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Abstract

Type 2 diabetes is a major health concern worldwide. One of its
complications is postprandial hyperglycemia, i.e., high blood glucose
concentrations, caused by glucose fast release from dietary polysaccharides into
the bloodstream after meals. a-Glucosidase inhibitor drugs reduce postprandial
hyperglycemia by inhibiting maltase/glucoamylase (MGAM) and
sucrase/isomaltase (SI). MGAM and Sl transform polysaccharides into absorbable
monosaccharides, and inhibiting them delays monosaccharide release into the
blood. The three commercially available a-glucosidase inhibitors are limited by
their absorption abilities, inhibition efficacies, and side effects, which highlights
the need for more specific a-glucosidase inhibitors. Because enzymes catalyze
their reactions by tightly binding to their cognate transition states (TS), TS
analogs can be powerful inhibitors and potential drugs. The measurement and
interpretation of kinetic isotope effects (KIEs) is the only method that can directly
determine TS structures on large molecules. In this work, methods to prepare
radioisotopically labelled maltose were developed, as well as methods to measure
KIEs on acid- and enzyme-catalyzed maltose hydrolysis. However, the methods
developed did not achieve the required precision for TS analysis. Also, KIEs

were calculated computationally for a model reaction of maltose hydrolysis.



Acknowledgements

| would like to take this opportunity to thank Dr. Paul J. Berti for giving
me the opportunity to work in his lab and for all his guidance and support during
my graduate work. As well, I would like to thank my committee member, Dr.
William Leigh for providing feedback and support. Also, I would like to thank Dr.
Paul W. Ayers for his help and useful suggestions with computational
calculations. In addition, | would like to thank Dr. David Rose for generously
providing the Ct-SI enzymes. | also thank my lab members and friends at
McMaster, especially, Vincent Azhikannickal, Dr. Naresh Balachandran, Simanga
Gama, Maren Heimhalt, Lisset Liano Piedra for their encouragement, support and
friendship. Finally, I would not be where | am today without the friendship,
emotional support, and guidance of my family, Mahboobeh, Kamran, Bahar and

Behrouz.



Table of Contents

N 0] 1 (o ST RTR R ii
ACKNOWIEAGEMENTS ... iv
Table OF CONTENTS ..o e ere e %
LIST OF FIQUIES....oiiiiitiieeeee ettt viii
LISt OF TADIES ..o Xi
LiSt OF ADDFEVIATIONS .....cvviiiiiiiieiecie e s xii
Chapter 1 - INTrodUCTION .......ooveiicece e 1
1.1, OVEIVIBW .ottt bbb nre s 1
1.2. TYPE 2 IADBLES. ..o 1
1.3. MGAM and ST ENZYMES .....cviiiiiiiiiiiiieeeieee e 4
1.4, GlycoSide CheMISIIY ......cc.ccieiieie e 7
1.5. Glycoside HYdrolySiS .........cceiveiiiieiieie e 8
1.5.1. Glycosidase Mechanisms: Inverting and Retaining ............cc.ccoeeeee. 8

1.6. SUDStrate DIStOMION . ......ccveiieieiieciee e 11
1.7. Transition State Analysis of Enzymatic Reactions ............cccccceevvevienenee. 13
1.8. Enzymatic Versus Nonenzymatic Transition States ............c.ccceevevvereenee. 14
1.9. 1S0t0PE EFFECES .....iiiiiieieecee e 15
1.9.1. Origin Of 1S0tope EFfECtS ......coviiiiiiiieicceee e 15

1.9.2. Meaning of KIES.........ccooiiiiiieiece e 20

1.9.3. Competitive vs. noncompetitive KIES...........cccocveieiiiiiveiciieiees 23

1.9.4. Measuring KIES .........cccoiiiiiiiiiieiese e s 24

1.10. KIEs for Glycoside Hydrolysis ..........ccoereiiriniiiniiieeenesc e 26
1.10.1. ENZYMALIC ..ovvivieiecic ettt 27
1.10.2. Nonenzymatic hydrolysiS ........cccoveiieieeiieiiese e 28

1.11. RadioaCtivity COUNTING .....ooververiirieiisiesieie e 29
1.12. Computational ChemiStry .........ccccoiiiiiiieieese e 31
Chapter 2 - Materials and Methods ...........cccoviiiiiiiii i 33
2.1 GeNEIAL ..o e 33
2.2. Purification of the radiolabelled glucoSe...........cccovviviiiiiiniie 33
2.3. Glucose 6-phosphate SYNthESIS.........cceiiiereririieeeee e 35



2.4. MaltoSe SYNTNESIS ....ccvveiiciiice e 36

2.5. SUCIOSE SYNTNESIS ....cviiiiiiiicieeie et 37
2.6. Maltose PUFTICALION .........ccveiiiiiiicieieeee e 38
2.7. Enzymatic KIE reaCION ......cceiiiiiiiiieiee e 38
2.8. Enzyme-catalyzed KIE reaction MiXture ..........cccocveveeveieeiece e 39
2.9. KIE measurement: Residual substrate method...........cccccoceviviiiiinnnnnn. 39
2.10. KIE measurement: Products method...........cccooevieviiinniinniie e 40
2.11. KIE measurement: Acid-catalyzed maltose hydrolysis ............c.cc.ce...... 41
2.12. Isotope ratio measurement and KIE calculation.............cccccccoevveiennen 42
2.13. Computational ...........coueiiiiice e 44
Chapter 3 - RESUITS. ... 46
3L GBNEIAL .. e 46
3.2, PUMFICAIION ...ttt 46
3.2.1. Reverse Phase TLC Purification Method ...........cccooceviiiniiiinnnnnn. 46
3.2.2. Purification Methods Using y-aminopropylsilyl (APS)
Chromatography .......oooieieeee e 47
3.3. Maltose and Sucrose SYNtheSIS .........ccceeveiieiieiic i 51
3.4. Conducting a KIE Measurement ..........ccevvevieiieiieie e 51
3.5. KIE Purification Methods Using y-Aminopropylsilyl Column ............... 52
3.5.1. KIE Purification of Acid Catalyzed Hydrolysis Using
Y-AmiIinopropyIsilyl ColUMN ... 60
3.6. KIE Purification Method Using an Anion Exchange Column................. 62
3.7. Radioactivity COUNTING ....ccovviriiiieiieieiee e 70
3.8. Computational ChemMISIIY ..........ccoiiiiiiiiiee e 75
Chapter 4 - DISCUSSION .....cc.vieiiieiiiesiie st esiee ettt be e saaeabeenreas 81
4.1. Maltose and SUCroSe SYNLNESIS .......coveiieeiiiiiec e 81
4.2. Purity in KIE REACHION ....c..oviiiiiiiiiiieieiee e 82
4.3. Purification Methods by APS HPLC Chromatography ...........cccccoevvvnnene 83

Vi



4.3.1. KIE Measurement for Acid-Catalyzed Hydrolysis Using the

y-Aminopropylsilyl Column...........cccooe e 87

4.4. Purification Method Using an Anion Exchange Column............cc.ccce.... 87
4.5. RadioacCtivity COUNTING .....coveiviiiiiiiiieieieee et 91
4.6. Computational ChemIStry ..........cccceiieeieiiieii e 92
Chapter 5 - Concluding Remarks..........ccccovevviiiiiiiicc e 94
5.1, CONCIUSIONS ...ttt nne e 94
5.2, FULUIE WOTK ....veeie ettt 95

] (] (=] (002 RSP SS 98
A o] 011 o [ GBS SRRSRSN 107

vii



List of Figures

Figure 1.1. The endo- and exo-acting glycosidase. .........ccccoveivereiieiiveresieseenns 5
Figure 1.2. Protein organization for two human small intestinal brush border
enzymes, ST and MGAM. ......ooi e 6
Figure 1.3. O-glycoside DONAS. .........ccoeiieiiiieiieie s 8
Figure 1.4. Inverting versus retaining reactions. .........ccccevvrvereenesieseese e seeeeas 9
Figure 1.5. The two major mechanisms of enzymatic glycosidic bond hydrolysis.
............................................................................................................................... 10
Figure 1.6. Proposed conformations for GH31 family for reactant, TS, and
1101015 PO PO 12
Figure 1.7. Some possible conformations of pyranoses...........ccceoererencnenennnn 13
Figure 1.8. The balls and spring model for Ha.......cccooviiiiiiiiiieee 15
Figure 1.9. Vibrational energies for C-H and C-D bonds going from reactant to
IS TSRS 17
Figure 1.10. A More O’Ferrall-Jencks diagram...........ccccocvvvviniininienencncsenen 21
Figure 1.11. Hyperconjugation at H2' for a furanosyl ring.........c.cccccevvvereniennnnn. 22
Figure 1.12. Important KIEs for TS analysis of maltose hydrolysis. ................... 23

Figure 1.13. Free energy profile for enzyme catalyzed reactions. a) The rate
limiting and the first irreversible step are the same. b) The first irreversible step

preceding the rate limiting StEP. .....c.coveiiiiie e 24
Figure 2.1. D-Glucose phosphorylation reaction. ..........c.ccccoccveveiieeci e, 35
Figure 2.2. Maltose SYNhESIS. ........coveiiiieiiece e 36
Figure 2.3. SUCIOSE SYNTNESIS.......ceiiiiieiieriesieie e 37
Figure 3.1. The TLC for purification of radiolabelled D-glucose......................... 47

Figure 3.2. Elution of unlabelled b-glucose and maltose standards on HPLC with
deteCtion at 190 NIM. ...oc.eiiiee et enre e 48

Figure 3.3. Distribution of radioactivity for HPLC purification of [**C]-glucose.49
Figure 3.4. Distribution of radioactivity for HPLC purification of [**C]glucose

AN [PHIMAIOSE. ..ottt 49
Figure 3.5. Distribution of radioactivity for isocratic APS HPLC purification of
[*C]glucose and [*H]maltose using isopropanol in the solvent. .............cccco....... 50

Figure 3.6. Distribution of radioactivity for gradient APS HPLC purification of
[PH]glucose and [MCIMaltoSE. ... 50

viii



Figure 3.7. Radiolabelled maltose hydrolysis by Ct-Sl. ..., 52
Figure 3.8. Reference KIE reaction mixture (0% reaction) separated using

ISOCIALIC APS HPLC. ..ottt 53
Figure 3.9. Partial KIE reaction (50% reaction) separated using isocratic APS
HPLC. et bbbt 53
Figure 3.10. 0% reaction mixture separated by gradient APS HPLC
CRIrOMALOGIAPNY. ... 56
Figure 3.11. Partial KIE reaction mixture separated by gradient APS HPLC
CRIrOMALOGIAPNY. ... 56
Figure 3.12. Partial KIE reaction with added unlabelled maltose, then separated
using APS HPLC chromatography. ........ccccoeeieieiineiisesieeee e 57
Figure 3.13. Separation of reference (0% reaction) acid-catalyzed reaction using
gradient APS HPLC. ......ooiiii et 60
Figure 3.14. Separation of partial acid-catalyzed KIE reaction using gradient APS
HPLC . ettt ettt bbb b 61
Figure 3.15. [1-"*C]G6P was synthesized from [1-**C]glucose and separated on a
MONO-Q COIUMN. ...ttt sre e enee e 63
Figure 3.16. Mono-Q chromatogram of [y->"P]GBP. .........cc.cccccevrrrrrrrinrrrinrinnes 64
Figure 3.17. Phosphate production in reaction mixtures containing G6P and
NEXOKINASE (HK). ...t 64
Figure 3.18. ATP generation system using pyruvate kinase (PK). ..........c.ccoceeee. 65

Figure 3.19. Coupled reaction used to drive the hexokinase reaction to completion
by oxidizing G6P to 6-phosphogluconate, using glucose 6-phosphate

dehydrogenase (GEPDH). ..o 65
Figure 3.20. Separation of the 0% enzymatic KIE reaction mixture by Mono-Q
ChromMAtOgrapRNY. ....ccveiieciee e 66
Figure 3.21. Separation of the partial enzymatic KIE reaction mixture by Mono-Q
ChromMAtOgrapRNY. ....ccveiieciee e 67
Figure 3.22. Separation of the 100% enzymatic KIE reaction mixture by Mono-Q
CRIrOMALOGIAPNY. ...oueiiiiieiiiee bbb 67
Figure 3.23. Nonspecific glucose binding to the Mono-Q column in the presence
OF GBP. <ottt areereares 69
Figure 3.24. Nonspecific glucose binding to the Mono-Q column in the presence
of G6P was alleviated by addition of 10 mM maltose to the mobile phase.......... 70
Figure 3.25. Energy distribution for *H and “C B-particles. ...........ccccoevrrrenrrnnees 71



Figure 3.26. *H:**C ratios for different mobile phases with Ecoscint A scintillation

FIUIO. et 72
Figure 3.27. Linearity of 1“C:*H isotope ratio with standard samples. ................. 73
Figure 3.28. Changes in the ®H:*C ratio with varying mobile phase composition
in gradient APS HPLC chromatography.........ccccccovveiiiiieiieiecc e 73
Figure 3.29. H numbers for gradient APS HPLC chromatography. ..................... 74
Figure 3.30. H numbers for isocratic APS HPLC chromatography. .................... 74
Figure 3.31. a-Methyl glucopyranoSide. ...........cccoeereieniiinisecee e 75
Figure 3.32. The ionization energy for relaxed scan done in vacuum for “C;
conformation of a-methyl glucopyranoside...........ccccoveiiiiiiniiniciesese e 76
Figure 3.33. The ionization energy for relaxed scan done in SCRF for “C;
conformation of a-methyl glucopyranoside. ...........cccooeiiiiiiniincieec e 76
Figure 3.34. The °S3 conformation observed for the calculated TS structure for
[€aVING Group deParture (DNF)......o..eveeeeeoeeeeeeeeeeeeeeeee e eseeesesee e ee s seeeenee 77
Figure 3.35. The “C; conformation used as starting conformation for the reactant.
............................................................................................................................... 78
Figure 3.36. Optimized structures from electronic structure optimization for
departure of the methanol leaving group methanol (Dn®).........covvvvveeeeeciereneen. 78
Figure 5.1. General mechanism of reaction with glucose oxidase and glucose
deNYdrOgeNaSE BNZYMES. ......cciiiiieieiie it 96



List of Tables

Table 1.1. KIEs on enzyme-catalyzed glycoside hydrolysis. .........ccccccevvevierinenne. 27
Table 1.2. KIEs on spontaneous and acid-catalyzed glycoside hydrolysis........... 29

Table 3.1. Experimental 1-*H KIEs for Ct-Sl-catalyzed maltose hydrolysis, with
post-reaction purification by isocratic APS HPLC chromatography.................... 54

Table 3.2. Experimental 6-°H KIEs for Ct-Sl-catalyzed maltose hydrolysis, with
post-reaction purification by isocratic APS HPLC chromatography.................... 55

Table 3.3. 1-**C KIE for Ct-Sl-catalyzed maltose hydrolysis, with post-reaction
purification by isocratic APS HPLC chromatography..........ccccceeevveevvevciiieinennns 55

Table 3.4. Ct-Sl-catalyzed 1->H KIEs for maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography. .........ccccceeevvvevveiciiesienn, 58

Table 3.5. 6,6-°H, KIEs for Ct-Sl-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography. .........cccceeevenenencnesnninn 59

Table 3.6. 2-**C KIEs for Ct-Sl-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography. .........cccceeeverenencnennnnnn 59

Table 3.7 1-*H KIE for acid-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography ..........cccccecevvvevvevciiieieenns 61

Table 3.8 6-*H KIE for acid-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography ..........cccccceevvvevveiieiieieenn, 62

Table 3.9. 1-*H KIE for Ct-Sl-catalyzed maltose hydrolysis, without
repurification prior to the KIE reaction, and with post-reaction purification by
Mono-Q HPLC chromatography. ........cccccueiieiiiiiiecce e 68

Table 3.10. 1-*H KIE for Ct-Sl-catalyzed maltose hydrolysis, with repurification
prior to the KIE reaction, and post-reaction purification by Mono-Q HPLC
CRIrOMALOGIAPNY ...t 68

Table 3.11. 2-**C KIE for Ct-Sl-catalyzed maltose hydrolysis, with repurification
prior to the KIE reaction, and post-reaction purification by Mono-Q HPLC
ChrOMALOGrAPNY .....ecieciece et 69

Table 3.12. Pauling bond orders for different positions in reactant, TS and
PIOTUCTS. ...ttt et e e e sseeste e s e eteesteeneesneessaeneenneenseeneens 79

Table 3.13. Calculated KIEs and EIEs for departure of methanol from a-methyl
GIUCOPYIANOSE. ...ttt ettt bbb ene s 80

Xi



List of Abbreviations

AP
APS
ATP
BSA
Cl
Ct-SI
ddH,0O
DEAE-Sephadex
EDTA
G6P
G6PDH
GDH
GH
GOx
HILIC
IRC

L

ME
MES
PEP
Stdev
TLC

alkaline phosphatase
y-aminopropylsilyl

adenosine triphosphate

bovine serum albumin

confidence interval

C-terminal domain of sucrase/isomaltase
ultrapure water (resistivity > 18Q)
diethylaminoethyl-Sephadex
ethylenediaminetetraacetic acid
glucose-6-phosphate
glucose-6-phosphate dehydrogenase
glucose dehydrogenase

glycoside hydrolase

glucose oxidase

hydrophilic interaction liquid chromatography
intrinsic reaction coordinate

hydron (°H or °H)

maltose epimerase
2-(N-morpholino)ethanesulfonic acid
phosphoenolpyruvate

standard deviation

thin layer chromatography

xii



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

Chapter 1 - Introduction

1.1. Overview

Diabetes has rapidly become a global epidemic. Among the available
treatments are a-glucosidase inhibitors, which reduce postprandial hyperglycemia
by inhibiting maltase/glucoamylase (MGAM) and sucrase/isomaltase (S1), which
are responsible for converting non-absorbable dietary starch to absorbable
monosaccharides, e.g. glucose. There are three a-glucosidase inhibitor drugs in
use, each with limitations in absorption ability, inhibition efficacy and side
effects. There is an urgent need for new, more specific inhibitors. Many of the
best enzyme inhibitors are transition state (TS) analogs. The only technique that
will provide direct information regarding the TS structure is the measurement and
interpretation of kinetic isotope effects (KIEs). The comparison of experimental
and calculated KIEs provides the geometric and electronic structure of the TS.
The goal of this study is to elucidate the TS structure of enzyme- and acid-
catalyzed maltose hydrolysis, the enzyme being the C-terminal domain of sucrase-

isomaltase (Ct-Sl).

