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Abstract
Human pancreatic -amylase (HPA) is the enzyme responsible for hydrolyzing starch within the
gut into shorter oligosaccharides. Selective inhibition targeted at only HPA could be used to
modulate blood glucose levels for the treatment of diabetes and obesity.
Montbretin A (MbA) is a potent (Ki = 8.1 nM) and specific inhibitor of HPA. Controlled
degradation studies on MbA, coupled with inhibition analysis, identified an essential highaffinity core structure comprising the myricetin and caffeic acid moieties linked via a
disaccharide, mini-MbA. X-ray structural analyses of the complex of MbA-HPA confirmed the
importance of this core structure and revealed a novel mode of glycosidase inhibition wherein
internal -stacking interactions between the myricetin and caffeic acid organize their ring
hydroxyls for optimal hydrogen bonding to the catalytic residues of HPA. The simplified
analogue mini-MbA therefore offers potential for new strategies for glycosidase inhibition and
therapeutic development.
As part of a search for selective, mechanism-based covalent inhibitors of HPA, chemoenzymatic syntheses of oligoglycosyl epi-cyclophellitols are described. - Glucosyl epicyclophellitol, synthesized from epi-cyclophellitol by coupling of a glucosyl moiety using
maltose phosphorylase, inactivated HPA stoichiometrically. X-ray crystallographic analysis of
the covalent derivative so formed confirmed its reaction at the active site with the catalytic
nucleophile Asp197. Another trisaccharide analogue 4’-O-methyl--maltosyl epi-cyclophellitol
was synthesized enzymatically or by in situ elongation by HPA. Both of the inhibitors showed
time-dependent inactivation of HPA, with the trisaccharide version being a better inactivator.
ii

This new class of mechanism-based inhibitors will be useful as activity-based probes for
amylases.
Several potential starch binding sites have been identified on the surface of HPA by
crystallography, but their role, if any, in starch degradation is unknown. Through analysis of the
binding of HPA mutants, modified individually at each site, to soluble and granule starch, two of
these surface binding sites (SBSs) were shown to play a role in starch granule binding. A quite
separate site was shown to be important for binding to, and cleavage of, soluble starch. Binding
at SBSs was distinguished from binding to the active site by blocking the active site with the
glycosyl epi-cyclophellitol mechanism-based inactivators.
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Chapter 1 General Introduction

1

1.1 Glycoside hydrolases
Glycoside hydrolases (GH, also known as glycosidases or glycosyl hydrolases) are a group of
enzymes that catalyze the hydrolysis of glycosidic linkages in oligosaccharides, polysaccharides
and glyco-conjugates, the most structurally diverse class of biopolymers. Glycosidases are
found in essentially all domains of life, from archaebacteria to humans, and are largely
responsible for the degradation of biomass (e.g. cellulose and hemicellulose), anti-bacterial
defense strategies (e.g. lysozyme), and in normal cellular functions (e.g. trimming
mannosidases involved in N-linked glycoprotein biosynthesis). As some measure of their
importance to biology, around 1-3% of the average genome is dedicated to carbohydrate active
enzymes, many of which are glycosidases. 1 Together with glycosyltransferases, glycosidases
form the major catalytic machinery for the synthesis and breakage of glycosidic bonds.
Since the structure of lysozyme was first solved in 1965,2 glycosidases have been major subjects
of structural biology studies in order to understand the molecular details of substrate
recognition and of catalysis. A large number of three-dimensional structures of glycosidases
have been solved by X-ray diffraction and NMR methods. This accomplishment has been
possible mostly for several reasons. One is that many glycosidases have high stability and are
easy to isolate from natural sources and higher organisms. A second is that glycosidases are
used in a number of industrial applications for processing, such as fermentation, pulp and
paper etc. 3 Moreover, glycosidases are involved in many biological process including cell-cell,
or cell-virus recognition, immune response, and viral and parasitic infections. 4 Therefore, their
function or dysfunction has been implicated in a number of different diseases, such as diabetes,
influenza, tumor metastasis and Gaucher disease etc, leading to an interest in drug discovery
2

offering exciting new therapeutic opportunities. 5,6,7,8,9 As such, they have become interesting
targets of industrial and pharmaceutical companies.
1.2 Classifications
With an increasing number of three-dimensional protein structures being solved by X-ray
diffraction and NMR studies, there has come a realization that, categorization solely by their
enzyme commission (EC) numbers, conceived by the International Union of Biochemistry and
Molecular Biology Enzyme Commission, is an unsatisfactory way to classify and predict
glycosidase structural/functional relationships. This is primarily because the system relies on
their substrate specificities and/or their molecular mechanism. 10,11 The major drawback stems
from the fact that the EC number cannot correlate the structural features and evolutionary
relationships of enzymes. Furthermore, the EC classification cannot be applied to enzymes with
unidentified function.
To overcome these limitations, an alternative classification system, the Carbohydrate Active
Enzyme database (CAZy; http://www.cazy.org), was introduced by Bernard Henrrissat in 1991.
12

CAZy is based on sequence similarity of carbohydrate-active enzymes, and represents the

most thorough attempt to classify enzymes that work upon carbohydrate-based substrates.
CAZy annotation consists of assigning module/domain families and subfamilies for six major
CAZyme categories: glycoside hydrolases (GHs) and polysaccharide lyases (PLs) that cleave
glycans, glycosyltransferases (GTs) that synthesize glycans, carbohydrate esterases (CEs), and
auxiliary activities (AAs) that work as redox enzymes to act in conjunction with carbohydrateactive enzymes, as well as non-catalytic carbohydrate binding modules (CBMs).

