.
ii. Non-competitive inhibition
Non-competitive inhibition occurs when the inhibitor and substrate can bind
simultaneously to the enzyme instead of competing for the same binding site. The kinetic
model therefore becomes:
k ka

E+S =s=——— ES——>» E+P

-1

+H | Ki ' + || Ki

El ESI

If we assume that the K; does not change upon binding of the inhibitor, then using steady
state assumption, we can get the expression:

A s]

v= d [27]
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Thus, a non-competitive inhibitor does not change the value of the K. However, the
value of Vi is decreased by a factor of (1+[1}/K;).
iii. Uncompetitive inhibition.
An uncompetitive inhibitor binds only to the enzyme-substrate complex.
ki ka

E+S <= ES——>» E+P

-1

+I K;

ESI

Again, using the steady state approximation, we can obtain:

[28]

An uncompetitive inhibitor therefore decreases both the values of V.« and K, by a
factor of (1+[I]/K;).
The three types of reversible inhibition can be distinguished graphically using a

Lineweaver-Burke plot, or a single reciprocal (1/v vs. [1]) Dixon plot.”
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Increasing [I]

1

i

1/[Substrate]

Increasing [I]

N

1/[Substrate]

Increasing [I]

1y

0

1/[Substrate]

Graphical representation for the determination of the modes of inhibition with a
Lineweaver-Burke plot. (A) Competitive inhibition, (B) Non-competitive inhibition, and
(C) Uncompetitive inhibition.
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Increasing [S]

1y

[Inhibitor]
b.
Increasing [S]
Z /
[Inhibitor]
c.
Increasing [S]
2z
[Inhibitor]

Graphical representation for the determination of the modes of inhibition with a Dixon
plot. (A) Competitive inhibition, (B) Non-competitive inhibition, and (C) Uncompetitive
inhibition.
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Figure B-1 Michaelis-Menten plots for the hydrolysis of DNP-Man by (a) bovine kidney
lysosomal a-mannosidase, (b) wild-type Drosophila Golgi a-mannosidase 1I, and (c)
Asp341Asn mutant Drosophila Golgi o-mannosidase II. Fits shown are to the Michaelis-
Menten equation.
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Figure B-2 Michaelis-Menten plot for the hydrolysis of (a) SFGulF, and (b) 2FManF by

wild-type Drosophila Golgi a-mannosidase I1. Fits shown are to the Michaelis-Menten
equation. 4
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Figure B-3 Dixon plots used to approximate the K; value for (a) SFGulF, and (b) 2FManF
with Asp341Asn mutant Drosophila Golgi a-mannosidase I1.
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Figure B-4 Michaelis-Menten plots for the HPA catalyzed hydrolysis of (a) aDNP-G2,
(b) aDNP-G3, and (¢) aCNP-G3. Fits shown are to the Michaelis-Menten equation.
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Figure B-5 Dixon plots used to determine the K; value of (a) GHIL, and (b) extended
GHIL.
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