1.2. Type 2 diabetes
Diabetes affects more than 3 million people in Canada alone, and this
number is rising dramatically.*? This increase is due to a number of factors,

including the rise in obesity rates, increased sedentary lifestyles, and an ageing



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

population. Diabetes can cause complications leading to premature death,
including: heart attack, stroke, kidney failure, blindness, and amputations. There
is also a large financial cost: diabetes cost the Canadian health system $11.7
billion in 2010."*

There are two main forms of diabetes: Type 1 diabetes is due to the
autoimmune system destroying the pancreatic p-cells, which store and release
insulin, and accounts for 5% of diabetes cases. The only treatment is insulin
injection and the disease cannot be prevented.*Type 2 diabetes is caused by loss
of function in pancreatic p-cells. This impairs insulin release and glucose blood
sugar homeostasis, which leads in turn to postprandial hyperglycemia, that is, the
fast release of glucose into the bloodstream after a meal.® In the long run it can
cause retino-, neuro-, and nephropathies.

Insulin is a hormone which is composed of two polypeptide chains that
contain 51 amino acids. Its primary role is to regulate glucose metabolism in the
body, and it causes glucose uptake into cells where it is converted into energy.’

Glucose and insulin levels are at their minimum during fasting.
Postprandially, glucose uptake by muscle cells is the primary way to regulate the
glucose levels, and insulin is required for delivering the glucose into muscle cells.
Insulin decreases postprandial glycemia by (i) signaling tissues to increase their
glucose uptake, and (ii) increasing glycogenesis (glycogen synthesis) in the liver,

and (iii) inhibiting glucagon, a hormone which increases the blood glucose level.



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

Type 2 diabetic patients have a disconnect between the regulation of
fasting and postprandial hyperglycemia, which requires them to need greater
insulin levels to regulate the fasting and the postprandial glucose level in the
blood.?

There are four anti-hyperglycemia treatments; they can be used
individually, or in combination®. (1) Insulin secretagogues stimulate insulin
release. (2) Insulin injections supplement low insulin levels. (3) Insulin sensitizers
increase the sensitivity of tissue cells to insulin. (4) a-Glucosidase inhibitors delay
postprandial hyperglycemia by slowing glucose release into the bloodstream.®

All these treatments have their own benefits and complications; however,
the a-glucosidase inhibitors have the least toxicity and side effects compared to
the others. Moreover, this group is independent of the other pharmacological
therapies. Nonetheless, abdominal discomfort and diarrhea are severe enough side
effects that some patients stop using them. The commercially available a-
glucosidase inhibitors are acarbose (Precose), Miglitol (Glyset), and VVoglibose
(Basen)®. These drugs each have different absorption and inhibition ability. For
instance, acarbose is a good inhibitor but its absorption is moderate and it is not
specific to small intestinal a-glucosidases. In contrast, miglitol has better
absorption, but its inhibitory ability is worse, and it is not specific to small
intestinal a-glucosidases. Thus, it requires large dosages, which lead to side

effects’. The ideal o-glucosidase inhibitor would be the one which is effective
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enough for small intestinal a-glucosidases, but it does not alter other a-

glucosidases enzymes.

OH
OH
@ HO
HO NH./"~OH % :
HO ol ®
HO OHnH OH
OH 2{\ H2 HO OH o
OH HO OH O OH

OH
miglitol voglibose acarbose
OH OH
HO
OHy H, OH
valiolamine deoxynojirimycin

Acarbose is a non-cleavable pseudo-tetrasaccharide, which is a natural
product'®*2. Voglibose is an N-substituted derivative of valiolamine, which is a
pseudo-amino sugar, or branched-chain aminocyclitol, and its N-substituted
component is derived from glycerol*®**. Miglitol is a derivative of 1-
deoxynojirimycin, which is a more potent a-glucosidase inhibitor with fewer

gastrointestinal side effects'®*".

1.3. MGAM and SI Enzymes

Enzymes work by decreasing the activation energy of a reaction by
binding to its transition state. The enzymatic O-glycoside hydrolysis is a good
example to illustrate enzymes' catalytic power. The nonenzymatic reaction has a

half-life of about 5 million years,* while the enzymatic reactions have ke values
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of up to 1000 s, Enzymes are capable of producing rate enhancements up to
10"- fold.”

There are four main human O-glycosidases that hydrolyze dietary starches
and sugars. Salivary and pancreatic a-amylases are endo-glycosidases which
hydrolyze internal glycoside bonds in complex polysaccharides, yielding maltose,

and small oligosaccharides.

o
W e} endo-acting
o O/K\/ o
exo-acting /m
O

Figure 1.1. The endo- and exo-acting glycosidase.

The other two are maltase/glucoamylase (MGAM) and sucrase/isomaltase
(SI); they are located in the small intestinal brush border membrane. They are
exo-glycosidases; that is, they release absorbable monosaccharides
(predominantly glucose and fructose) by hydrolyzing monosaccharides from the
non-reducing ends of oligosaccharides.

As MGAM and Sl are responsible for monosaccharide release, inhibiting
them can prevent postprandial hyperglycemia. MGAM and Sl are homologues,
which mean they evolved from a common ancestor. Each enzyme contains
duplicated catalytic domains, the C- and N-terminal domains (Figure 1.2). The N-
terminal domains, Nt-MGAM and Nt-SI, share 60% sequence identity, as do the

C-terminal domains. The N- and C-terminal domains of each protein (e.g., Nt-Sl
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and Ct-SlI), share 40% sequence identity. Both are classified as glycoside
hydrolase family 31(GH31) members in the carbohydrate enzyme database
(CAZY) >'1% GH31 enzymes are specific to a-linkages, and retain that

configuration in the products.

40%

T o©-link NtMGAM CtMGAM
60% 60%

40%

Figure 1.2. Protein organization for two human small intestinal brush border

enzymes, Sl and MGAM.
The above figure shows the protein organization for these two brush border enzymes.
The transmembrane domain (TMD) is a cell membrane which contains around 20
residues, O-glycosylated Linker (O-link) connects TMD to the N-terminal domain of
each enzyme and is 55 residues long, Nt-Sl, Ct-SI, Nt-MGAM, and Nt-MGAM are
each around 900 residues. Nt-Sl and Nt-MGAM have 60% sequence identity with
each other, as do Ct-S| and Ct-MGAM. The sequence identity between the N- and
C-terminal domains are 40% in each protein. (Figure is from Figure 1 of reference ).

Each domain shows different substrate specificities. The a-(1—4)
glycoside bond, which comprises ~95% of the bonds in starches, is the main
substrate for all domains (ke = 137 s with Nt-SI, and 111 s™ with Nt-MGAM).
Nt-MGAM is more active against shorter starch molecules. Nt-SI has an
additional hydrolytic activity against a-(1—6) glycoside bonds (ke = 97 52,

while Ct-Sl is active against the a-(1—2) linkage of sucrose.*®*’
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HO OH HO
HO 0 or(1—=2) HO o} HO o}
Ho— 171 OH HO | -OH HO ] a-(1—6)
OH
O— o} OH o
0 o 7
HO OH H o)
OH ©OH (1—2
a~( ) OH HO
OH OH
Maltose Sucrose Isomaltose

These specificity differences of each domain show the necessity of
elucidating the structure and mechanism of these enzymes. This knowledge will
enable us to design better inhibitors. For example, acarbose is an effective
inhibitor of a-amylase and Ct-MGAM and Ct-Sl, but a weaker inhibitor of Nt-
MGAM and Nt-S1.8° Thus, it is not an ideal drug, as it is not specific nor

effective enough.

1.4. Glycoside Chemistry

There is a variety of natural or synthetic glycosidase inhibitors that are
developed as potential inhibitors to be used for treatment of metabolic diseases,?°
cancer,?* diabetes,? viral, and bacterial infections.?>*® Designing strong selective
inhibitors is only possible by having an understanding of structure and mechanism
of these reactions and their respective enzymes. The information about these
enzymes has increased greatly in the past decade, and a number of reviews have
been written on this subject.**?* %
An O-glycosidic bond is an acetal linkage between the anomeric carbon of

a monosaccharide (the glycone) with an alcohol or carbohydrate (the aglycone)

(Figure 1.3).%
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a) b)
OH

o OH

HSO OH HO o
OH o @] HO
HO OH
oH OCHj3
OH
Maltose a-Methyl glucopyranoside

Figure 1.3. O-glycoside bonds.
a) O-glycosidic bond produced from condensation of two carbohydrates. b) O-
glycosidic bond that produced from condensation of a carbohydrate and an alcohol.
The aglycone portions have shown by red.

1.5. Glycoside Hydrolysis

Spontaneous O-glycoside bond hydrolysis is very slow, with a half-life of
~5 million years,™* but they are susceptible to general acid catalysis through
protonation of the exocyclic glycosidic oxygen atom.3* This promotes leaving
group departure and also facilitates nucleophilic attack at the anomeric carbon

atom.

1.5.1. Glycosidase Mechanisms: Inverting and Retaining

Glycoside hydrolases can be divided into two major classes, based on
whether the product retains its anomeric configuration, or if it is inverted
(Figure 1.4). A common feature of all glycosidases is that glycoside hydrolysis

employs both general acid and general base catalysis®***

. Inverting glycosidases
use water as the nucleophile, catalyzing a direct nucleophilic displacement of the
leaving group by water, and leading to an inversion of stereochemistry. Retaining

enzymes perform a double displacement reaction, first using a carboxylate
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sidechain as a nucleophile to form a covalent enzyme-bound intermediate, then
using water as a nucleophile to displace the carboxylate sidechain. This gives an

overall retention of stereochemistry.

B-Anomer

o-Anomer

Figure 1.4. Inverting versus retaining reactions.
Glycoside hydrolases may invert the stereochemistry of the product relative to the
substrate, giving a f-anomer configuration from an a-configured substrate, or an a-
product from a 3-substrate. Alternatively the stereochemistry of the substrate may be
retained in the product.

In both mechanisms the general acid catalyst protonates the leaving group
oxygen atom, promoting C-O bond cleavage, and both involve an oxacarbenium
ion-like transition state structure (Figure 1.5 (a)). One difference is that the
distance between the two carboxylic acid/carboxylate sidechains is about 5.5 A in
retaining mechanism enzymes, but about 10 A in inverting enzymes, with the

greater distance needed to accommodate the water nucleophile.**%3*
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Figure 1.5. The two major mechanisms of enzymatic glycosidic bond hydrolysis.
a) The inverting mechanism operates via a direct displacement mechanism. b) The
retaining mechanism operates by a double displacement mechanism involving a
glycosyl-enzyme intermediate.

In inverting enzymes, the general acid acts as a proton donor to facilitate
the leaving group departure, and, concomitantly, the water molecule is activated
by the general base to attack the anomeric carbon, thus creating the new C-O

bond, with the inversion of configuration.
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In the retaining mechanism, the carboxylic acid acts as a general acid to
protonate the glycosidic oxygen atom concurrently with bond cleavage, while the
carboxylate sidechain acts as a nucleophile, forming the covalent glycosyl-
enzyme intermediate. This is the glycosylation step. In the second,
deglycosylation step, the same sidechain that acted as the general acid catalyst
now acts as a general base to deprotonate the incoming water molecule, which
attacks at the anomeric center and displaces the carboxylate sidechain, yielding
the final product. %3

Other mechanisms have recently been discovered that do not follow the
"normal” nucleophilic displacements described above. For example, an
oxidation-elimination-addition-reduction sequence is proposed for family GH4,*

or via an elimination reaction.®*’

1.6. Substrate Distortion

Sugar ring conformation and its distortion can affect glycoside bond
reactivity; it also affects KIEs.?"*** Glucopyranoses can adopt different
conformations; each of which is described by a single letter: C for chair, H for
half-chair, S for skewed, B for boat, E for envelope. Superscripted numbers on
the left of the letter represent carbon atoms above the plane of the ring, while
subscripted numbers to the right represent any carbon atoms below the plane of
the ring (Figure 1.7).

*C, is the lowest energy conformation for glucopyranoses. Several studies

have suggested sugar ring distortion at the TS.?"***° The oxacarbenium ion

11
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character of the TS results in a positive charge on C1 of the pyranose ring, which
causes the pyranose ring to be distorted away from the “C; conformation toward
ones which favour orbital overlap and electron delocalization of the ring oxygen
lone-pair toward C1.%®

Distortion of the sugar ring can accelerate the reaction in different ways.
It can stabilize the electron-deficient anomeric carbon by positioning a ring
oxygen atom lone pair near the C1 c*-antibonding orbital to share its
electrons.”®* It can facilitate nucleophilic attack by removing steric hindrance
around C1. It can also bring the conformation of the sugar ring closer to the TS
conformation.*! For the TS conformation of the retaining glycosidase for the
GH31 and GH27 a-glycosidase families, the following conformational itinerary
during catalysis has been proposed: *C;— *Hs — 'S3 (Figure 1.6).** The reactant
*C, conformation is proposed to be converted to *Hs at the TS, followed by *S; in

the covalent glycosyl-enzyme intermediate.*®

=== G -4
* - = O s *
* 1 3 * >
C, *H, 'S,
Figure 1.6. Proposed conformations for GH31 family for reactant, TS, and

product.*
The coplanar atoms are shown by the asterisks.

Computations have shown that the glucopyranosyl oxacarbenium ion can
adopt the °E, Es, *Ha, “Hs, and E4 conformations, so any one of these is plausible
for the TS conformation.*®* Knowledge of the TS conformation is important for

inhibitor design since creating inhibitors which match the TS conformation will

12
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avoid the energetic cost of distorting the inhibitor into the TS conformation,
which would decrease the inhibitor's affinity for the enzyme.** Acarbose, an a-
glucosidase inhibitor, inhibits full length MGAM with a nanomolar K;, but a
micromolar range against Nt-MGAM,'®** exhibited a ?°Hs conformation in
complex with Nt-MGAM.* The TS conformation is not known, so it is also not
known whether there the acarbose ring must change conformation upon binding.
Since acarbose might not be a TS mimic inhibitor for a-glucosidase, this
conformation cannot be assumed to be the TS conformation for Nt-MGAM.
1 5 2
4 . —O0%X_«
* O* *
=, 7 o/ =
4C1

Ic, 258 Eq

1
vék & 7 ——0
*
3
*H; *H, 'S,
Figure 1.7. Some possible conformations of pyranoses.
Chair (C), boat (B), envelope (E), half-chair (H), and skew (S). The coplanar atoms
are shown by the asterisks. All hydroxyl groups are omitted for clarity. Superscripted

numbers indicate atoms which located above the plane and subscripted numbers are
the ones below the plane.