3

Each of the enzyme classes is further divided into families that are designated by Arabic
numerals (e.g. GH13). These are expanded into subfamilies on the basis of members of one
family sharing more sequence/structural and functional characteristics that applicable for the
entire family (e.g. GH13_24). In other words, subfamily members should share a more recent
evolutionary ancestor. The classification of glycosidases based upon sequence similarity can
greatly simplify studies of this class of enzymes since enzymes within the same family are
thought to share structural and mechanistic similarities. As the number of solved crystal
structures of glycosidases has grown, it has been found that some families having little
sequence similarity are nonetheless structurally related. Another level of hierarchical
classification in the CAZy database, “clans” numbered from A to N (e.g. GH-H), was thus
introduced to group together families sharing catalytic machinery and adopting the same
structural fold of the catalytic domain, but with significant difference in overall sequence.
Grouping the complex array of carbohydrate active enzymes by amino acid sequence does not
always account for differences in substrate specificity. Family GH13, for instance, includes αamylases, pullulanases, and trehalose synthases, as well as enzymes with many other functions.
The converse is also true, with different enzymes having the same function being classified into
different families.
Today, CAZy encompasses more than 130 GH families and underpins the majority of functional,
structural and mechanistic considerations of these proteins. 11,13 CAZy provides a direct
relationship between sequence and folding similarities that allows reliable prediction of
catalytic mechanism (retaining/inverting), active site residues and possible substrate

4

specificities. 11, 14,15,16 This allows generalizations to be made based on structural and
mechanistic studies on representative members of a family.
1.3 Catalytic mechanisms of glycosidases
The conceptual basis used by glycosidases to achieve glycosidic bond cleavage in a
stereospecific manner was first proposed by Koshland.17 It was based on the stereochemical
outcome of the reactions, and on known chemical mechanisms of similar non-enzymatic
reactions. The anomeric configuration of the observed product is either inverted or retained
relative to that of the substrate glycoside. In Koshland’s proposal, inverting glycosidases
catalyze the attack of water in a single nucleophilic displacement mechanism. On the other
hand, a retention reaction requires a two-step mechanism involving a stabilised intermediate to
afford overall retention of the anomeric configuration (Figure 1-1). Both Koshland mechanisms
proceed via transition states with substantial oxocarbenium ion character and involve two
conserved active site residues, typically glutamic or aspartic acid, to facilitate catalysis. The vast
majority of known glycosidases adopt one of these two classical mechanistic schemes.
In the inversion mechanism, the reaction is completed in a single step, with the two adjacent
carboxylic residues spaced 6-11 Å apart,18 functioning as a general acid and base catalyst,
respectively. They position on opposite sides of the substrate glycoside, to accommodate both
the substrate and a water molecule. During the reaction, one of the carboxylate residues
protonates the scissile glycosidic oxygen atom to facilitate the departure of the aglycone
leaving group, while the general base catalyst coordinates the nucleophile (i.e. water) to assist
the attack at the anomeric centre. Overall, the inverting mechanism is completed in a single

5

Figure 1-1 Glycosidase mechanisms. (a) Inversion mechanism, and (b) retention mechanism.