1.7. Transition State Analysis of Enzymatic Reactions

Enzymes catalyze reactions by preferentially binding to the TS.*® A
common drug design technique is to create molecules that mimic the shape and
charge distribution of the TS - i.e., TS analogs. However, the TS has a
femtosecond lifetime, which makes TSs very difficult to study directly by

common techniques such as x-ray crystallography, and linear free energy

13
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relationship studies. TS analysis using kinetic isotope effects (KIE) is the only
technique that is capable of providing detailed structural information about the TS
in the solution phase, or for reactions involving more than a handful of atoms. TS
analysis, in combination with structure, kinetic and inhibition studies can

illuminate unanswered questions about an enzyme's catalytic mechanism.*’*°

1.8. Enzymatic Versus Nonenzymatic Transition States

Some enzymes change the TS structure quite dramatically compared to the
corresponding nonenzymatic reaction. For example, retaining glycosidases form
a covalent substrate-enzyme intermediate that does not exist in nonenzymatic
hydrolysis.****® Other enzymes stabilize essentially the same TS as the
corresponding nonenzymatic reaction; for example, NAD" hydrolysis by
diphtheria toxin.>®> % In contrast to reactions in aqueous solution, enzyme active
sites have the ability to use both acid and base residues simultaneously. Enzymes
are also able to use binding energies to counteract the entropic costs of bringing
reactants together.*®*#>3 By comparing the TSs for enzymatic and the
corresponding nonenzymatic reactions, it is possible to observe: how the
interaction between the substrate and enzyme lowers the activation energy, what
catalytic strategies are effective for a given reaction, and what role the intrinsic

reactivity of the substrate plays in catalysis. *"

14
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1.9. Isotope Effects
A Kinetic isotope effect (KIE) is defined as the ratio of the rate constants
of isotopically labelled reactants (equation 1.1).

light |

KIE = heavy J

(1.1)

Equilibrium isotope effects (EIEs) are the ratios of equilibrium constants
for isotopically labelled compounds (equation 1.2).

light
EIE = Keq/

heavy Keq (12)

The chemical meaning of KIEs and EIEs is that they reflect the changes in
the "vibrational environment" between the reactant and the transition state (KIES)
or reactant and product (EIES). The "vibrational environment" of each atom is the
bonding forces (bond stretches, bends and torsions) affecting each atoms, and is

reflected in the molecular vibrational frequencies.>

1.9.1. Origin of Isotope Effects
The concept of vibrational environment can be illustrated using a balls

and spring model of a harmonic oscillator (Figure 1.8).

Figure 1.8. The balls and spring model for H,

15
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In this model the balls represent atoms, and the spring represents the
massless bond between them. Based on Hooke's law for a simple harmonic
oscillator, the vibrational frequency, v, is a function of the reduced mass of the

balls (1), and the spring force constant (k) (equation 1.3)

1k (1.3)
V= 211 [p

_m'+m" (1.4)
IJ‘ - ml % mn

The vibrational energy of a simple oscillator is given by:

F=(v+2)n jé -

where h is Planck’s constant and v is vibrational quantum number. In this
model, lighter atoms (balls) and stronger bond forces (springs) give higher
vibrational frequencies, which in turn gives higher energies. Conversely, a
weaker bond gives a lower vibrational energy.

Zero point energy is the vibrational energy in a harmonic oscillator when
the quantum number, v, is 0. Unlike macroscopic oscillators, the vibrational

frequency of bonds is not zero at 0 K (Figure 1.9).
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Figure 1.9. Vibrational energies for C-H and C-D bonds going from reactant to TS.
The ZPE for secondary KIEs are shown. Differences in zero point energies cause
differences in the activation energy. a) A normal KIE results when a weaker bond at
the TS results in a “looser” vibrational environment. b) An inverse KIE results when a
stronger bond at the TS results in a “tighter” vibrational environment.

The zero point energy of a bond containing a lighter isotope will have a
higher frequency and a higher zero point energy than the same bond containing a
heavier isotope. If the bond is weakened between reactant and TS, the zero point
energy will decrease more for the light isotope than the heavy, which leads to a
change in activation energies: ""MAE, < "*WAE,. Thus, the light isotope would
react faster, making it enriched in the product and depleted in the reactant.
Conversely, if the bond strengthens, the heavy isotope will react faster.

IEs are the product of three values, the zero point energy contribution
(ZPE), the excited state contribution, when the quantum number v > 0 (EXC), and
mass and moments of inertia contribution (MMI). The largest contribution is

generally ZPE:

IE= MMI x ZPE x EXC

The expression for each term is:

17
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3N-6 .
I e_(llghtui_heavyui)/z]

i
3N-6 .
o e_(llghtui_heavyui)/z]

i

final(TS)

ZPE =

initial
where u; = hvij/lkgT (h = Planck's constant, vj = frequency, kg = Boltzman

constant, T = absolute temperature), and 3N-6 is the number of normal vibrational

modes in a non-linear molecule.

- h
N6, o el
i final(TS)
- h
3NH 6, (-heavyyy
i

1—e(_llghtui)

EXC =

_light,,. }
1-el i) initial

3
lighty \ /2 (Mot light, \ /2
(heavyM) l'[ heavyj
! final(TS)

3 1 ’
lighty \ /2 (Trot light, /2
(heavyM) H heavyj
1

initial

MMI =

where M = mass and 1= moment of inertia for each normal mode®. The
equation could be presented as follows, where there is a moment of inertia for

each axis.

lighty /2 light; light; light;
(heavyM> heavylxheavylyheavylz
final(TS)

[( lighty )3/2 light;, light; lighty, l
initial

MMI =

heavypy heavylxheavylyheavylZ

The Teller-Redlich rule could express the MMI in term of vibrational

product:
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MMI = VP = —aN=s o
u heavyy,.
1/ initial

i

The equations are modified for KIEs because the final state, the TS, has
only 3N-7 vibrational frequencies, rather than the 3N-6 in stable molecules (3N-5
in linear molecules) for EIEs.

The reaction coordinate motion also contributes to KIEs. The reaction
coordinate has an imaginary frequency (v '), which is different from other
vibrational frequencies because it lacks a restoring force. The reaction coordinate
has zero force at the TS, and increasing forces that push the oscillator away from
the TS before and after the TS.*"#8

The relationship between KIEs and structure is explained by how changes
in structure cause changes vibrational frequencies, as explained by the Pauling

bond order and Badger’s law. The Pauling bond order is given by:

(r1-7i)) (1.6),
nij = e 0.3

where nj; is the Pauling bond order between atom i and j, rj is the bond
length, and ry is the length of a typical single bond between atoms i and j. For
example, ry for a C-C bond is 1.526 A, C-Ois 1.41 A, C-His 1.1 A, and O-H is
1.01 A>* There is a general empirical relationship that relates the bond order to
bond stretching force constant. This simple estimate of calculating the force
constant is made by using Badger law.>* This relationship is relevant for mostly
diatomic compounds; for polyatomic molecules the stretching force constant is
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complicated due to coupling of vibrational modes. In this study, force constants
were derived directly from the vibrational frequencies in the computational
structures which made the evaluation of force constant of polyatomic molecules
possible, and Badger's law was not used directly.”” Based on these two laws, if
there is a change in the bond lengths, there will be a change in the force constant,

and therefore in vibrational frequencies.*”**

1.9.2. Meaning of KIEs

A normal KIE ( KIE > 1, "9 > "Wy indicates a “looser” vibrational
environment for the labelled atom at the TS. Conversely, an inverse KIE (KIE
< 1.0, "Mk < "ea%ky indicates a “tighter” vibrational environment.

Primary KIEs involve the atoms that are undergoing bond breaking or
making. Secondary KIEs are KIEs at any position not directly involved in the
chemistry.

The bond orders and motions of the leaving group and nucleophile define
the mechanism of the reaction. In an AxDy, or Sy2 reaction, both leaving group
bonding and nucleophile bonding are present and in concerted motion at the TS.
An indicates the nucleophile association and Dy means the nucleofuge
dissociation.®

Sn1 reactions are stepwise, with an oxacarbenium ion intermediate. The
intermediate could exist long enough to diffusionally separate from the leaving

group, giving a Dy+An mechanism, or it could be too short-lived to diffusionally
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separate, giving a Dy*An mechanism. The Dy*Ay mechanisms can be
differentiated based on the partitioning of the oxacarbenium intermediate to at

least two transition states, (Dn*An*) and (Dn**An).

ot 0
VN hor t\\ HO-R

OH
Oxocarbenium ion ( - Product
(DntHAY)
Q 0.4+
=
0.6 —
0.8
1.0
0 o
= T e
O\R N Nu \
OH

Reactant

Figure 1.10. A More O’Ferrall-Jencks diagram.
The axes are the bond orders to the leaving group and the nucleophile. Dissociative
TSs are defined as ones where (n g + nyy) < 1, and are the only realistic values for
nucleophilic substitutions at carbon centres.

The primary, anomeric carbon KIE for Dy*Ay (or Dy+Ay) reactions are
close to unity or slightly inverse. (1-**C KIE = 1.00-1.02 (Dn*An¥) or *C KIE =
1.01 - 1.02 (DN**An)).*"**° However, KIEs higher than this range has been
calculated (Dn**An 1-**CKIE =1.052 for an N-glycoside hydrolysis reaction).®
AnDy reactions usually give larger primary KIEs than Dy*An reactions because
of the contribution from the reaction coordinate motion, which contains
contributions from both the nucleophile and the nucleofuge. This number usually
ranges around 1-*C KIE = 1.025 - 1.139, and the number is larger for more

synchronous (i.e., less dissociative) reactions.**°
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The a-secondary hydron KIE (hydron = L = ?H or ®H), provides
information on the amount of oxacarbenium ion character at the TS.
Oxacarbenium ion-like TSs (highly dissociative ANDy or Dy*An) have large,
normal a-secondary hydron KIEs. The anomeric carbon's sp® hybridization in an
oxacarbenium ion creates a less crowded vibrational environment. For a more
crowded synchronous AyDy transition state, the KIE would be small or inverse.

The B-secondary hydron (2-*H) KIE can give conformational
information.*® If the KIE is large, then the TS is oxacarbenium ion-like, and the
conformation allows hyperconjugation (see below) at C2. If the KIE is small,
then either the TS is oxacarbenium ion-like but the conformation prevents

hyperconjugation, or it is not oxacarbenium ion-like.*’*®

G _ne

O o Q4
0
\
02

Figure 1.11. Hyperconjugation at H2' for a furanosyl ring.
The figure shows the interaction of the p-orbital of C1’ of the oxacarbenium ion with
the occupied p-orbital of C2’ leads to C1’-C2’ -bonding. Concomitant with increased
Nci.ce are decreases in Ny and Ney.oq. Which leads to a large, normal 2'-*H KIE.
Hyperconjugation in pyranoses will be essentially the same. Reprinted from Figure 2
of reference ™.

Hyperconjugation is the formation of C1-C2 =-bonding, with the electrons
being donated from the C2-L o-bond. This can only occur if the C2-L bond is
aligned with the empty p-orbital of C1. Hyperconjugation stabilizes the TS via

electron delocalization, and results in a weaker C2-L o-bond, leading to a large,
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normal KIE. We can take advantage of this specificity to determine the probable
conformation of the sugar ring. Remote KIEs could also give some information
about the TS conformation.

The glycosidic oxygen (leaving group) *0 KIE would give information
on the extent of glycone-aglycone bond cleavage at the TS, with the cleavage

being roughly proportional to the *0-KIE.

a-Secondary position

Reporter label OH
...... oy . .
Remote label~===20511 " 140~ s Primary position
14C/ OH
HO OH
180 0
B-Secondary position
HO OH OH

Figure 1.12. Important KIEs for TS analysis of maltose hydrolysis.
The important positions that would provide key information concerning the TS
structure and conformation are shown. The 1-*C and 4'-'®0 KIEs are primary KIEs,
while the secondary KIEs include 1-°H (a-secondary), 2-°H (B-secondary), 6-*C and
6,6-°H, (remote).

1.9.3. Competitive vs. noncompetitive KIEs

KIEs can be measured using non-competitive (direct) and competitive
(isotope discrimination) methods.*®! For the former, each isotopologue
substrate's rate is measured individually, then the KIE (ratio of the rate constants)
is calculated. For competitive KIEs, labelled and unlabelled substrates compete
with each other for the enzyme, and the KIE reflects the second order rate
constant, kea/Knm.*"*® kea/Kw reflects the steps up to and including the first
irreversible step, i.e., the energetic difference between the free substrate in

solution and the first irreversible TS. KIEs are only useful for systems where
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chemistry is the first irreversible step, rather than non-chemical steps such as

conformational changes, or substrate binding

) Rate limiting and First irreversible step b First irreversible step
) \
Rate limiting step

/Y

Free Energy
Free Energy

Extend of reaction ——— Extend of reaction ———

E+S==E-S—E-l—E-P—>E+ P E+S<==—=—E-S—E-P—E+P

Figure 1.13. Free energy profile for enzyme catalyzed reactions. a) The rate limiting
and the first irreversible step are the same. b) The first irreversible step preceding

the rate limiting step.
The figures are adopted from Fig 2 of reference®

The non-competitive approach has the major disadvantage that it is not
normally precise enough for TS analysis, as its accuracy is in the range of
experimental errors on rate measurements, typically ~<5%. In the competitive
reaction, this source of error is eliminated by measuring isotope ratios rather than
rates directly. This gives the ratio of rate constants, which allows KIEs to be

measured with accuracy of 0.2-0.5%.%

1.9.4. Measuring KIEs

A number of KIE measurement technigques have been developed,
including whole- molecule mass spectrometry, spectrophotometry, and NMR.*®

However, the most common method employs radiolabels and liquid scintillation
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counting to detect changes in isotope ratios.*®®* One of the major disadvantages
of this method is the need to synthesize complex molecules isotopically labelled
at every position of interest in extremely high radioisotopic purity. For complex
reactants like maltose, it is necessary to use enzymatic syntheses.

Measuring KIEs with radiolabels requires two radiolabels: the label of
interest, and a remote label. For example, measuring the 1-*H KIE involves
making a mixture of [1-*H]maltose, the label of interest, and [6-**C]maltose, the
remote label. In measuring the KIE, we are attempting to determine KIE = *k/k;
however, *H is not radioactive. Instead, the 6-'*C label, which is assumed to have
no KIE, is used to report on 1-'H. Assuming that there is a normal KIE at the
1-H position, the glucose product will be relatively depleted in 1-*H while the
residual reactant will be enriched in 1-*H. This change in the *H/®H ratio will be
observed experimentally as a change in the *C/°H isotope ratio. The change in
isotope ratio can be measured in either residual maltose, or in the product,
glucose.

It is necessary to correct the observed isotope ratios for the extent of
reaction. This is because the reactant starts to become depleted in the faster
reacting isotope as soon as the reaction begins. This decreases the relative
concentration of the faster reacting isotope, and therefore incrementally shifts the
reaction toward the slower reacting isotope as the extent of reaction increases.

Several equations have been formulated to compensate for this effect;**®® the two
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equations used in this study were equation 1.7, for isotope ratios in the residual

substrate® and equation 1.8 for the products.®®

a-p+g)

McMaster — Chemistry

R
KIE (substrate) = .
[
1+
|[A° Ay _X/X']l fil L+ |
1n1+|l o J| |[1+AOA’O]|
—fl=——]
[1+ /x J
KIE(product) = 1 + A
[1 + A’o]
In|1- fiWJl

1.10. KIEs for Glycoside Hydrolysis

A number of KIEs for glycoside hydrolysis have been measured for

enzymatic and acid-catalyzed reactions.**** %
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1.10.1. Enzymatic

A number of KIEs were measured for glycosidase using different
substrates including: a-fluoro-glucoside (1),** a-D-glucopyranosyl isoquinolinium
bromide (2),% a-D-glucopyranosyl pyridinium bromide (3),% o- and p-methyl

43,66

glucopyranoside (4, 5).

OH OH OH
HO @) HO O HO O
HO HO B HO .
OH [ OH i Br OH  Br
N | N
| P
1 2 3
OH OH
HO 0]
HO 0]
©H och, OH
4 5
Table 1.1. KIEs on enzyme-catalyzed glycoside hydrolysis.
Compound  KIE Enzyme 1-*c 1-*H 2-*H 6,6-°H,
type
1% kea!Km  a-glucosidase 1.014 1.103 1.039 1.033
(beet)
1% Keai! Km a-glucosidase 1.014 1.045 - 1.023
(rice)
1% kea/Km ~ a-glucosidase 1.005 1.030 - 1.033
(Aspergillus
niger)
2% Keat a-glucosidase 1.036% - 1.039° -
(yeast)
3% Keat a-glucosidase 1.053% - 1.169° -
(yeast)
4% Kea K a-glucosidase  1.0189% - - -
(yeast)
5% KeadKu B-glucosidase 1.0612 - - -

27



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

(almond)

2 Converted from the °C KIE using the Swain-Schaad relationship:
(13CKIE)1'89:(14CKIE).47

® Converted from the *H KIE using the Swain-Schaad relationship:
(2HKIE)1'442:(3HK|E).47’69

Based on the 1-*C KIEs, reactions of 1 in Table 1.1 appear to proceed
through Dn*Ay mechanisms, which typically have 1-**C KIEs of 1.00 — 1.02.%"%
The other reactions are more likely AyDy, where the expected KIEs would be in
the range of 1.025-1.139.%

The a-secondary deuterium KIEs for sucrase-isomaltase and isolated
isomaltase domain with p-chloro-phenyl-a-D-glucopyranoside were measured by
Cogoli et al.”®, and for sucrase isomaltase it was between 1.16 - 1.21 and 1.14 for
isolated isomaltase. These large KIEs indicated a change from sp®- to sp*
hybridization around anomeric carbon, which strongly suggests an oxacarbenium

ion-like TS.”

1.10.2. Nonenzymatic hydrolysis

Acid-catalyzed KIEs have been reported for 1,%4 4,43 5 43¢

pB-fluoro-
glucoside (6),%* methyl-5-thio-o-xylopyranoside (7),®® methyl a-xylopyranoside

(8),% and o-D-glucopyranosyl 4’-bromoisoquinolinium bromide (9).%°

o OH
HO s HO o) HO o

Ho &F Haﬁﬁ HM 05 )
OH dep, OH och, on s B

OH N

|
%
6 7 8 Brg
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Table 1.2. KIEs on spontaneous and acid-catalyzed glycoside hydrolysis.

Compound 1-4c? 1-3H2 2-3H2 6,6-°H,°
1% 1.061 1.208 1.088 -
4% 1.010 1.203 1.107 0.981
4% 1.013 - - -
5% 1.016 1.131 1.065 0.958
543 1.019 - - -
[ 1.032 1.126 1.043 0.969
7°8 1.059 1.211 1.089 0.998
g8 1.011 1.189 1.129 0.979
gose 1.009 1.283 1.138 -

2 All the experimental KIEs were “H and *°C KIEs. They were converted to -“C and
®H KIEs According to the Swain-Schaad relationships: (**C KIE) = (*CKIE)"®, (HKIE)
— (ZHKIE)1.44 69

® The experiments performed at 50°C (rest of the experiments done at 80°C).

¢ These experiments refer to spontaneous hydrolysis.

The 1-**C KIEs showed that nonenzymatic hydrolysis of 1, 6, and 7 likely
occurred via an AyDy mechanism, while 4, 5, 8, and 9 proceeded through a
Dn*An mechanism.

The information obtained from nonenzymatic reactions would be useful,
since they show the different possible mechanisms of a reaction, and the effect of

different leaving groups on the reaction.

1.11. Radioactivity Counting

Radioactive isotopes in KIE experiments are quantified by liquid
scintillation counting, in which the radioactive sample is mixed with a
scintillation cocktail. The scintillation cocktail contains solvent(s), emulsifier, and
afluor.”* Liquid scintillation counting works by transferring kinetic energy from
the emitted B-particles to electronically excite the solvent molecules. The excited

solvent molecules excite the fluor molecules, which then emit photons in the UV
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range. The photons are detected by the two photomultiplier tubes (PMT) which
surrounded the vial. The PMTs must differentiate photons resulting from p-decay
from other photons, including chemiluminescence and electronic noise in the
PMTSs. A given B-particle generally excites more than one fluor molecule, and the
resultant photons are emitted in all directions equally. Thus, in order to accept an
event as a radioactive decay, both PMTs must detect photons simultaneously.

®H and *“C have different counting efficiencies due to the different kinetic
energies of their B-particles. **C p-particles have a 9-fold greater Epax (0.158
MeV) than *H (0.018 MeV).”?”® The greater a p-particle's kinetic energy, the
greater the probability that the energy will be transferred to solvent or fluor
molecules, and the greater the number of photons generated per radioactive decay.
This difference in photons generated per radioactive decay is used to differentiate
between *H and *C.

Quenching is any process that interferes with detection of a -particle. It
results in fewer counts and/or a shift in the energy distribution toward lower
energies. There are three types of quenching: (1) Chemical quenching occurs
when the emitted energy is not transferred to the solvent or the fluor, but is
instead absorbed by other substances. Some electrophilic materials like halogens
cause chemical quenching. (2) Colour quenching is caused by chromophores
absorbing the photons that have been emitted by the fluor. (3) Physical quenching
is caused by anything that physically blocks light, such as particles in the

solution.”*™
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One measure of quenching is the H-number, which is calculated and
reported by the instrument. ® The goal in KIE measurements is to have a
constant, and preferably low H-number in all samples. Preparing all samples in an
identical manner helps to minimize variability in H numbers.”*

Fluor molecules can be excited by heat, room- or sunlight, and static
charges, leading to luminescence. This can be avoided by avoiding those
conditions, and by letting samples sit for a couple of hours before counting

them.”’

1.12. Computational Chemistry

Computational chemistry is used in TS analysis to interpret the
experimental KIEs. Post-Hartree Fock methods are needed to give sufficiently
accurate frequencies for TS analysis.”®"® The least computationally expensive
post-Hartree Fock methods are density functional theory (DFT) and hybrid DFT
methods, so they are the most commonly used methods for KIE calculations.

KIEs are a simple function of force constants*’3#%51

which are, in turn, simple
functions of vibrational frequencies. The program QUIVER converts force
constants and atomic masses into the reduced isotope partition function ratio (Q or
Q%) for each isotope of interest.2*% KIEs are calculated as KIE = Qjnitia/Q*.

If the calculated KIEs for a computational TS structure match the
experimental values, then this is considered the experimental TS.***® Since
vibrational frequencies calculated by hybrid DFT methods are generally an

accurate reflection of the molecular structure, the calculated KIEs will also be
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accurate reflections of the molecular structures. Thus, a good match of
computational to experimental KIEs is considered sufficient evidence for the TS
structure.*” 8983 |f the computational TS structure is not correct, whether due to
limitations in the level of theory, solvation/environmental effects, or other factors,

then the calculated KIEs will not match the experimental values.
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Chapter 2 - Materials and Methods

2.1. General

®H- and **C-labelled glucoses were purchased from American
Radiolabeled Chemicals (St. Louis, MO) and were lyophilized prior to use. All
commercially available enzymes and reagents were purchased from Sigma-
Aldrich or Bioshop Canada (Burlington, ON) and were used without further
purification. Ultrapure water (ddH,O) with resistivity > 18 MQ was used
throughout. The C-terminal domain of sucrase/isomaltase (Ct-SI) was generously

provided by Dr. David Rose (University of Waterloo).

2.2. Purification of the radiolabelled glucose

The radiolabelled glucoses contained impurities that inhibited hexokinase
in the enzymatic synthesis of maltose, and were a source of contamination in the
KIE experiments. Therefore, the radiolabelled materials were purified prior to
maltose synthesis. Initially, all *H- and **C-labelled glucoses were purified by
reversed phase C18-silica TLC’s (Aldrich catalogue #2293032) with 12:1.5:1
CH3CN:ddH,0:MeOH (v:v:v) as the solvent system. The method was later

changed to HPLC purification (see below).

HPLC Purification of the radiolabelled glucose
Radiolabelled glucose (5 to10 uCi, 0.09 to 0.18 umoL of **C, or 20 to 30
UCi, 1.3 to 2 nmoL of ®H) was lyophilized, redissolved in ddH,0O, and purified

by HPLC on a y-aminopropylsilyl (APS) column (Supelcosil LC-NH2, 25 cm x
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4.6 mm ID, 5 pm particles). Two methodologies were developed to purify
glucose, an isocratic and a gradient method.

In the isocratic elution method, the mobile phase was 75:8:17
MeCN:iPrOH:ddH-0, at a flow rate of 0.5 mL/min. Glucose eluted at 10 - 13.5
min, and maltose eluted at 13.5 - 20 min, as detected by the elution of
radioactivity (see below). It was also possible to detect standard injections of
glucose and maltose by Aigo, but detection was not sensitive enough for routine
detection during syntheses.

The gradient elution method involved maintaining the column at 6 °C in a
water bath, with the starting solvent composition of 75:8:17 MeCN:iPrOH:ddH,0
being changed to 98:2:0 over 9 min, then back to 75:8:17 over 1 min, which was
maintained for the remainder of the purification. Glucose eluted at 10.5 - 13 min,
while maltose eluted at 20 - 26 min. Fractions containing glucose were dried
down using a rotary evaporator. The purified glucose was resuspended in ddH,O
and stored at -20 °C.

Eluted radioactivity was detected by mixing an aliquot of each fraction
with 10 mL of Biosafe Il scintillation fluid in scintillation vials and counting the
radioactivity with a Beckman LS 6500 scintillation counter. For **C samples, a
wide range program was used, with the window set to 0 to 1000 channels
(arbitrary units). *H samples were counted with the window set to 0 to 460

channels.

34



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

2.3. Glucose 6-phosphate synthesis

The first step of maltose synthesis was the phosphorylation of glucose to
glucose 6-phosphate (G6P) using hexokinase (Figure 2.1). A typical reaction
contained 1.8 mM **C or *H glucose. For *C reactions, 10 uCi was used with no
added cold glucose. For ®H reactions, which had higher specific activities 20-30
uCi was used, with added unlabelled glucose as a carrier, to maintain 1.8 mM
glucose. The reaction mixtures contained glucose, plus 0.8 mM adenosine
triphosphate (ATP), 10 mM phosphoenolpyruvate (PEP), 24 units of rabbit
muscle pyruvate kinase (PK), 8 units of Saccharomyces cerevisiae hexokinase,
6 mM MgCl,, and 50 mM 2-(N-morpholino) ethanesulfonic acid (MES), pH 7.3,
in a volume of 40 pL. The reaction mixture was incubated 18 h at room
temperature, then quenched by heating at 95°C for 5 min. Precipitated proteins

were removed by centrifugation at 16,000 xg for 15 min.

ibo
OH

P
O
HOﬁ ﬁ
HO OH "“0OH
A)kma OH™oH
D-Glucose

Glucose-6-phosphate

Pyruvate PEP

Figure 2.1. D-Glucose phosphorylation reaction.
D-Glucose is phosphorylated to G6P (glucose-6-phosphate) by using ATP (adenosine
triphosphate), Mg®*, and hexokinase enzyme. The ATP is regenerated from ADP
(adenosine diphosphate) using pyruvate kinase enzyme and PEP (phosphoenol
pyruvate).
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2.4. Maltose synthesis

Glucose 6-phosphate from the above reaction was used without further
purification to synthesize maltose. To the glucose 6-phosphate reaction mixture
was added 2 mM MgCl,, 10 mM 7-methylinosine, 0.1 mM glucose 1,6-
bisphosphate, 0.37 units of purine nucleoside phosphorylase, 1.5 units of
Lactococcus sp. B-phosphoglucomutase, 0.12 units Enterococcus sp. maltose
phosphorylase and unlabelled glucose to bring the final glucose concentration to
2.5 mM in a final volume of 68 uL (Figure 2.2). The glucose 1,6-bisphosphate
was needed to "kick start" B-phosphoglucomutase. The reaction was incubated at

room temperature for 18 h, and stopped by heating at 95 °C for 5 min.

9
O—IIDZO
OH 0 OH -
ﬁPGM o _
HO O 0-P-0
HO HO 3
OH oH Hexokinase OH OH OH
Glucose B-G1P

OH OH

Pyruvate PEP
Glucose
(0] SL - + \
PNP - _
7-Methylhypoxanthine — B_ e} + HO
I
+ ; OH

OH
D-Ribose-1- phosphate oH

7-Methyl-inosine Maltose

Anion exchange column purification ﬂ

y-Amino-propylsilyl- HPLC ﬂ

Maltose

Figure 2.2. Maltose Synthesis.
Maltose synthesis is performed in two steps. First, glucose phosphorylation. Second
,maltose synthesis. ATP: adenosine triphosphate, ADP: adenosine diphosphate, PEP:
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phosphoenolpyruvate, G6P: glucose-6-phosphate, B-G1P: beta- glucose-1-phosphate,
B-PGM: beta-phosphoglucomutase, MP: maltose phosphorylase, PNP: purine
nucleoside phosphorylase.

2.5. Sucrose Synthesis

In sucrose synthesis, 2 mM MgCl,, 10 mM 7-methylinosine, 0.37 units of
purine nucleoside phosphorylase, 3 units of rabbit muscle a-phosphoglucomutase,
0.025 units E. coli sucrose phosphorylase and 125 mM unlabelled fructose was
added to the glucose 6-phosphate reaction mixture, in a final volume of 55 pL
(Figure 2.3). The reaction was incubated at room temperature for 18 h, and

stopped by heating at 95 °C for 5 min.

9
0-P=0
OH o OH
Mg," oPM HO 0
HO Q 2 HO 0 —_— o
HO HO —— HO I|3 5
OH OH Hexokinase OH ‘oH O

-G1P
Glucose ATP ADP G6P &
W
Pyruvate PEP N

Fructose

oH OH
, PNP _9Q HO 0 o
7-Methylhypoxanthine 0-P-0 + HO
\ : HO Yo ¢ [Non
+ OH
OH

D-Ribose-1- phosphate
7-Methyl-inosine Sucrose

Anion exchange column purification ﬂ

y-Amino-propylsilyl- HPLC ﬂ

Sucrose

Figure 2.3. Sucrose synthesis
Sucrose synthesis is performed in two steps. First, glucose phosphorylation. Second
,sucrose synthesis. ATP: adenosine triphosphate, ADP: adenosine diphosphate, PEP:
phosphoenolpyruvate, G6P: glucose-6-phosphate, a-G1P: alpha- glucose-1-
phosphate, a-PM: alpha-phosphoglucomutase, SP: sucrose phosphorylase, PNP:
purine nucleoside phosphorylase.
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2.6. Maltose purification

Maltose was purified in two steps; anion exchange chromatography
removed G6P and other phosphorylated compounds, then APS chromatography
separated maltose from glucose and other uncharged compounds.

Maltose was purified by anion exchange column on a Mono-Q 5/50 GL
column (1 mL column volume) using stepwise elution, starting with 10 mM
ammonium acetate, pH 8.6, for 8 min, then a step to 400 mM NaCl, 6 mM
ammonium acetate, pH 8.6, for 8 min, at a flow rate of 1 mL/min. The maltose-
containing low salt eluate was lyophilized and redissolved in ddH,O.

This mixture was further purified by APS chromatography using the
gradient elution method described above. The maltose-containing fractions were

dried down on a rotary evaporator and resuspended in water.

Sucrose Purification
Sucrose purification was done in the same manner as maltose. An anion

exchange chromatography followed by purification with APS HPLC.

2.7. Enzymatic KIE reaction

KIEs were measured by making a mixture of *H- and **C-labelled maltose,
allowing the hydrolysis reaction to proceed to =50% to allow the enzyme to
discriminate between the isotopologues, then re-isolating the residual substrate
and/or product, and measuring the change in the *H:*C ratio relative to the

reference sample. The reference sample was unreacted maltose (0% reaction)
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when the isotope ratios in residual maltose were being measured. When isotope
ratios were measured in G6P (the phosphorylated product of Ct-Sl) the reference

sample was G6P from the 100% reaction.

Purification of Substrates
A mixture of *H- and *C-labelled maltose containing 5 x 10° to 7.5 x 10°
counts per minute (cpm) of each isotope was made and repurified by APS
chromatography, as described above. The radioactivity-containing fractions were

dried down on a rotary evaporator, then redissolved in ddH,O.

2.8. Enzyme-catalyzed KIE reaction mixture

To the repurified maltose was added 50 mM MES buffer, pH 7.3, and 1
unit Lactobacillus sp. maltose epimerase in a final volume of 60 uL.. The mixture
was divided into two fractions; 20 uLL was used as the reference sample and 40 puL
was used for the partial reaction.

For the partial reaction, 50 to 80 nM Ct-Sl and 0.1 to 0.16 mg/mL of
bovine serum albumin (BSA) were added. The reaction progress was monitored
by APS chromatography with the gradient elution method. The reaction was

stopped at ~50% completion (ca. 3-5 h) by heat quenching at 95 °C for 5 min.