displacement mechanism via an oxocarbenium ion-like transition state. Moreover, it does not
involve formation of any covalent enzyme intermediate during the course of catalysis and
induces the inversion of anomeric configuration of the starting material.
The retention mechanism also involves a pair of essential carboxylic acid residues, which are
normally closer at ~ 5.5 Å apart. 18 The mechanism is known as a double displacement reaction
involving two steps: a glycosylation step and a deglycosylation step. Firstly, the enzyme is
glycosylated by the concerted action of the two carboxylic acid residues in the enzyme’s active
site. One of the residues functions as a nucleophile, attacking at the substrate’s anomeric
center, while the aglycone leaves with the assistance of another carboxylic acid, acting as a
general acid catalyst. A covalent glycosyl-enzyme intermediate that has an opposite anomeric
configuration to that of the starting material is formed. In the second step, the deglycosylation
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step, the carboxylic acid that first worked as a general acid catalyst, now in its deprotonated
form, acts as the general base catalyst and activates an incoming water molecule, which further
attacks the anomeric center of the glycosyl-enzyme intermediate to generate the hydrolyzed
product with a net retention of anomeric stereochemistry. Both of these steps involve
oxocarbenium ion-like transition states, which are greatly stabilized by finely tuned active site
noncovalent interactions.
As a result of a number of structural and mechanistic characterizations of glycosidases, entirely
different mechanisms involving elimination and/or hydration steps have been revealed for
some glycosidases within the last decade. These mechanisms may proceed either through
cationic or anionic transition states. Several reviews have covered these types of atypical
mechanism.3,19,20,21 Since they are not the focus of this thesis, they will not be covered in detail.
1.4 -Amylase family
Among the many enzymes that are widely used industrially, the -amylase clan (GH13, 70 and
77 also known as clan GH-H), is an important class of nearly 30 different hydrolytic enzymes
that cleave the -linked glycosidic bonds in starch, amylose, amylopectin, glycogen and various
maltodextrins to yield oligosaccharides, with retention of -anomeric configuration in the
products. 12,22 The most complex is the GH13 family, which consists of hydrolases, transferases
and isomerases with over 22 known specificities. 22 -Amylases share a number of common
characteristics such as a ()8 barrel structure, the hydrolysis or formation of glycosidic bonds
with the -configuration, and a number of conserved amino acid residues in the active site. 23,24
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Most of the -amylases are metalloenzymes, which require calcium ions (Ca2+) for their activity,
structural integrity and stability. 25, 26
-Amylases are produced by a diverse variety of organisms, including bacteria, fungi, plants and
animals. In many mammals, they have been found to exist in the saliva, having been
synthesized in the parotid gland where they begin the chemical process of digestion, and in the
gut where starch is mainly digested by pancreatic -amylase. In bacteria and fungi, -amylases
are secreted into their environment where they encounter starch that is hydrolyzed to
maltodextrins and transported into the cells to be further processed. Plants also produce amylases to degrade starch, their main energy storage form. 27 Because starch is the ultimate
energy unit obtained via photosynthesis, starch digestion becomes a very important process in
the utilization of solar energy, hence the wide distribution of -amylases in nature.
-Amylases have diverse applications in industry, such as in the preparation of fermented foods,
the production of paper and textiles, and the bioconversion process of starchy biomass to
biofuels. 25,28,29 They are in increasing demand due to their important role in starch hydrolysis
and the applications of this hydrolytic action. As an industrial enzyme of high demand, amylases hold the maximum market share of enzyme sales, and represent approximately 30%
of the world’s enzyme production. 30 The ubiquitous nature, ease of production and broad
spectrum of applications make α-amylase an industrially important enzyme.
Further, since modulation of -amylases activity affects the utilization of carbohydrate as an
energy source in humans, and cause several diseases, such as diabetes, obesity and
hyperglycemia, control of the activity of the enzymes provides a valuable therapeutic approach.
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31,32,33,34

Therefore, the spectrum of -amylases application has expanded into many other

fields, such as clinical, and medicinal chemistry.
1.5 Human pancreatic α-amylase
Human -amylases (α-1,4 D-glucan glucanohydrolase, EC 3.2.1.1) are endoenzymes that
catalyze the hydrolysis of α-1,4-glycosidic linkages in starch and are present in both salivary and
pancreatic secretions. In humans, the digestion of starch involves several stages. Initially, partial
digestion of starch by the human salivary -amylase (HSA) results in degradation into shorter
oligosaccharides. Since HSA is largely inactivated by the acid and the proteases in the stomach,
these products and the remaining starch are extensively hydrolyzed by human pancreatic αamylase (HPA) in the small intestine and excreted into the lumen. The resultant
oligosaccharides, including maltose, maltotriose and a number of α-1,6 and α-1,4 oligoglucans,
will be further hydrolyzed into glucose by other brush border enzymes, such as disaccharidases,
maltase-glucoamylase (MGAM) and sucrase-isomaltase (SI) and finally enter the bloodstream.
Hence, these enzymes play an important role in the production of glucose in the human lumen
and are effective drug targets for the treatment of obesity and type II diabetes mellitus, which
alone affects an estimated 180 million people worldwide. 35
Both HSA and HPA are composed of 496 amino acids in a single polypeptide chain with essential
chloride and calcium binding ions. 36,37,38 The two isozymes are encoded as part of a multigene
family on chromosome 1 and regulated so that the different isozymes are expressed solely in
either the salivary glands or the pancreas. 39,40 They are highly homologous in terms of primary
sequence with only 15 amino acid differences, corresponding to 97% similarity. 41 The high
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Domain B

Domain A

Domain C

Figure 1-2 Three dimensional structure of human pancreatic α-amylase. Also indicated are the relative positions of
the three structural domains in the protein (Domain A residues 1-99 and 169-404; Domain B residues 100-168;
Domain C residues 405-496) along with locations of the calcium and chloride binding sites. The  strands are
shown in cyan. The HPA coordinates used were from PDB 1HNY.