2.9. KIE measurement: Residual substrate method
When isotope ratios were measured in the residual maltose, then residual
maltose in the partial reaction was separated from glucose by APS

chromatography. The 0% reaction sample was similarly chromatographed. Both
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isocratic and gradient APS chromatography were tested (Section 2.2). Fractions of
30 s were collected around the expected elution times for the isocratic method,
with 1 min fraction for the rest of the run, while 1 min fractions were collected
with the gradient method throughout the run.

For the isocratic method, each fraction was made to 1.06 g with mobile
phase, as necessary, to ensure the same solvent composition, then 15 g of
scintillation fluid (Ecoscint A, National Diagnostics, USA) was added. In the
gradient method, all fractions were 1 mL, and therefore not adjusted. The blank
and *C standard samples (see below) were made using as solvent the eluate from
a blank injection on the APS column collected at the glucose and maltose elution
times. All the fractions were counted for 1 min, and those without radioactivity
were discarded. The remaining fractions were counted for multiple 10 min

cycles, and isotope ratios were then determined (see below).
2.10. KIE measurement: Products method

If the isotope ratios were to be measured on the products, then the
reference sample was the reaction taken to completion. For both the partial and
100% reactions, the product glucose was converted to G6P with hexokinase and
separated from maltose by anion exchange chromatography. Maltose in the 100%
reaction was hydrolysed to glucose by the addition of 3 units of Saccharomyces
cerevisiae a-glucosidase, 1 unit maltose epimerase, 50mM MES, pH 7.3, and

overnight incubation at room temperature.
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After the partial and 100% reactions were complete, glucose was
converted to G6P by addition of 0.8 mM adenosine triphosphate (ATP), 10 mM
phosphoenolpyruvate (PEP), 24 units of pyruvate kinase, 8 units of hexokinase,
and either 6 mM MgCl; (partial reaction) or 14 mM MgCl, (100% reaction,
a-glucosidase contained ethylenediaminetetraacetic acid (EDTA)) in a final
volume of 75 uL (Figure 2.1). Reactions were incubated for 18 h at room
temperature, and stopped by heating at 95 °C for 5 min. Control experiments
showed that hexokinase did not phosphorylate maltose. G6P was then separated
from maltose by Mono-Q anion exchange chromatography, as described above,

with Iml (1 min) fractions collected.

Each chromatographic fraction was weighed, and the Mono-Q mobile
phase was added, as necessary, to give 1.06 g, then 15 g of scintillation fluid
(Ecoscint A) was added. All the fractions were counted for 1 min, and those
without radioactivity were discarded, and the remaining samples were counted for
multiple cycles of 10 min each. The isotope ratios were then determined (see

below).

2.11. KIE measurement: Acid-catalyzed maltose hydrolysis

Radiolabelled maltose was prepared as for the enzymatic reactions. The
HPLC repurified mixture of *H- and *C-maltoses was redissolved in 15 pL of
ddH;0. A 10 pL aliquot was then added to 9 puL of 4.32 M HCI and the volume

was brought to 20 uL with ddH,O then was reacted at 80 °C for 20 min to reach

41



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

~50% hydrolysis. The reaction was stopped by adding 13 pL of 4 M KOH, and 5
pL of 250 mM MES buffer, pH 7.3, in a final volume of 38 uL.

The remaining 5 pL was used for the 0% reaction. It was added to 9 puL of
4.32 M HCI and the volume was brought to 20 pLL with ddH,O and quenched
immediately after acid addition with 13 pL of 4 M KOH, and 5 pL of 250mM
MES, pH 7.3, in a final volume of 38 pL.

Glucose and maltose were separated using the gradient APS
chromatography method. Fractions (1 min) were collected in scintillation vials.
Each fraction was weighed and the liquid weights of the fractions were adjusted to
be equal and then 15 g of scintillation fluid was added to each vial. The blank and
14C standard samples (see below) were made by doing a blank injection on the
APS column, and collecting the eluate at the times corresponding to glucose and
maltose elution, and using the eluate as solvent for the blank and standard

samples.

2.12. Isotope ratio measurement and KIE calculation

Isotope ratios were determined using dual channel LSC analysis. The
principle is that the lower energy window (Win1, 0 - 460 channels) contains
>99.99% of the ®H counts, plus some of the **C counts. The higher energy
window (Win2, 461 - 1000 channels) contains only **C counts. The Win1:Win2
ratio is measured for a standard containing *“C only. Using this ratio, it is
possible to convert the Win1:Win2 ratio to *H:'*C for each sample. Blank

samples which had the same solvent composition as the samples were used to
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determine background counts. After subtracting the background counts, *H and
¢ were calculated from Win1 and Win2 using equations 2.1 and 2.2 (all in units

of counts per minute (cpm)):

. . Win1 (2.1)
3H = Win1l — W1n2><( _ )
Win2/1a¢_
Win1l 2.2
14C = Win2 x 1+< - ) (22)
Win2/1sc

KIEs were calculated based on the substrate or product isotope ratios.

Equation 1.7 is for residual substrate:

a-p(+g)

In 1
(1 + R_l) .7)
KIE (substrate) = (1= 1+ Ry)
In [ (1+R) ]

where R;is the ratio light: heavy for the partial reaction, Ry is the same
ratio for the 0% reaction, and f is the fractional extent of reaction.* For a *H KIE
measurement, light:heavy is **C:*H because *C is a reporter on *H.

KIEs based on the product isotope ratio were calculated with equation 1.8:
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Ag
[1+ A,O]
In|1+
A, A
Al [1 + A’o]
1-f| |
f| 1+%/x | (L.8)
KIE(product) = 1 + | ] J
[1+%/,]
| of
Inj1-— fiTX/X,i
|

where Ap and A’y are the light and heavy isotopes, respectively, in the
100% reaction, X and X' are the light and heavy isotopes, respectively, in the

partial reaction, and the f is the fractional extent of the reaction.®®

2.13. Computational

The electronic structure optimization, frequency and force constant
calculations were done with Gaussian 09%* using hybrid density functional theory
(DFT), with Becke’s exchange functional, Perdew and Wang’s correlation
functional, and 6-31+G** as the basis set (RB3PW91/6-31+G**). The QST3
method was used to calculate the TS model, using as starting structures the
optimized reactant and product structures, and a guess TS structure based on a
potential energy scan of the reaction. Frequency calculations confirmed that the
TS model had only one imaginary frequency. Further, intrinsic reaction

coordinate (IRC) calculations were performed to confirm the correct reaction
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motion for the leaving group. The vibrational frequency and force constants plus
the masses of the atoms, and the temperature were used in the program called
QUIVER® to determine the reduced isotope fractionation factors for each isotope

(Q or Q* for reactant or TS, respectively) using equations 2.3 and 2.4.

EIE = Qinitial/ Qfinal (2.3)
KIE = Qinitial/Q*1s X (""v*/"2 %) (2.4)
The ratio of the imaginary frequencies ("o"v*/"#¥y*) is known as the

Teller-Redlich product.®® Moreover, Bell’s tunnelling corrections were also used
in calculations.

Al the calculations were done on a-methyl glucopyranoside with *C;
conformation. The KIEs and EIEs were only calculated for the first step, i.e.,

departure of the leaving group.

45



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

Chapter 3 - Results

3.1. General

The goal of this study was to elucidate the TS structure of enzyme- and
acid-catalyzed maltose hydrolysis, the enzyme being the C-terminal domain of
sucrase-isomaltase (Ct-Sl). The study required pure radiolabelled maltose as
substrate; the substrate synthesis yields were optimized, and a purification method
was developed. As for the KIE measurements, they were made using three
different methods, and the results were compared with each other. Different
attempts were made to achieve complete separation of glucose and maltose in the

partial reaction mixture.

3.2. Purification
Labelled glucoses and maltoses were initially purified by reverse phase
C18 TLC (RP TLC). Later, APS HPLC methods were developed, which

improved the separation.

3.2.1. Reverse Phase TLC Purification Method

Radiolabelled glucoses were not radioisotopically pure, and the
contaminants co-migrated with maltose on RP TLC. Therefore, glucoses are
purified prior to maltose synthesis (Figure 3.1). The glucose was still not
completely pure, and the purification yield was only 50%, so an APS HPLC

purification was developed.
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Pure Glucose

Figure 3.1. The TLC for purification of radiolabelled D-glucose
The purification of radiolabelled glucose by RP TLC with 12:1.5:1
(CH3CN:ddH,0:CH30H) as a running solvent.

3.2.2. Purification Methods Using y-aminopropylsilyl (APS) Chromatography
RP TLC purification of glucose did not adequately remove the
contamination, so an APS HPLC purification method was developed for both
glucose and maltose. Solute elution was monitored by following the eluted
radioactivity, or through the Aig0. Absorbance detection was insensitive and the
background absorbance was high (Figure 3.2), so radioactivity was more

commonly monitored.
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Figure 3.2. Elution of unlabelled D-glucose and maltose standards on HPLC with

detection at 190 nm.

Injection of standard D-glucose (6.2 min) and maltose (8.1 min) with isocratic elution in
75:25 MeCN:ddH,0. A;9 Was used for detection. 1.11 pmol of each analyte was

injected.

As method development progressed, the elution conditions for glucose

purification changed from isocratic elution with 75: 25 MeCN:ddH,O (Figure 3.3,

Figure 3.4) to isocratic elution with 75:8:17 MeCN:iPrOH:ddH,O (Figure 3.5), to

gradient elution (Figure 3.6). Isocratic elution with 75: 25 MeCN:ddH,0O gave

apparently acceptable purification of glucose from its contaminants, primarily

eluting between 7 and 12 min (Figure 3.3), but did not give complete separation

of glucose and maltose (Figure 3.4).
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Figure 3.3. Distribution of radioactivity for HPLC purification of [14C]—glucose.
Distribution of radioactivity for HPLC purification of [14C]glucose with isocratic 75:25
MeCN:ddH,0. The contaminant peak eluted between 7- 12 min.

2x10* |-

£ C
Q.
) C
g 10° |- I :H-Maltose
§ C [] 'C-Glucose
S C

3
&U 7x10 =

o E ILLLIHII\IL\LI\I

0.50 5.00 9.50 14.00
Time (min)

Figure 3.4. Distribution of radioactivity for HPLC purification of [14C]glucose and
[*H]maltose.
Distribution of radioactivity for HPLC purification of [**C]glucose and [*H]maltose with
isocratic 75:25 MeCN:ddH,O. Glucose eluted at 6.5 — 7.5 min, and maltose peak time
eluted at 7.5 - 10 min.

Isopropanol was added to improve the separation of D-glucose from
maltose (Figure 3.5). Changing to gradient elution improved the separation further

(Figure 3.6).
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Figure 3.5. Distribution of radioactivity for isocratic APS HPLC purification of
[**C]glucose and [3H]maltose using isopropanol in the solvent.
Distribution of radioactivity for APS HPLC purification of [**C]glucose and [*H]maltose
with isocratic 75:8:25 MeCN:iPrOH:ddH,0. Glucose eluted between 10 — 14.5 min,
and maltose peak eluted at 14.5 - 19 min.
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Figure 3.6. Distribution of radioactivity for gradient APS HPLC purification of
[*H]glucose and [“CA]maItose.
["H]glucose and [l C]lmaltose were purified with a gradient method starting from
75:8:25 MeCN:iPrOH:ddH,0, which changed to 98:2:0 over 9 min, then back to

75:8:17 over 1 min. Glucose eluted between 11.5 — 15.5 min, and maltose eluted
between 21.5 - 26 min.
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3.3. Maltose and Sucrose Synthesis

Maltose and sucrose syntheses had already been developed prior to my
arrival, though the yields were poor. The yields were increased from 20% to 90%
by changing the reactant concentrations, the enzymes used, the reaction times, and
the purification methods. Initially, G6P was purified by anion exchange
chromatography immediately after synthesis. In order to improve the synthetic
yield, G6P was used immediately after synthesis for maltose synthesis by adding
the maltose synthetic enzymes and reagents directly to the G6P synthetic mixture.
Anion exchange was then used to remove all phosphorylated compounds, right
before APS HPLC purification. For radiolabelled maltose, the synthesis was
optimized with respect to both the glycone and aglycone residues, while sucrose

was synthesized with only the glycone radiolabelled.

3.4. Conducting a KIE Measurement

Mixtures of [°H]- and [**C]-labelled maltoses for KIE measurements were
repurified by APS HPLC chromatography immediately before KIE measurement.
KIEs were measured by running the reaction to ~50% completion, which allows
the enzyme to discriminate between the light and heavy isotopes. The isotope
ratio is then measured and compared to the original value before reaction, that is,
in the 0% or 100% reaction. Different amounts of Ct-SI were tested to find the
best concentration and time to achieve the 50% reaction (Figure 3.7). In this

example, the enzyme reached 50% reaction after 5h.
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Figure 3.7. Radiolabelled maltose hydrolysis by Ct-SI.
50% hydrolysis was achieved after letting 200nCi [14C]maltose react with 5 nM Ct-SlI
for=5h at 37°C. The reaction progress was monitored by normal phase TLC
(Section 2.2) with a storage phosphor-autoradiography, and band quantification with

the ImageJ program.

Once the basic reaction conditions were found, the progress of routine KIE

reactions were monitored by APS HPLC.

3.5. KIE Purification Methods Using y-Aminopropylsilyl Column

The first KIE reaction was separated with isocratic APS HPLC using

75:8:17 MeCN:iPrOH:ddH,0 as the mobile phase (Figure 3.8 and Figure 3.9).
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Figure 3.8. Reference KIE reaction mixture (0% reaction) separated using isocratic

APS HPLC.
Isocratic APS HPLC chromatogram of the 0% reaction mixture, run in 75:8:17
MeCN:iPrOH:ddH,O. The reaction mixture consisted of a mixture of [1—3H]- and

[6-**C]maltose.
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Figure 3.9. Partial KIE reaction (50% reaction) separated using isocratic APS HPLC.
Isocratic APS HPLC chromatogram of the 50% reaction mixture, run in 75:8:17
MeCN:iPrOH:ddH,O. The initial reaction mixture consisted of a mixture of [1-3H]- and
[6-14C]maltose. Glucose eluted at 11 to 13.5 min, while maltose eluted at 13.5to 17.5

min.

The separation appeared sufficient for KIE determination; however, after

multiple KIE measurements, the variability in the observed KIE values was too
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large to be useful for TS analysis. The KIEs for Ct-Sl-catalyzed hydrolysis at
three different positions were measured, namely the 1-*H (a-secondary) KIE
(Table 3.1), the 6->H (remote) KIE (Table 3.2), and the 1-**C (primary) KIE
(Table 3.3). All three values were in the range expected for different
mechanisms,**’ though the 95% confidence intervals (95% CI) for each KIE
were too large to be useful in TS analysis.

Table 3.1. Experimental 1-*H KIEs for Ct-Sl-catalyzed maltose hydrolysis, with post-
reaction purification by isocratic APS HPLC chromatography.

Trial  cycles® KIE KIE (products)®
(substrates)”

1 41 1.177 1.166

2 16 1.141 1.152
3 22 1.177 1.152
4 11 1.144 1.149
5 17 1.135 1.201
Average 1.155 1.174
Stdev 0.020 0.025
95% CI 0.025 0.031

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

® Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

¢ purified samples were rotary evaporated to dryness, then resuspended in 15 g of
Ecoscint A scintillation fluid.
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Table 3.2. Experimental 6->H KIEs for Ct-Sl-catalyzed maltose hydrolysis, with post-
reaction purification by isocratic APS HPLC chromatography.

Trial  cycles® KIE KIE (product)*
(substrate)”

1 18 1.001 1.054
2 16 1.024 1.053
3 17 1.054 1.045
4 31 1.013 1.052
5 6 1.179 1.102
Average 1.054 1.061
Stdev 0.073 0.023
95% Cli 0.090 0.028

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

Table 3.3. 1-**C KIE for Ct-Sl-catalyzed maltose hydrolysis, with post-reaction
purification by isocratic APS HPLC chromatography.
The 1-**C KIEs were not corrected for the 6,6-°H, labelling.

Trial cycles® KIE KIE (product)®
(substrate)®
1¢ 5 1.034 0.932
24 1.030 0.999
Average 1.032 0.966
Stdev 0.003 0.048
95% CiI R -

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7)calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

4 purified samples were rotary evaporated to dryness, then resuspended in 15 g of
Ecoscint A scintillation fluid.

® There were too few independent experiments to calculate a 95% confidence
interval.

The gradient method was later developed to improve the separation of
glucose and maltose (Figure 3.10, Figure 3.11). However, in the partial reaction
an extra peak appeared that eluted later than maltose (Figure 3.11). Adding 0.3
mM unlabelled maltose prior to heat quenching reduced but did not eliminate the
peak (Figure 3.12).