homology in their sequences is reflected by a correspondingly high level of structural similarity,
with both being composed of three domains.37,38 The crystal structure of HPA is shown in
Figure 1-2. Domain A (residues 1-99 and 169-404) is a (/)8 barrel containing the active site as
well as the conserved chloride binding site. Three carboxylic acids (Asp197, Glu233, and
Asp300), which are conserved in other amylase enzymes, are located at the bottom of the Vshaped active-site cleft. The chloride ion and calcium ion are located in close proximity to the Vshaped depression. While Ca2+ ions have been known for a long time to render amylase
resistant to proteolytic attack, 26 the bound chloride acts as an allosteric effector, and removal
of this ion results in a 30-fold decrease in activity. 36,42,43 Domain B is a large loop (residues 100168) which occurs between the third -strand and the -helix of the barrel domain, and it
forms a structurally crucial calcium binding site, which is believed to be responsible for
stabilizing the active-site loop. Domain C (residues 405-496) is only loosely associated with an
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anti-parallel -barrel type structure of unknown functions. Subsite mapping studies have clearly
demonstrated the presence of at least five high affinity glucose-binding subsites within the
active site, with three on the nonreducing side of the scissile bond and two sites on the
reducing end side. 44,45
HPA catalyzes the hydrolysis of the α-1,4 glycosidic linkage in starch with net retention of
anomeric configuration and is believed to proceed via a classical double displacement
mechanism (Figure 1-3). 45 The first step involves a nucleophilic attack at the substrate’s
anomeric center by the catalytic nucleophile Asp197 while the aglycone leaves with the
assistance of the general acid catalyst Glu233. In the second step, the resultant glycosyl-enzyme
intermediate is further hydrolyzed by an incoming water molecule with the aid of general base
catalyst Glu233. Both of these steps proceed in the oxocarbenium ion-like transition states that
are stabilized through noncovalent interactions.

Figure 1-3 Catalytic mechanism of human pancreatic α-amylase.
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The sequence of HPA reveals a high degree of homology with 83% identity with porcine
pancreatic α-amylase (PPA), 37, 46 with only 70 amino acids different to each other. Belonging to
the same GH13 family as HPA, PPA shares a similar structure and mechanism with HPA, and
catalyzes the hydrolysis of internal α-1,4-glycosidic bonds in starch. It is a single chain
polypeptide with its amino-terminal end is blocked as a pyrrolidone carboxylic acid. 47 The
crystal structure of PPA is very closely related to that of HPA, but with the difference being that
PPA crystallizes in a lattice with a much more “open” active site. 48
1.6 Starch
As the natural substrate of amylase, starch is the most common carbohydrate in the human
diet and is produced by all green plants as an energy store. Depending on different botanical
origins of plants, starch is synthesized in plastids and amyloplasts as semi-crystalline granules
varying in shape (spherical, oval or polygonal), in size (1 µm-100 µm in diameter), in association
of individual or granule clusters and in composition (α-glucan, lipid, moisture, protein and
mineral content).30, 49,50,51 Regardless of the botanical origins, starch is a polysaccharide
primarily composed of two types of polymers, the linear and helical amylose and the branched
amylopectin, with generally 20 to 25% amylose and 75 to 80% amylopectin by weight. 52
Amylose is a relatively long, linear α-glucan containing around 99% -1,4- and 1% -1,6linkages, with a molecular weight of approximately 1 x 105 –1 x 106 Da. 53,54 Because of the low
degree of branching, dissolved amylose has a tendency to form insoluble semi-crystalline
aggregates. 51 The polysaccharide chain of amylose may be folded into three different
structures denoted A, B, and V. 50,51,55,56 Both the structures of A- and B-type amyloses are
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double helices and they differ only in packing arrangement and water content. B-type amylose
is packed in a hexagonal mode with the central channel surrounded by numerous water
molecules (36 H2O/unit cell), while A-type is packed closer with only eight water molecules per
unit cell. 57,58 The symmetry of the double helices also differs in A and B structures, since the
repeat unit is a maltotriosyl unit in the A form and a maltosyl unit in the B form. 58 Generally,
the A-type occurs preferentially in cereals and the B-form in tuber starch (e.g. potato). The
polysaccharide chain of V-amylose is a generic term for amyloses obtained as a left-handed
single helix with six to eight residues per turn, 59 59 59 59 59 59 59 59 59 and forms a central channellike cavity which can co-crystallize with another hydrophobic guest molecule such as iodine,
a fatty acid, or an aromatic compound. 50,51 Within this group of V-amylose, there are many
different variations. Each is notated with V and then a subscript indicating the number of
glucose units per turn. The most common is the V6 form, which has six glucose units a turn with
7.91- to 8.17-Å pitch height.60, 61
Amylopectin, on the other hand, is a much larger and highly branched polymer, with molecular
weight of 1 x 107 –1 x 109 Da. 44,54 The linear successive glucose units are linked by α-1,4glycosidic linkage with 5-6% of -1,6 bonds at the branch points, which have a profound effect
on the physical and biological properties. The basic organization of the chains is described in
terms of the A-, B- and C- chains as defined by Peat et al. 62 The outer A-chains are analogous to
amylose, and are glycosidically linked at their potential reducing group through C6 of a glucose
residue to an inner B-chain. The single C-chain per molecule likewise carries other chains as
branches but contains the sole reducing terminal residue (Figure 1-4d). The current model of
amylopectin structures indicates that five to eight A-chains cluster on the B-chain and that such
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clusters occur every 25-35 residues eventually constituting the subdomains in the structure of
amylopectin. 62
The native starch granule has a growth-ring structure composed of alternately arranged semicrystalline and amorphous shells (Figure 1-4). 50,51 The semi-crystalline shells are mainly
composed of clusters of branched-chain amylopectin while the amorphous shells are of long
linear-chain amylose and low-molecular-mass amylopectin. 63 Both amylose chains and exterior
chains of amylopectin can form double helices which may in turn associate to form crystalline
domains. Several reviews on the structures of starch granules can be found. 50,51,52,55,58
Due to the complex structure of native starch granules, one would intuitively expect it
represents a formidable challenge for enzymatic degradation in solution. Starch becomes
soluble in water when heated. The granules swell and burst, the semi-crystalline structure is
lost and the smaller amylose molecules start leaching out of the granule, forming a network
that holds water, thereby resulting in more amorphous material and increasing the mixture's
viscosity. 64 This gelatinization process during cooking makes the starch more digestible by
mammalian -amylases. 65 Processing that disrupts the granule integrity and reduces the
degree of crystallinity, increases the susceptibility to amylases. As such, enzymatic processing
generally requires the presence of either specialized carbohydrate binding modules (CBMs) that
are independently functional folding domains or in the form of surface binding sites (SBSs) on
the surface of enzyme outside the active site. 66,67
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Figure 1-4 Schematic representation of the different structural levels of the starch granule and the involvement of
50
amylose and amylopectin (adapted from reference ). (A) starch granule; (B) slice of a starch granule showing the
growth rings consisting of alternating semi-crystalline and amorphous regions; (C) detail of the semi-crystalline
region; (D) highly branched organization of the amylopectin molecule, and A-, B- and C-chains are shown; (E)
structure of amylose.

Moreover, rapid digested and absorbed dietary starch results in a sharp increase in the
postprandial blood glucose levels, and disorders of carbohydrate uptake may cause severe
health problems, including type II diabetes, obesity as well as periodontal diseases, all of which
threaten an increasing worldwide population.31,32 Such adverse consequences have led to the
extensive study of enzyme/substrate or enzyme/inhibitor interactions in the starch digestion
process, as discussed below.
1.7 Discovery of HPA inhibitors
1.7.1 Acarbose

One common therapeutic strategy for the treatment of disorder of carbohydrate uptake is to
retard the absorption of glucose through the inhibition of carbohydrate-hydrolyzing enzymes,
such as the -glucosidases (MGAM and SI) and -amylases. The inhibition can delay
carbohydrate digestion and prolong overall carbohydrate digestion time, causing a reduction in
the rate of glucose absorption and consequently blunting the postprandial plasma glucose
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Figure 1-5 Structures for acarbose, miglitol and voglibose

Figure 1-6 Schematic drawing of the structure of acarbose and its expected mode of binding to HPA active site
45
68
(adapted from Brayer et al. and Li et al. ). The binding subsites in the active site cleft of HPA have been
identified according to the convention indicated in the bottom portion of this diagram. Also shown is the expected
binding mode for a normal starch substrate, where hydrolysis would occur between subsites -1 and +1.
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rise.69 Most therapeutics currently in use were developed as inhibitors of these -glucosidases
since this provided the added benefit of preventing the hydrolysis of common dietary sugars
like sucrose into glucose while also blocking the hydrolysis of starch-derived oligosaccharides. 70
Indeed, inhibitors currently in clinical use, such as acarbose, miglitol and voglibose (Figure 1-5)
are known to inhibit a wide range of α-glucosidases and -amylases.35, 71,72,73,74,76 Acarbose, a
natural pseudo-tetrasaccharide extracted from Streptomyces sp. is one of the most studied
glycosidase inhibitors currently in medical use for non-insulin-dependent Type II diabetes
mellitus.71, 74-75 This structure is composed of a valienamine (unsaturated cyclitol) -N-linked to
4-amino-4,6-dideoxyglucose to form acarviosine. Acarviosine is further linked by an -1,4-Oglycosidic bond to a maltose moiety. The strong inhibition of amylases and related enzymes by
acarbose is widely attributed to the half-chair planar conformation of the valienamine ring,
which mimics that of the oxocarbenium ion-like transition state of the GH13 -glucosidases,
and to the presence of strong electrostatic interactions between the carboxyl groups at the
active site and the protonated nitrogen of the inhibitor. 45,73,76
When acarbose is bound to HPA in the crystal structure, it is modified by the enzyme through
the addition of a maltosyl unit to the nonreducing end of the valienamine ring and the loss of a
glucose moiety at the reducing end, leading to a larger and tighter binding inhibitor derivative
as shown in Figure 1-6.45 The pseudo-pentasaccharide spans the -3 to +2 high-affinity binding
subsites with the unhydrolyzable acarviosine group bound in subsites -1 and +1, 45 between
which cleavage of substrates would normally occur (nomenclature –n/+n). 77 This is consistent
with HPA’s substrate cleavage preferences of five binding subsites, all of which are occupied in
the crystal structure of the HPA-acarbose complex. The proposed rearrangement mechanism by
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which acarbose is enzymatically optimized upon binding to HPA was further described by Li et
al. 68 Similar, but not identical, modifications have also been seen in structural studies of other
-amylases in complexes with acarbose. 78,79,80
In fact, acarbose inhibits all of the intestinal -glucosidases with the exception of isomaltase,
which cleaves -1,6 rather than -1,4 linked glucosidic bonds.81 As a consequence, the main
adverse effects observed with acarbose are of gastrointestinal nature, including abdominal
discomfort, flatulence and diarrhea,82,83 possibly due to the abnormal bacterial fermentation of
undigested carbohydrates in the intestine. Indeed, these main side effects are common to glucosidase inhibitors and often lead to therapy discontinuation.
To overcome these problems, specific inhibition of HPA is considered as a strategy for the
alternative treatment of diabetes. As discussed previously, HPA is the enzyme at the top of the
starch digestion pyramid. Selective inhibition targeted at only HPA, could be used to
quantitatively modulate blood glucose levels by restricting or even shutting down starch
degradation while still allowing hydrolysis of oligosaccharides, thereby minimizing the
specificity problems that arise with currently available α-glucosidase inhibitors.