55



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

4x10° |-
s - m
& C
) C [] “c
2x10° —
o L
13.00 23.00 33.00
Time (min)
Figure 3.10. 0% reaction mixture separated by gradient APS HPLC
chromatography.
Maltose eluted at 21 to 26 min.
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Figure 3.11. Partial KIE reaction mixture separated by gradient APS HPLC
chromatography.

Glucose eluted at 10 - 17 min; maltose eluted at 23 - 26 min. An extra peak
consistently appeared after maltose that was not present in other samples. Its source
is unknown.
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Figure 3.12. Partial KIE reaction with added unlabelled maltose, then separated
using APS HPLC chromatography.
Unlabelled maltose (0.3 mM) was added to the partial reaction mixture before heat
quenching.

The Ct-Sl-catalyzed 1-*H KIE was measured again using the gradient APS
HPLC method for the post-reaction purification (Table 3.4). The average value
was higher than the isocratic method, but still within the range of values observed

previously.”**" The 95% confidence interval was similar to the isocratic method.
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Table 3.4. Ct-Sl-catalyzed 1-*H KIEs for maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography.

Trial  cycles® KIE KIE (product)*
(substrate)”

1 5 1.164 1.211
2 7 1.156 1.290
3 12 1.155 1.230
4 9 1.168 1.223
5 17 1.155 1.230
6 7 1.257 1.241
7 9 1.306 1.223
8 4 1.121 1.262
9 6 1.143 1.188
10 5 1.158 1.261
Average 1.179 1.237
Stdev 0.057 0.028
95% CI 0.041 0.020

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

KIEs were also measured for the remote, 6,6->H,, label by the same
method (Table 3.5). The measured KIE for this position with the gradient
purification, 1.16 £ 0.08, was higher than with isocratic purification, 1.05 £ 0.09.

Moreover, this KIE is higher than expected for a remote position.
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Table 3.5. 6,6-°H, KIEs for Ct-Sl-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography.

Trial cycles® KIE KIE (product)*
(substrate)”

1 1.270 1.027
2 7 1.220 1.071
3 11 1.132 1.127
4 8 1.203 1.252
5 27 1.003 1.053
6 9 1.158 1.168
7 6 1.096 1.097
Average 1.155 1.113
Stdev 0.088 0.077
95% Cl 0.082 0.071

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

® Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

The 2-*C KIE was also measured, but the data were not considered
reliable because of the high variability (Table 3.6). Also, few experiments were

done for this position and the existing ones had low number of cycles.

Table 3.6. 2-**C KIEs for Ct-Sl-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography.

Trial cycles® KIE KIE (products)®
(substrates)”
1 6 1.063 1.056
7 1.017 1.011
Average 1.040 1.034
Stdev 0.033 0.032
95% CI - -

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

4 There were too few independent experiments to calculate a 95% confidence interval.
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3.5.1. KIE Purification of Acid Catalyzed Hydrolysis Using y-Aminopropylsilyl
Column

Given the poor reproducibility of the Ct-Sl-catalyzed KIEs, and evidence
that the "extra" peak in the gradient elution (Figure 3.11) was due to the enzyme,
KIEs for acid-catalyzed maltose hydrolysis were measured using the gradient
method. Figure 3.13 and Figure 3.14 show separation of the reference and the

partial acid-catalyzed KIE reactions using the gradient method.
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Time (min)

Figure 3.13. Separation of reference (0% reaction) acid-catalyzed reaction using
gradient APS HPLC.
The 0% reaction shows similar elution time to the 0% enzyme catalyzed reactions.
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Figure 3.14. Separation of partial acid-catalyzed KIE reaction using gradient APS
HPLC.
The partial reaction for the acid-catalyzed reaction showed a similar retention time for
the maltose, but slightly earlier elution time for the glucose peak compared with the
enzymatic reaction.

The KIEs were measured using isotope ratios in both the substrate and the
product (Table 3.7). The observed 1-*H KIE fell into the range of values observed
previously; however, the large confidence intervals make the data unusable for TS
analysis.

Table 3.7 1-*H KIE for acid-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography

Trial KIE KIE (product)®
cycles? (substrate)”

1 11 1.213 1.233

2 3 1.235 1.241

3 9 1.198 1.240
4 23 1.163 1.180
Average 1.202 1.223
Stdev 0.030 0.029
95% Cl 0.049 0.046

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eqg. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.
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The 6,6-*H, KIE was also measured for the acid-catalyzed reaction
(Table 3.8). Again, the large confidence interval made the data uninterpretable.

Table 3.8 6-*H KIE for acid-catalyzed maltose hydrolysis, with post-reaction
purification by gradient APS HPLC chromatography

Trial  cycles® KIE KIE (product)*
(substrate)®

1 5 0.980 0.968
2 18 1.014 0.959
3 14 0.964 1.040
4 18 1.026 0.965
5 19 1.013 1.096
6 28 1.023 0.953
Average 1.003 0.997
Stdev 0.025 0.058
95% Cl 0.026 0.061

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

3.6. KIE Purification Method Using an Anion Exchange Column

Use of an anion exchanger column was one of the first methods were used
to separate the KIE reactions. In this method, the glucose product was
phosphorylated to glucose-6-phosphate (G6P), then separated from residual
maltose by anion exchange on a Mono-Q column.

In test reactions, [1-**C]G6P was synthesized from [1-**C]glucose and
applied to the Mono-Q column (Figure 3.15). A smear of radioactivity eluted at
low salt concentration. The early fractions peak corresponded to 5% of the total
radioactivity. The 5% early eluting peak is too high to be corrected as

contamination for KIE.
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Figure 3.15. [1-**C]G6P was synthesized from [1-"*C]glucose and separated on a
Mono-Q column.
a) Chromatogram of a Mono-Q purification of 11500 cpm of [1-"*C]G6P. Around 600
cpm (5% of the total) eluted with low salt. b) Rescaled to show early eluting
radioactivity.

Different test reactions were done to investigate the source of the early
peak, and eliminate it. A test purification of 12 000 cpm [y->*P]G6P on the
Mono-Q column was performed to check whether the early eluting peak was G6P,
or if some other species was eluting early (Figure 3.16). No radioactivity eluted

with the low salt buffer in this test.
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Figure 3.16. Mono-Q chromatogram of [y-33P]GGP.
[y-**P]G6P was synthesized from [y->*P]JATP. No early elution of G6P was detected.

The possibility that G6P was being hydrolyzed back to glucose by
hexokinase was tested. Incubating G6P and hexokinase together for 24 h
produced no detectable phosphate. However incubation of a mixture of G6P, HK,
MgCl,, and ATP did produce phosphate due to ATP hydrolysis (Figure 3.17).

This result demonstrated that hexokinase was not hydrolyzing the G6P back to

glucose.
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Figure 3.17. Phosphate production in reaction mixtures containing G6P and
hexokinase (HK).
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Phosphate concentrations were determined using the Malachite Green/ammonium
molybdate colorimetric assay for inorganic phosphate.®

One possibility that was considered was that the reaction was not going to
completion because of either product inhibition by ADP, or because the reaction
was not sufficiently exergonic to go to completion on its own. To address these

possibilities, a regeneration system for ATP was added (Figure 3.18).

Xt Ny

~

Pyruvate Kinase

Phosphoenolpyruvate Pyruvate
Figure 3.18. ATP generation system using pyruvate kinase (PK).

Another strategy was used to try to ensure that glucose phosphorylation
went to completion, by oxidizing G6P to 6-phosphogluconate (Figure 3.19). No

improvement was detected with this test reaction.

[
HO—Fl’—O glucose-6-phosphate HO_'?_O Spontaneous HO‘}?‘O
dehydrogenase OH
OH o ydrog HO o OH OH
HO _ HO [e)
HO HO O —» HO

OH'OH N OH OH O

NADP™* NADPH + H*
glucose-6-phosphate 6-phosphoglucono-s-lactone 6-phosphogluconate

Figure 3.19. Coupled reaction used to drive the hexokinase reaction to completion
by oxidizing G6P to 6-phosphogluconate, using glucose 6-phosphate
dehydrogenase (G6PDH).

Since it was not possible to drive the phosphorylation of glucose to
completion, and since G6P was shown by the experiment with [y-**P]G6P not to

elute early, it was posited that whatever was eluting early was a non-glucose
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contaminant. A KIE measurement was tried using Mono-Q separation of G6P
from residual maltose. Samples of the 0%, partial, and 100% reaction mixtures
were subjected to Mono-Q chromatography (Figure 3.20, Figure 3.21,

Figure 3.22). The reaction mixture itself was re-purified by APS HPLC

chromatography immediately before use.
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Figure 3.20. Separation of the 0% enzymatic KIE reaction mixture by Mono-Q
chromatography.
The first 8 mL were collected with low salt (10 m M NH,OAC, pH 8.5) and the second
8 mL were high salt eluate (400 mM NaCl, 6 mM NH4OAC, pH 8.5).
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Figure 3.21. Separation of the partial enzymatic KIE reaction mixture by Mono-Q
chromatography.
The elution method is the same as the 0% reaction separation. One of the advantages
of this method is that the substrate and product elutes in fewer fractions compared to
APS column separation methods.
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Figure 3.22. Separation of the 100% enzymatic KIE reaction mixture by Mono-Q
chromatography.
The 100% reaction mixture was hydrolyzed to completion with 3 units of
a-glucosidase, then phosphorylated in the same reaction as the Ct-Sl reaction
mixtures. Around 100 cpm eluted with the early peak, 1% of the total radioactivity.

KIEs were measured for maltose hydrolysis at the 1-*H position, initially

without prior re-purification of maltose (Table 3.9), then with re-purification
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(Table 3.10), and at the 2-'*C position (Table 3.11). All KIE measurement
showed too high variability to be useful.

Table 3.9. 1-°H KIE for Ct-Sl-catalyzed maltose hydrolysis, without repurification
prior to the KIE reaction, and with post-reaction purification by Mono-Q HPLC
chromatography.

Trial cycles® KIE KIE (product)*
(substrate)®

1 22 1.367 1.222
2 32 1.466 1.201
3 16 2.359 1.282
4 11 1.032 1.172
5 11 1.526 1.254
6 14 1.454 1.249
Average 1.534 1.230
Stdev 0.441 0.040
95% Cl 0.463 0.042

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eqg. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

Table 3.10. 1-*H KIE for Ct-Sl-catalyzed maltose hydrolysis, with repurification prior
to the KIE reaction, and post-reaction purification by Mono-Q HPLC
chromatography

Trial  cycles® KIE KIE (product)*
(substrate)”

1 37 1.129 1.151
2 18 1.138 1.070
3 25 1.045 1.131
4 14 1.073 1.117
5 28 1.110 1.112
6 15 1.099 1.111
Average 1.099 1.115
Stdev 0.035 0.027
95% Cl 0.037 0.028

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.
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Table 3.11. 2-**C KIE for Ct-Sl-catalyzed maltose hydrolysis, with repurification
prior to the KIE reaction, and post-reaction purification by Mono-Q HPLC
chromatography

Trial cycles® KIE KIE (product)®
(substrate)”
1 26 1.106 0.984

% Each sample was counted for 10 min each per cycle, for the number of cycles
indicated.

b Eq. (1.7), calculated using the isotope ratios in the maltose substrate.

° Eq. (1.8), calculated using the isotope ratios in the glucose product.

Later experiments demonstrated the nonspecific glucose binding to the
Mono-Q column in the presence of G6P (Figure 3.23); most of the radioactivity
was eluted with the high salt concentration. Addition of the maltose to the mobile
phase helped to improve the separation and minimized the effect of nonspecific
binding (Figure 3.24). AMP and PEP were also tested, and they showed similar
effects to G6P.
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Figure 3.23. Nonspecific glucose binding to the Mono-Q column in the presence of
G6P.
The chromatogram shows the elution of synthesized cold G6P with radiolabelled
glucose.
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Figure 3.24. Nonspecific glucose binding to the Mono-Q column in the presence of
G6P was alleviated by addition of 10 mM maltose to the mobile phase.
The chromatogram shows the elution of radiolabelled glucose on the Mono-Q column
in the presence of 1.7 mM G6P and 10 mM maltose.

3.7. Radioactivity Counting

KIEs are calculated from experimental isotope ratios (i.e., *H:**C). *H and
14C are distinguished experimentally by their B-particles’ kinetic energy. The
energy spectra for *H and **C standards were obtained by scanning each isotope
over the energy range of 0 - 1000 channels (0-2000 keV) individually
(Figure 3.25). *H counts appear in channels 0 - 460, while **C counts were
between channels O - 650. Radioactive counts were collected in two "windows",
with Win1 (channels 0 - 460) containing all the ®H counts, and Win2 (channels
460 - 1000) containing only **C counts. A **C standard with an identical solvent
composition to the KIE samples was used to determine the Winl/Win2 ratio, thus

allowing the *H:*C ratio to be measured.
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Figure 3.25. Energy distribution for *H and '“C B-particles.
Energy spectra of ®H and *C standards, with glass vials and Ecoscint A as scintillation

fluid.

Each mobile phase from each different separation method was tested for
compatibility with the liquid scintillation; all the mobile phases produce clear
solutions (Figure 3.26). The ratios are different between each method’s mobile

phases; however the ratios are close enough for the buffers to be used in the same

experiment.
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Figure 3.26. *H:*C ratios for different mobile phases with Ecoscint A scintillation
fluid.

All samples contained 200 uL of *H and **C in water, plus 17 g Ecoscint A. The
Organic sample also contained 0.4 g of 75:8:17 MeCN:iPrOH:ddH,O. The Low salt
sample contained 4 g of 10 mM NH,OAc, pH 8.5, or while the High salt sample
contained 4 g of 6 mM NH4OAc, pH 8.5, 400 mM NacCl.

Another experiment was designed to test the linearity of observed versus
expected *H:*C isotope ratios in standard samples (Figure 3.27). A roughly 1:1
mixture of *H and **C was made and aliquoted, then a known, small, amounts of

14C were added to the aliquots.
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Figure 3.27. Linearity of “*C:*H isotope ratio with standard samples.
Samples were aliquoted from a mixture with a known ratio and set, small, amounts of
“C were added, then counted. This experiment was done with 3 g 75:8:17
MeCN:iPrOH:ddH,O and 15 g Ecoscint A scintillation fluid.

The effect of the mobile phase composition in gradient APS
chromatography on the apparent *H:**C isotope ratio was tested. Fractions were
collected at the glucose and maltose elution times in a blank run, and a *H:*C

mixture was added to each fraction (Figure 3.28).
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Figure 3.28. Changes in the *H:*C ratio with varying mobile phase composition in
gradient APS HPLC chromatography.

Similarly, the H numbers (a measure of quenching) were measured for

fractions during gradient APS HPLC chromatography (Figure 3.29) and isocratic

73



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

APS HPLC chromatography (Figure 3.30). In the former case, there was a

noticeable but small change in H numbers throughout the chromatogram, but not
in the latter case.
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Figure 3.29. H numbers for gradient APS HPLC chromatography.
Fractions were collected for injection of a partially (=50%) hydrolyzed mixture of °H

and **C (=20000CPM of both isotopes), and H numbers were measured for each
fraction. Blank and *C standard were each made from a blank run.
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Figure 3.30. H numbers for isocratic APS HPLC chromatography.
Fractions were collected for a blank isocratic run with 75:8:17 MeCN:iPrOH:ddH,O as

the mobile phase; ®H and **C added, and H numbers were measured for each
fraction.
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3.8. Computational Chemistry

KIEs were calculated for one potential transition state for maltose
hydrolysis, namely methanol departure in the first step of a Dy*An (Snl1)
mechanism, as well as the EIEs for forming the intermediates, the glucose
oxacarbenium ion and methanol. Structures were optimized using Gaussian 09,2
then the vibrational frequencies and force constants were calculated. These were
then entered into the program QUIVER,! which calculated the isotope partition
function ratio (Q or Q%) for each isotopic label. The Q values were then used to
calculate KIEs and EIEs.

The starting points for TS optimization were the optimized structures of
the reactant, a-methyl glucopyranoside, the products, glucose oxacarbenium ion,

and methanol (Figure 3.31).

OH OH
6 5 6 4
HO- A0, — Ho-NB-0 , * HO-CH;
HO— A\ 4 HO> X"
0-CH; OH

Figure 3.31. a-Methyl glucopyranoside.
The reactant, a-methyl glucopyranoside and the products of the first step, the
oxacarbenium ion of glucopyranoside, and methanol, are shown.

Departure of the leaving group (Dn*) was the first TS tested. The potential
energy surface was obtained by gradually increasing the distance of the C;-Oy
bond. The calculation was done in vacuum (Figure 3.32) and with SCRF

(continuum) solvation (Figure 3.33).
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—— relax scan *C1 - vacuum

Normalized Potential Energy
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Figure 3.32. The ionization energy for relaxed scan done in vacuum for ‘Cy
conformation of a-methyl glucopyranoside

The potential energy scan for a-methyl glucopyranoside protonated on the bridging
oxygen. The energy was normalized with the energy of the optimum structure.

)
T
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d(C1-04) (A)
Figure 3.33. The ionization energy for relaxed scan done in SCRF for “Cy
conformation of a-methyl glucopyranoside.
The potential energy scan for a-methyl glucopyranoside protonated on the bridging
oxygen. The energies were normalized with the energy of the optimum structure.

A potential transition state for C1-O4' bond breakage was found using
SCREF solvation. The candidate structure was used as the initial TS guess in a
QST3 transition state optimization done in vacuo in Gaussian 09. QST3 method
requires the reactant and product structures, plus an initial guess at the TS

structure. The initial guess structure was the structure with the highest potential
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energy from the potential energy scan, with the C1-O4' bondlength, dci-o04, fixed
at 3.69 A. The optimized TS structure had dci.0s = 3.97 A and a reaction

coordinate frequency of 34.63i cm™ (Figure 3.34).
/l 5
v O+
3

583

Figure 3.34. The °s, conformation observed for the calculated TS structure for
leaving group departure (DN*).
In the °S; conformation, the C5 atom is located above the plane of the ring, and C3 is
below. The coplanar atoms are shown by the asterisks. Only the pyranose ring is
shown for simplicity.

The TS structure had a °S; conformation, starting from a reactant ‘Cy
conformation (Figure 3.35). This was very similar to the previously reported E3
conformation for the oxacarbenium ion of glucopyranose.*® In the present TS
structure, the C5 atom was slightly higher above the plane of the ring, causing it
to be °S; rather than Es. The TS conformation was similar to the oxacarbenium
ion, which was also °Ss. To date, TSs of glycoside hydrolysis have been highly
oxacarbenium ion-like, and the calculated TS here also had high oxacarbenium

ion character.
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4C1

Figure 3.35. The “C, conformation used as starting conformation for the reactant.
In the “C; conformation, the C4 atom is located above the plane of the ring, and C1 is
below. The coplanar atoms are shown by the asterisks. Only the pyranose ring is
shown for simplicity.

Given the extremely low reaction coordinate frequency, it was necessary
to use intrinsic reaction coordinate calculations (IRC) to ensure that the reaction
coordinate in the TS structure really corresponded to C1-O4' bond breakage. The
IRC calculation follows the reaction path toward reactants and products through
the steepest downhill path. IRC uses initial force constants of the optimized
possible TS to begin the calculations.?® The IRC calculations showed that the

reaction coordinate did correspond to C1-O4' bond breakage.

Reactant Transition State Oxacarbenium Ion Methanol

Figure 3.36. Optimized structures from electronic structure optimization for
departure of the methanol leaving group methanol (Dy%).
Methanol departure corresponds to the Dy step of a Dy*Ay (Sy1) reaction mechanism.
The reactant for the overall reaction was a-methyl glucopyranoside, as it would be in
solution. In the TS optimization calculations, the starting structure was a-methyl
glucopyranoside protonated on the glycosidic oxygen atom. The C1-O bondlength, in
Angstroms, is shown for the TS structure.

78



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

The Pauling bond orders were calculated for the reactant, TS and the
products (Table 3.12). There was a big decrease in nci-04- Which changed from
0.997 in the reactant to 0.002 in the TS. There were increases in nci-c, from 0.98
to 1.21and nc;-0s, from 1.03 to 1.67. These bond orders reflected the
rehybridization of C1 toward sp? as the oxacarbenium ion character increases. The
increase in Nci-c2, decrease in Nez-o2 and Neo-pe Were consistent with
hyperconjugation stabilizing the cationic centre. There were also big decreases in
Nc2-c3 and Nes.os, which may have been caused by increased n-bonding at C1-C2
and C1-0O5.

Table 3.12. Pauling bond orders for different positions in reactant, TS and
products.

Pauling bond Reactant TS Oxacarbenium Methanol
order (n%)
C1-04' 0.997 0.0002 - -
C1-05 1.029 1.670 1.673 -
Ci-c2 0.982 1.209 1.169 -
C2-02 0.974 1.061 1.050 -
C2-H2 0.983 0.944 0.958 -
C2-C3 1.003 0.894 0.897 -
C3-03 0.969 1.026 1.051 -
C3-C4 1.021 0.991 0.986 -
C4-04 0.974 1.010 1.019 -
C4-C5 0.990 0.951 0.952 -
C5-05 0.927 0.740 0.743 -
C5-C6 1.036 1.041 1.038 -
C6-06 0.974 0.987 0.986 -
C6-H6a 0.967 0.976 0.976 -

[a1-d;]
! Total Pauling bond ordern = e & ’ , dy is reference bond length, dj; is experimentally
measured bond length. b=0.3 is a constant. d,(C-C) =1.526, d,(C-H) =1.09, d,(C-O) = 1.41.
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C6-He6b 0.974
04'-C4' 0.966

0.970
0.935

McMaster — Chemistry

0.970 --
-- 0.978

The KIEs and EIEs for C1-O4' bond breakage were calculated

(Table 3.13). The EIEs and KIEs at each position were very similar to each other,

since the structure of the TS was very similar to the product (oxacarbenium). The

1-'C KIE might be expected to be larger (or less inverse) than the EIE because of

the reaction coordinate contribution; however, the reaction coordinate frequency

was so low, 34i cm™, that it had little effect on the KIE.

Table 3.13. Calculated KIEs and EIEs for departure of methanol from a-methyl

glucopyranose.

Position of the Isotope Calculated KIE Calculated EIE
1-*c 0.979 0.977
2-1c 1.014 1.015
3-1c 1.014 1.010
4-*c 1.007 1.006
5-YC 1.013 1.012
6-C 1.005 1.003
5-%0 0.999 0.994
4-Mc 1.006 -
4'-%0 1.032 -
1-°H 1.406 1.397
2-°H 1.189 1.156
3-°H 0.866 0.939
4-*H 0.972 0.977
5-°H 0.951 0.943
6-H 1.029 1.027

6,6-H, 1.012 1.001
4'*H 1.045 -
4-0-*H 0.961 -
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Chapter 4 - Discussion

4.1. Maltose and Sucrose Synthesis

The maltose synthesis method was initially developed by Jason Thomas, a
postdoctoral fellow, and Adam Mepham, a summer student. Contaminants in
commercial radiolabelled D-glucoses co-migrated with maltose, so D-glucoses
were purified prior to maltose synthesis. Glucose and maltose purifications were
initially performed by TLC, but contaminants were still present in the synthesized
maltose (Figure 3.1), so an additional purification step was developed by Adam.
In this method, D-glucose was phosphorylated to G6P, which was then purified by
anion exchange chromatography. However, the maltose synthesis step was
inhibited by high residual salt from the anion exchange step. Moreover, maltose
purification by TLC gave poor recovery. Therefore, an y-aminopropylsilyl (APS)
HPLC purification was developed.

Effective separation of carbohydrates is challenging because they are
uncharged, highly polar, and poor chromophores. These challenges introduced
some limitations in separation and detection methods. For instance, even though
elution of glucose and maltose standards could be monitored by absorbance at 190
nm, they were such poor chromophores, and the amounts of radiolabelled
compounds were so low, that separations could only be monitored by counting the

radioactivity fractions.

81



M.Sc. Thesis — Rasa Bakhtiari McMaster — Chemistry

With HPLC purification, the purity and recovery of glucose improved
(Figure 3.3, Figure 3.4).

The maltose and sucrose syntheses which were developed prior to my
arrival had yields around 20%, which is improved to 90% for maltose. The first
approach was to optimize each enzyme concentration, then reactant
concentrations, and finally the optimum reaction time was found. The same
optimization procedure was applied to the sucrose synthesis for radiolabels in the
glycone ring. Optimization of the aglycone ring for the sucrose still needs to be

performed.

4.2. Purity in KIE Reaction

Radioactive contamination can change the observed isotope ratios; a
radioactive impurity as small as 0.2% can cause errors as large as 1% in the
observed KIE.®* An error this large would make the observed KIEs
uninterpretable. For this reason, the method for purifying the residual substrate in
the KIE reaction mixture from the product should be tested for the level of purity
and reproducibility.®® After testing different methods for purification and KIE
measurement, the necessity of repurifying the substrates before KIE measurement
became clear. Once this was realized, labelled maltoses were repurified by

gradient APS HPLC chromatography before all KIE measurements.
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4.3. Purification Methods by APS HPLC Chromatography

An HPLC purification method was developed for maltose purification and
KIE measurement using APS HPLC chromatography. APS is a hydrophilic
interaction liquid chromatography (HILIC) column.®” Using APS chromatography
improved the purity of glucose and increased its recovery from =~50% to 80%.

The first method used isocratic elution with 75:25 MeCN:ddH,O as the
mobile phase. In this method, complete baseline resolution between glucose and
maltose was not achieved (Figure 3.3 and Figure 3.4). This method was an
enormous improvement for synthesis, but not good enough for KIE
measurements. Addition of different organic solvents, including ethanol,
methanol, and isopropanol were tested in an attempt to improve resolution.®” The
best result was achieved with 75:8:17 MeCN:iPrOH:ddH,0O. The new method was
capable of baseline separation of glucose and maltose at low concentrations and
small injection volumes. This method was used for maltose purification since we
could afford compromising quantity for purity by collecting only the middle of
the peaks. Other changes to improve peak resolution, including decreasing the
flow rate from 1 mL/min to 0.5 mL/min and decreasing fraction sizes from 2 min
to 0.5 min, varying the injection volume and the injection concentration (smaller
was better for both); all slightly helped the separation. However, this still did not
achieve complete baseline resolution, and the end of the glucose peak overlapped
the beginning of the maltose peak; causing at least one fraction to have mixture of

maltose and glucose. However, the fraction containing both glucose and maltose
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consisted of =200 of the total radioactivity, so KIE measurements were attempted
(Table 3.1, Table 3.2, Table 3.3). KIEs were calculated based on the isotope ratios
in both the substrate and product. The measured 1-*H KIEs were in the range of
values observed previously for the a-secondary position*’ for glycoside hydrolysis
(Table 3.1), so none of the values were obviously incorrect. The situation was the
same for the remote, 6->H KIE (Table 3.2).

In order to improve compound separation, a gradient APS HPLC
chromatographic method was developed. In HILIC chromatography,
carbohydrate separation depends on at least three processes: adsorption, surface
tension and partitioning.®® Carbohydrate retention can be caused by the
competition between water and carbohydrate molecules for hydrogen bonding
with the amino groups of the stationary phase. Increasing the water percentage in
the solvent decreases retention of highly polar (larger oligosaccharides) analytes.
The gradient method was designed to first elute the less polar glucose by using
less water in the initial elution solvent, then suddenly increasing the water
percentage to elute the molecule with more polar groups, i.e., maltose. This
gradient method was able to increase the difference in the retention times of the
two analytes. Different gradient conditions were tested and the best one was
chosen. The gradient method that was chosen starts with 75:8:17
MeCN:iPrOH:ddHO0 as initial condition, and gradually changes to 98:2:0
MeCN:iPrOH:ddH,0 in 9 min, and then suddenly goes back to the initial

conditions, and stays there till the run is over. The separation between glucose and
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maltose improved, but they were still not baseline resolved. The next approach
was to change the temperature. Published methods use both high and low
temperatures.®® A water bath was used to test temperatures from 6 °C to 45 °C.
The effect of decreased temperature could be an increase in the viscosity of the
mobile phase and decrease in the analyte diffusivity, which diminishes kinetic and
transport characteristics;**®* however, the best separation was achieved at 6 °C
(Figure 3.10 and Figure 3.11).

KIEs were measured at several positions with this method. The observed
1-*H KIEs had different averages depending on whether the isotope ratios were
measured in the residual substrate, or the product, though both fell into the range
of previously observed values (Table 3.4). For the remote 6,6->H, position, the
KIE of 10-15% was higher than observed previously (Table 3.5). Also, the large
confidence interval meant that the values were not useful for TS analysis. The
2-1C KIE was 3-4%, with high variability (Table 3.6).

In later KIE measurements using the gradient APS HPLC method, a small
extra peak eluting after maltose appeared during maltose purification and
separation of the KIE partial reaction mixtures (Figure 3.11). This extra peak was
absent in acid-catalyzed reaction mixtures (Figure 3.14), indicating that it was
unique to reactions which contained proteins (i.e., Ct-Sl-catalyzed maltose
hydrolysis, or maltose synthesis). To further investigate the effect of enzymes on
the presence of the extra peak, different test reactions which varied with regard to

the proteins present (Ct-Sl, maltose epimerase (ME), bovine serum albumin
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(BSA)), incubation time and heat quenching were tested, but no correlation was
found. The use of Tween-20 (a nonionic polyoxyethylene surfactant, which used
for enzyme stability during the reaction) was stopped to eliminate its possible
adverse effect on separation. The existence of a possible side reaction that could
produce larger molecular weight molecules via transglycosylation was tested. A
Ct-SI hydrolysis reaction mixture containing a 10-fold higher cold maltose
concentration was tested, but no second peak was observed. Thus, the production
of maltotriose or higher oligomers was considered unlikely.

Another possibility was that the gradient method was capable of
separating the a- and p-anomers of maltose. To test this, maltose was reacted with
ME, which interconverts, and therefore equilibrates - and a-maltose. The extra
peak still appeared after treating the maltose with ME. Also, a-glucosidase, which
hydrolyzes a-maltose to D-glucose was used. With a-glucosidase, half of the
maltose was hydrolyzed to D-glucose, but no extra peak was obtained, which was
an indication of the extra peak being specific to the Ct-Sl-catalyzed KIE partial
reaction.

Heat quenching to denature and precipitate the proteins in the partial
reaction mixture before injection on the APS HPLC column was another
difference between the Ct-SI- and acid-catalyzed reactions. The hypothesis was
that radiolabelled maltose and/or glucose could be adsorbing or otherwise reacting
with the proteins, and that trace amounts of denatured protein was being injected

onto the APS column. To test this possibility, a large excess of cold maltose was
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added to the KIE reaction mixtures immediately before heat quenching in order to
out-compete radiolabelled maltose. This eliminated the second peak in some cases

(Figure 3.12), but this was not completely reproducible.

4.3.1. KIE Measurement for Acid-Catalyzed Hydrolysis Using the
y-Aminopropylsilyl Column

The reaction mixtures for the acid-catalyzed KIE measurements were
separated using the gradient APS HPLC method. (Figure 3.13, and Figure 3.14).
There is no extra peak after the maltose peak. The 1-*H and 6,6-*H, KIEs were
measured for acid-catalyzed hydrolysis (Table 3.7 and Table 3.8). The observed
KIEs were within ranges observed previously, but the variability was too large to

be usable for TS analysis.

4.4. Purification Method Using an Anion Exchange Column

One common method in carbohydrate separation is use of derivatives,
such as phosphate groups, or hydrophobic substituents, to improve their
separation. An enzymatic reaction with hexokinase was used to phosphorylate the
glucose product of the KIE reaction. In this method, the glucose was
phosphorylated to G6P while maltose did not react. The mixture then was
separated by anion exchange chromatography. In theory, the maltose should
elutein low salt conditions, and G6P at high salt. However, in practice,
chromatography of *H- or **C-radiolabelled G6P always resulted in an early

eluting peak in anion exchange chromatography (Figure 3.15). There were three
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possible sources for the early eluting peak. First, a portion of the G6P could be
eluting early due to a chromatographic problem. Second, there could be an
uncharged contaminant in the radiolabelled glucose that was not phosphorylated
by G6P. Third, the hexokinase reaction was not proceeding to completion.

Different anion exchangers were used to check whether the
chromatography was the source for the early peak. Q-Sepharose, Dowex 1X2,
Dowex 1X8, and Mono-Q columns were tested, but the problem persisted with all
of them. Variable bed volumes were used to eliminate the probability of
overloading the column, but the problem remained. In another test, [y->*P]G6P
was synthesized from [y-**P]JATP and cold glucose, and was run on the Mono-Q
column. In this experiment, **P should only exist in forms of G6P or ATP, so any
early eluting radioactivity would be a sign of chromatographic problems. No
radioactivity was detected in the low salt eluting fractions, which demonstrated
that the column was able to quantitatively retain G6P under low salt conditions
(Figure 3.16).