1.7.2 Flavonoids

In vitro studies on plant-extracts have shown inhibition of α-glucosidase and α-amylase activity
or reduction of postprandial hyperglycemia. 84,85,86,87 The active ingredients of these extracts
were found to contain flavonoids, which are an abundant class of natural phenolic compounds
sharing a common structural skeleton consisting of two moieties: benzopyran (A and C rings)
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Table 1-1 Flavonol and flavone structures. Adapted from Lo Piparo et al.
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and phenyl (B ring) groups (Table 1-1). Depending on the C ring type and the linkage between
the benzopyran and phenyl groups, six groups of flavonoids have been categorized: flavones,
flavonols, flavanones, isoflavones, flavanols and anthocyanidins. 88
Given the inadequacy of α-glucosidase inhibitors directed at diabetes, the use of optimized
flavonoids could represent an alternative therapeutic route. Tadera et al. 89 tested several
flavonoid compounds for their inhibitory activity against α-glucosidases and PPA. They showed
that luteolin, myricetin and quercetin inhibited PPA with IC50 values lower than 500 µM, and
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were able to establish a relationship between the inhibitory activity and the hydroxyl groups on
the B ring: the hydroxyl substitution on the B ring enhanced the inhibitory activity.
Lo Piparo et al. 87 further investigated the structural requirements for inhibition of HSA by 19
flavonoids through in silico modeling. Their modelling suggested that the inhibitory activity
depends on the formation of (1) hydrogen bonds between the hydroxyl groups in R7 and/or R4’
of the flavonoid ligand and the catalytic residues Asp197 and Glu233 of the active site, and (2) a
possible π- π interaction between either the AC- or B-ring system and Trp59 to stabilize the
interactions with the active site.
A more precise work published recently by Williams et al. 90 determined the high-resolution Xray structure of myricetin in complex with HPA at 1.2 Å resolution. For the first time, they
showed a novel binding mode of a flavonoid in the enzyme active site, distinct from those of
other noncovalent inhibitors studied to date. In the crystal structure, myricetin partially fits
within the extended substrate binding cleft of HPA through subsite -3 to -1 in the active site,
and engages the catalytic residues Asp197 and Glu233 through hydrogen bonding to the R3’, R4’
and R5’-OH along the planar edge of its B-ring. Furthermore, the R3′-OH interacts with the
putative nucleophilic water molecule that plays a role in the deglycosylation step of the
catalytic reaction. The unique feature of myricetin interfering with the catalytic residues of HPA
thereby illustrates the reason that it acts as a competitive inhibitor of HPA with Ki of 110 μM. 91
The result is also quite consistent with a previous study that treatment with myricetin (3 mg/12
h) resulted in the lowering of glycemia in diabetic rats by 50% after 2 days of treatment, while
no significant effect was observed on the serum glucose levels in normal rats. 92 Also, there was
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no indication of serious hepatotoxicity with myrecetin-treated rats and therefore suggested
that myricetin could be of therapeutic potential in the management of hyperglyceria in dabetes.
Another myricetin-containing molecule montbretin A (MbA in Figure 1-7) was identified by the
Withers research group from natural product screening. MbA is a water-soluble glycosylated
acyl flavonol comprising a myricetin core attached to two carbohydrate chains at O3 of the
benzopyrone (C ring) and at C4’ of the phenyl moiety (B ring). One chain is made up of a xylose
and a rhamnose, while the other contains another rhamnose, and two glucoses. 93 A caffeic acid
moiety is attached to the C6 of the first glucose in the chain. It is found that MbA is a potent
inhibitor of HPA (Ki = 8.1 nM) and has a high level of selectivity towards HPA when tested
against a series of -glycosidases, including other enzymes from the GH13 family. 91

Figure 1-7 Chemical structure of Montbretin A.
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The potency and specificity of MbA merit further study of its interactions with HPA, and
structure-activity correlations. This could make MbA a good candidate for structural studies
aimed at discovering new enzyme-inhibitor binding modes. We expect the extensive study of
this molecule would allow us to clearly discover the key binding interactions with HPA.

1.7.3 Proteinaceous inhibitors
Other amylase inhibitors include proteinaceous inhibitors 94 and small peptide mimics. 95
Tendamistat (HOE 467) is a 74 amino acid protein produced by Streptomyces tendae,96 which
has an immunoglobulin-like fold consisting of two three-stranded antiparallel β-sheets
stabilized by two disulfide bridges.97 Tendamistat forms a strong stoichiometric 1:1 complex
with PPA (Figure 1-8), with an inhibition constant Ki of 9 x 10-12 M.98 The tight binding activity
was in part explained by the multipoint interactions between the enzyme and tendamistat,
which binds to an extended cleft in PPA and blocks substrate access to the active site in the
crystal structure. 99 Four segments of its polypeptide chain in domains A and B, with a total of
15 amino acid residues, form various salt bridges, hydrogen bonds or hydrophobic interactions
with PPA. Additional interactions involve residues in PPA that are further away from the active
site on the surface of the cleft. A single β-loop that includes the Trp18-Arg19-Tyr20 motif, which
is highly conserved in this class of inhibitors, interacts directly with the catalytic residues of PPA
with strong electrostatic interactions. Schneider et al. 100 also suggested an induced-fit type of
binding upon formation of the inhibitor-amylase complex by comparing the crystal structure of
free tendamistat with its inhibitory complex form with PPA. Although tendamistat is a
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promising drug for control of blood sugar levels, it has the intrinsic disadvantage of triggering a
response from the immune system. Such a drawback makes it unsuitable for clinical trials.
Our group has recently identified and characterized another novel proteinaceous inhibitor,
helianthamide, by screening natural product extracts from the UBC Marine Natural Products
Extract Library, which contains 10,000 natural product extracts of marine origin. 101 The
material with the greatest inhibitory activity was the product of the Caribbean Sea anemone,
Stichodactyla helianthus. The active component was isolated and identified as helianthamide,
which mimics the structure of -defensins. Kinetic experiments revealed that helianthamide is a
reversible inhibitor of HPA with a Ki of 10 x 10-12 M and it appears to be specific for mammalian
pancreatic α-amylase over other glycosidases.

Figure 1-8 Crystal structure of PPA with tendamistat. Green represents PPA and blue represents tendamistat
structure. Adapted from PDB 1BVN.
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Determination of the structure of the helianthamide/PPA complex shows helianthamide bound
in a non-covalent complex with PPA. A third of helianthamide’s solvent accessible surface area
is buried in contact with PPA, primarily within and around the amylase active site. Further
studies demonstrate that three aromatic residues of helianthamide (Tyr7, Tyr9 and His10) make
all of the important polar contacts with the catalytic machinery of PPA and along with Val12,
and create a non-polar interface to complement the hydrophobic ridges bordering PPA’s active
site. Therefore, this novel YIYH motif of helianthamide may serve as inspiration for further drug
development. Further studies are under investigation.

1.7.4 Mechanism-based inhibitors

Besides the different classes of noncovalent inhibitors mentioned above, mechanism-based
inhibitors (MBIs) are another class of molecules that ablate the enzyme activity through the
formation of a covalent bond between the enzyme active site and some functionality on the
inactivator, leading to a formation of a stable enzyme-inactivator complex. 102,103,104,105 Hence,
the loss of the enzyme activity is mainly accounted for by physical blockage or chemical
modification of the enzyme active site, so that no further catalytic cycles can occur.
This type of inactivator has been widely exploited for several applications in glycosidases. The
most prevalent use is in the identification of active site residues. Together with mass
spectrometry, site-directed mutagenesis and kinetic analysis, the function of the active site
residues can be deciphered as either being catalytic or structural. 102,103 Also, highly specific
inactivators can be used to selectively inactivate a target enzyme in complex biological systems
while observing the effect of this “deletion” on the organism. This approach has been further
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extended to the design of specific activity-based probes for the discovery and characterization
of novel enzymes.102
The activated 2-deoxy-2-fluoro, 2-deoxy-2,2-difluoro and 5-fluoro glycosides (Figure 1-9 a-c)
represent the most specific class of MBIs known for glycosidic activity. In 2-deoxy-2fluoroglycosides, the replacement of the hydroxyl group by fluorine at C-2 slows both the
glycosylation and deglycosylation steps in two ways (Figure 1-9 d). Firstly, introduction of
fluorine removes or diminishes the key hydrogen bonding interactions found at the transition
state between the hydroxyl group at C-2, and the enzyme active site (more than 8 kcal/mol). 106

Figure 1-9 Structures of activated (a) 2-deoxy-2-fluoroglycoside; (b) trinitrophenyl 2-deoxy-2,2-difluoro glycoside;
(c) 5-fluoro glycosyl fluorides; (d) mechanism of trapping of β-glucosidases by 2-deoxy-2 fluoro probe. R is aglycone.
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Secondly, fluorine is more electronegative than oxygen thus the electron-deficient transition
states are further destabilized by the inductive effect. The consequence of the two effects is
typically a 106 -107 -fold decrease of the rates of the two steps.107,108 Incorporation of a good
leaving group, i.e. aglycones with low pKa values such as 2,4-dinitrophenolate or fluoride, to the
anomeric position of these compounds increases the rate of the glycosylation step relative to
the deglycosylation step, which results in the accumulation of a relatively stable 2-deoxy-2fluoroglycosyl-enzyme intermediate. The formation of the covalent linkage and 1:1
stoichiometry of inactivator and enzyme have been supported by 19F-NMR and ESI/MS studies.
108-109