The next possibility tested was a radioactive contaminant in D-glucose that
could not be phosphorylated. Different glucoses were tested, namely [6,6->H,]-
and [1-**C]glucose, and both gave an early eluting peak. Similarly, radiolabelled
glucose was purified, then used to synthesize maltose, which was purified, then
hydrolyzed back to glucose with a-glucosidase. This twice-purified glucose was
then phosphorylated with hexokinase and subjected to anion exchange

chromatography. The early eluting peak persisted.
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As a final attempt to rule out contaminants, [2-**C]- and [6,6->H,]G6P was
synthesized from glucose that had been previously phosphorylated and purified,
so that every molecule of glucose was, in principle, capable of being
phosphorylated. Thus, G6P was synthesized from the glucose liberated from
maltose hydrolysis, purified by anion exchange chromatography on DEAE
Sephadex, then hydrolyzed back to glucose using alkaline phosphatase. The
resulting glucose was purified again on DEAE Sephadex, eluted in a low
concentration of a volatile buffer, 10 mM ammonium formate, pH 9, and
lyophilized to dryness. This multiply purified glucose was then phosphorylated
with hexokinase and subjected to anion exchange chromatography on a Mono-Q
column. Again, radioactivity was observed to elute in the low salt fraction.

The phosphorylation reaction catalyzed by hexokinase was then examined.
Different concentrations of hexokinase were used, but no change was detected.
Changes in the concentrations of the other reactants, i.e., ATP, glucose, MgCly,
also did not affect the reaction. The reaction time was optimized, and the best
result was achieved with 18 h, which gave as little as 0.8% of the early eluting
peak. Nevertheless, this is still too much contamination for KIE measurements.
Normally, Saccharomyces cerevisiae (yeast) hexokinase was used, but human
hexokinase, and glucokinase were also tested. Yields with different species of the
enzyme were not better than the yeast hexokinase. Sodium tungstate was used at
up to 50 mM to help eliminate any phosphatase contaminant which might be

hydrolyzing G6P. No improvement was obtained in the results.
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Hexokinase was also checked for its ability to hydrolyze G6P back to
glucose and inorganic phosphate. This was checked using the Malachite
Green/ammonium molybdate colorimetric assay for inorganic phosphate.®> This
assay showed that hexokinase slowly hydrolyzes ATP to ADP in the absence of
glucose, but it did not hydrolyze G6P (Figure 3.17). In case hexokinase was being
inhibited by its ADP product, the reaction was also run using catalytic amounts of
ATP, with stoichiometric amounts of phosphoenolpyruvate (a source of high
energy phosphate) and pyruvate kinase to regenerate ATP via the reaction: ADP +
PEP — ATP + pyruvate (Figure 3.18). This did not eliminate the early-eluting
peak. In case glucose phosphorylation was not going to completion due to product
inhibition, G6P dehydrogenase was used to oxidize G6P to 6-phosphogluconate to
further drive the reaction to completion (Figure 3.19). This also did not remove
the early eluting peak. Although the origin of the low salt elution radioactivity
remained undetermined, KIE experiments were separated using this method.

Comparison of the KIEs obtained from APS and Mono-Q columns
indicates smaller confidence intervals for separation with the Mono-Q. This was
one of the reasons that we reconsider this method after development of APS
separation methods and measurement of multiple KIEs with them. However this
time, all the mixtures of radiolabelled maltoses were purified prior to the
hydrolysis reaction using APS column with gradient method.

In experiments undertaken after those described above, it was found that

the Mono-Q column was incapable of eluting the glucose completely in the
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presence of glucose 6-phosphate (Figure 3.23), though addition of cold maltose in
the mobile phase improved the situation (Figure 3.24). No effect was detected on
maltose elution in the presence of phosphate. None of the KIEs that were
measured previously with Mono-Q contained cold maltose in their mobile phase.
However, this should not create any problem for KIE measurements, and it could
even inadvertently help. In both the partial and 100% reaction mixtures, only the
product in any form, glucose or G6P, should elute at the high salt concentrations.
KIEs that were measured with using anion exchange chromatography
before routine repurification of the substrates were not usable for TS analysis
(Table 3.9). Table 3.10 and Table 3.11 are the KIEs that were measured with pre-
purified mixtures. The KIE for [1-*H]maltose was in the acceptable range;
however, the variability was too high. Not enough replicates of the [2-'*C]maltose

KIE were done to make a judgment about its reliability.

4.5. Radioactivity Counting

The energy scan was performed to divide the windows such that 99.99%
of the *H B-particles were detected in Win1. The window sizes were tested with
each mobile phase since the composition of the mobile phase could change the
emission energies (Figure 3.25). Window ranges of 0 - 460 (Win1) and 460 -
1000 (Win2) were suitable for all the methods. One of the challenges we faced
was to have a mobile phase which is compatible with the scintillation cocktail

(low H# and homogenous, translucent solution).®*
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4.6. Computational Chemistry

The TS structures for acid-catalyzed glycoside hydrolyses are
oxacarbenium ion-like, as are the enzymatic TSs characterized to date.***
Therefore, the structures for leaving group departure and oxacarbenium ion
formation were optimized first. The EIEs for product (oxacarbenium ion and
methanol) formation were also determined. When the experimental KIEs become
available, they will be compared with the calculated KIEs, and their similarity
will determine whether the calculated TS structure matches the experimental TS.
If the KIEs do not match, other possible catalytic mechanisms will be modelled,;
including approach of the nucleophile to the oxacarbenium ion, and the concerted,
AnDyn mechanism.

a-Methyl glucopyranoside was used as a model to decrease the
computational cost relative to maltose. The first attempt to find the highest
potential energy point for a-methyl glucoside's C1-O4' bond cleavage by
performing a relaxed scan (i.e., constraining dci-o04 at increasing values and
optimizing the rest of the structure) failed because of hydrogen bonding between
the methanol's hydroxyl proton and the C2 hydroxyl group. Instead, a constrained
scan, where methanol's proton was prevented from approaching the C2 hydroxyl
group, was performed (Figure 3.32). This scan demonstrated that there was no
barrier to C1-O4' bond formation, and therefore no TS would be found. A self-
consistent reaction field (SCRF), that is, a continuum solvation model, calculation

was performed, which solved the problem, finding a local maximum in energy at
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a C1-04' bond length of =3.6 A (Figure 3.33). This local maxima was used as a
guess structure to find the TS using a QST3 calculation. The TS structure
obtained had a °S3 conformation with the C1-O4’ bond length of 3.97 A. The
frequency calculations for TS showed only one imaginary frequency. Intrinsic
reaction coordinate calculations were used to confirm any displacement around
this imaginary frequency led to the reactant and the products.

Force constants obtained from frequency calculations were used to
calculate isotope effects (Table 3.13). The calculated KIEs for the computational
TS structure showed an inverse 1-**C KIE, which is consistent with the
expectation for a stepwise TS.*"*® The calculated 4'-*%0 (leaving group) KIE was
large and normal, as expected given the loss of the bond to C1. The calculated
2-3H KIE was large and normal, indicating that there was hyperconjugation

between C2 and C1.
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Chapter 5 - Concluding Remarks
5.1. Conclusions

Radiolabelled glucose was purified successfully using the gradient APS
HPLC chromatography. The purified radiolabelled glucoses were used to
synthesize the radiolabelled maltoses. The radiolabelled maltose synthesis was
also optimized. The development of the gradient method of APS chromatography
improved the separation of the maltose and glucose. The method was sufficient
for purification of synthesized radiolabelled maltose.

For enzymatic KIE reactions, the reactions were successfully done while
the reaction progress was monitored by HPLC on APS column with gradient
elution method. Acid-catalyzed KIE reactions were also done with success.

The purification of the KIE mixtures for enzymatic reactions was done
using three different methods: isocratic and gradient elution with an APS HPLC
column, and stepwise elution with an anion exchange column (Mono-Q).

KIEs were measured at several positions with each method. Most of the
measured KIEs were in the range of values previously observed for glycoside
hydrolysis reactions; however, in every case the variability in measured KIEs was
too large to be use to determine the TS structures. It was not possible to
determine the source of this variability, but it will be necessary to do so.

KIEs and EIEs were calculated for all the positions for the departure of the
leaving group, methanol, from a-methyl glucoside. The “C; conformation was

used for the reactant’s conformation and the TS structure had a °S; conformation.
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These KIEs and EIEs could be used and compared to the experimental ones when

the KIEs are measured.

5.2. Future work

All the methods that were developed for KIE measurements lack
reproducibility. This means revision is required in order to be able to use these
methods. For instance, in APS column the gradient method, the source of the
extra peak that appears next to the maltose peak should be defined and eliminated.
Also, in separation with the Mono-Q column, the source of the early eluting peak
in the 100% reaction should be determined and refined.

New methods can be tested for the separation of the KIE reaction. One
method is high-pH anion exchange chromatography. Since carbohydrates are
weak acids, with high pH their hydroxyl groups are deprotonated, allowing these
compounds to be separated. In this method, the retention time increases with
decrease of the pK,. The number of the hydroxyl group and the degree of
polymerization are some of the factors that are influencing the separation.®**

The other method that can be tried is to use glucose oxidase (GOx) or
glucose dehydrogenase (GDH) enzymes to convert glucose in the mixture to
gluconic acid and separate it by an anion exchange chromatography (Figure 5.1).
This method of separation has some limitations. In this method, we would not be
able to measure the a-secondary hydron KIE, since the anomeric position would

lose its hydrogen. Also, most of the GOx enzymes have a-glucosidase

contamination inside them or even have activity toward disaccharides, which
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would make them oxidize maltose as well. However, some studies suggested that
the use of Tris buffer mixture will inhibit the activity of these enzymes toward
disaccharides.**® GDH is also active toward maltose, but its Ky, value is 45-fold
higher than glucose’s. Also, the substrate specificities changes based on the

species that the enzyme is from, which has been suggested for both enzymes. %’

Glucose oxidase /

OH Glucose dehydrogenase OH S OH
pontaneous
_— >
MO orron MO on MO ko
Oxidized reduced
D-glucose Proper D-glucono-8-lactone gluconate ion

Cofactor
(redox agent)

H202 O,

Figure 5.1. General mechanism of reaction with glucose oxidase and glucose
dehydrogenase enzymes.

The other method is use of different derivatives. One of the common
reactions used is reductive amination to make carbohydrate derivatives. And then
it can be purified by a regular C18 column. Another benefit of these derivatives is
that some of them are UV active.”

After finding a separation method which is promising and gives precise
enough KIEs, the method should be used to measure a series of 1-*H KIEs, since
this is normally a large number, and it would be a good evidence for the validity
of the experimental method. Once the method is finalized, experimental KIE will
be measured for different positions in maltose and sucrose substrates, and for all

four subunits (Nt, Ct-SI and Nt, Ct-MGAM).
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Last is the comparison of the calculated KIEs with the experimental KIEs.
In the case that the already calculated KIEs do not match, different possible

mechanisms should be evaluated.
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McMaster — Chemistry

Coordinates for optimized structures. All structures were optimized at the

RB3PW91/6-31+G** level of theory.
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HOﬁ
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OH
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HO-CH;
+

Compound 3 ¥

O’CH3
HO-CHj3
+
Compound 1 Compound 2
OH
HO O HO_CH3
HO "
OH
Compound 4 Compound 5
Compound 1
# rb3pw9l/6-31+g**
Reactant
01
C 0.88147 -1.02182 -0.77698
C 1.25598 0.45996 -0.87106
¢) -0.32131 -1.37014 -0.38508
0 1.88194 -1.66668 0.12057
H 1.20133 -1.63720 -1.61830
C 0.54994 1.29640 0.18986
C -1.18441 -0.51293 0.44060
C 1.64754 -1.69658 1.50305
0 2.66654 0.58630 -0.70765
H 0.93829 0.81075 -1.86091
C -0.94091 0.97356 0.18626
C -2.60381 -0.94314 0.12893
¢) 0.67544 2.66907 -0.08989
H 0.96116 1.05948 1.18418
H -0.96444 -0.73766 1.49050
H 0.69226 -2.17787 1.75667
H 2.45099 -2.30053 1.93529
H 1.68685 -0.70372 1.97957
H 3.11113 0.77284 -1.54435
0 -1.60397 1.63514 1.23424
0 -2.86997 -0.60378 -1.21415
H -1.36379 1.24530 -0.79145
H -3.26100 -0.41552 0.83269
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H -2.69385 -2.02418 0.30368
H 1.52641 2.99991 0.22170
H -1.56300 2.58681 1.07064
H -3.78661 -0.81020 -1.42821
Compound 2
Protonated alpha-methyl glucopyranoside
11
C 0.95356 -0.88251 -0.91965
C 1.24175 0.61398 -0.77078
O -0.23136 -1.35536 -0.61311
0 2.13220 -1.56930 0.07277
H 1.31897 -1.33766 -1.84061
C 0.47527 1.23056 0.39370
C -1.15301 -0.68974 0.31909
C 1.78981 -2.28085 1.29327
O 2.64042 0.79147 -0.55972
H 0.91595 1.09916 -1.69933
C -0.99395 0.82952 0.30773
C -2.54094 -1.14371 -0.08647
O 0.52352 2.63507 0.33680
H 0.88772 0.86214 1.34663
H -0.93286 -1.06566 1.32477
H 0.95937 -2.93884 1.04360
H 2.66428 -2.87204 1.56628
H 1.52052 -1.58264 2.08784
H 3.08333 1.13304 -1.34692
0 -1.70712 1.27819 1.43275
O -2.81041 -0.61083 -1.36446
H -1.42027 1.22897 -0.62354
H -3.23628 -0.77211 0.67771
H -2.56961 -2.24210 -0.08645
H 1.34985 2.95931 0.71460
H -1.72001 2.24454 1.42229
H -3.71076 -0.83159 -1.62773
H 2.79452 -0.84416 0.17838
Compound 3
Transition State Structure
11
C 0.50234 -1.15390 -1.22920
C 0.22902 -1.50542 0.17086
O 0.94306 -0.03196 -1.58259
O -3.23535 0.01160 -0.60167
H 0.25985 -1.83449 -2.04989
C -0.38808 -0.22698 0.81650
C 1.35522 1.01788 -0.59306
C -4.04226 1.16432 -0.85823
O -0.59101 -2.63051 0.18679
H 1.21268 -1.67924 0.64871
C 0.68672 0.85973 0.78653
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C 2.86805 0.96282 -0.57694
0 -0.72033 -0.49495 2.15226
H -1.27428 0.07151 0.24218
H 0.99858 1.93612 -1.06342
H -3.43133 2.03732 -0.62168
H -4.34172 1.21819 -1.91085
H -4.93564 1.17881 -0.22403
H -0.59636 -3.000616 1.07634
0 0.16388 2.13266 1.08106
0 3.21961 -0.30698 -0.06397
H 1.45602 0.57063 1.51676
H 3.20931 1.78786 0.06421
H 3.26178 1.11919 -1.58920
H -1.68063 -0.53434 2.24039
H -0.06575 2.16589 2.01919
H 4.17882 -0.40352 -0.03147
H -3.75621 -0.77728 -0.79088
Compound 4

Oxacarbenium Ion

11

C -0.27664 -1.51582 -0.80057
C -1.18122 -0.87569 0.17926
0 0.78614 -0.98945 -1.21260
H -0.55426 -2.44697 -1.30316
C -1.14814 0.65195 -0.12722
C 1.35088 0.254068 -0.59554
0 -2.45987 -1.41513 0.03311
H -0.74358 -1.01838 1.18143
C 0.28516 1.15428 0.05927
C 2.42694 -0.24213 0.34801
0 -1.94847 1.35667 0.77210
H -1.46726 0.81454 -1.16648
H 1.78388 0.77102 -1.45414
H -2.80263 -1.73025 0.87794
0 0.47588 2.42065 -0.51735
0 1.767061 -1.00044 1.34331
H 0.46731 1.17661 1.14327
H 2.92774 0.64701 0.75602
H 3.16467 -0.84032 -0.20118
H -2.86703 1.35822 0.47396
H -0.02573 3.07633 -0.01384
H 2.40460 -1.34973 1.97828
Compound 5

Methanol

01

H -1.14856 -0.75242 -0.00007
0 -0.74627 0.12219 0.00002
C 0.66324 -0.02060 0.00001
H 1.08132 0.98843 -0.00103

109



M.Sc. Thesis — Rasa Bakhtiari

McMaster — Chemistry

jus)

1.02890
1.02905

-0.54578
-0.54416

-0.89355
0.89446
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