Moreover, the enzyme activity can be recovered either through hydrolysis of the covalent

glycosyl-enzyme intermediate, or by transglycosylation onto a suitable sugar acceptor. 108,110
While these active 2-deoxy-2-fluoro sugars have proven effective in trapping the intermediates
during the double displacement mechanism followed by retaining -glucosidases, they have not
proved generally useful for -glucosidases. 45 The reason was proposed as a consequence of
stereoelectronic effect and the fluorine substituent is not sufficiently slowing in the
deglycosylation step relative to glycosylation. 111 The inactivation for -glucosidases could be
achieved to use either 2-deoxy-2,2-difluoroglycosides with extremely reactive leaving groups,
such as the trinitrophenyl moiety,111 to allow accumulation of the intermediate; or another
class of related compounds 5-fluoroglycosyl fluorides in which the location of the C5 fluorine is
directly adjacent to the site of greatest charge development (O5) and lead to substantial
destabilization, though the intermediates formed are often not very long-lived in this latter
case.112 While these reagents work well for exo-glucosidases, their application to amylase
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inhibition requires a minimum of a “disaccharide” structure. Such a 2,2-difluoro-maltosyl
species was synthesized chemically and shown to inactivate HPA in a saturable fashion, but no
three-dimensional structure of the complex could be determined.111, 113
A quite different approach was employed for the 5-fluoroglycosyl species in which HPA
synthesized its own disaccharide inactivator “in crystallo” when incubated with a maltosyl
donor and the C-5 epimeric 5-fluoro-idosyl fluoride as an acceptor (Figure 1-10). 114 Solution of
the structure of this complex revealed a trisaccharide covalently attached to Asp197 in the
active site of HPA. However, as expected for such a C5 epimeric species, the sugar in the -1 site
adopted a distorted conformation, so the structure was of limited value for design of improved
inhibitors. 114,115 Therefore, there is a need to develop a specific class of MBIs that targets HPA
in a stoichiometry manner and can be used for X-ray study.

Figure 1-10: In situ elongation-trapping strategy for HPA using the example of 5-fluoro-idosyl fluoride (5FIdoF) as
the acceptor and 4’-O-methyl--maltosyl fluoride (MeG2F) as the donor.
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1.8 Aims of the thesis
The search for safer, more specific and effective hypoglycemic agents has been an important
area of investigation. Therefore, this thesis will focus on the search for inhibitors or inactivators
of HPA, and will expand further to explore the surface interactions of HPA with its natural
substrate starch granules.
The first part of the thesis is to understand the role of each component of MbA in its interaction
with HPA, and therefore to gain information about its potency and specificity. This information
can be used to create new, derivative compounds that can act as lead compounds in the
development of new drugs to treat Type II diabetes.
The second part is to synthesize selective MBIs of HPA and the approach can be extended to
the design of specific activity-based probes for localization and quantitation of amylase in vivo
when coupled to a fluorophore.
The last part of the thesis will focus on the exploration of starch granule binding sites on the
surface of HPA. The research can help to understand the interactions of HPA with starch
granules in the starch digestion process.
The working hypothesis of this thesis is that a strong synergistic program of mechanistic and
inhibitor discovery studies targeting HPA, can lead to the development of novel therapeutics of
improved efficacy for diseases, such as diabetes and obesity.
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Chapter 2 Structural and Mechanistic Characterization
of the Amylase Inhibitor Montbretin A and Its
Substructures
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2.1 Introduction to montbretin A
In order to search for new and more effective drugs that can target HPA specifically, a library of
50,000 plant natural product extracts was screened, and a potent and specific HPA inhibitor
montbretin A (MbA in Figure 2-1) with nanomolar inhibition constant (Ki = 8.1 nM) was
successfully discovered from the locally grown plant Crocosmia crocosmiiflora. 91 MbA is a
perennial plant of the Iridaceae family native to South Africa, and originally was used as an
antitumour agent in Japanese folk medicine.116
In the same screening library, MbA analogues (Figure 2-1) were also discovered that share a
myricetin flavonol core, with glycosylation at the 3- and 4’- positions. A disaccharide containing
a L-rhamnopyranosyl--1,4-xylopyranose is -linked at the 4’ position of the flavonol (B ring). Dglucopyranosyl--1,2-glucopyanosyl--1,2-rhamnopyranose is attached at C3 (C ring). The
middle glucopyranosyl of this trisaccharide is joined to a 6-O-cinnamic ester. Montbretins B and
C are derivatives in which the substituents at the 3 position of the cinnamic acid ester, are
replaced by either hydrogen or methoxyl. 117 Indeed, the deoxygenation (Montbretin B) results
in a 1000-fold reduction in affinity, corresponding to a strong (~ 4.2 kcal mol-1) hydrogen bond.
An even greater reduction is caused by methylation of a caffeic acid hydroxyl (Montbretin C). 117
Similarly, Montbretin E, in which the 7-OH of myricetin (A ring) is glycosylated, binds well over
100-fold worse than MbA (unpublished results).
Previously, many simple flavonols have been shown to inhibit amylases, although all of these
bind with considerably weaker affinity and poorer specificity than does MbA. 84,85,86,87 Indeed,
the myricetin core of MbA itself is a competitive inhibitor of HPA (Ki = 110 μM) and has been
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shown to bind to the active site, while a caffeic acid derivative binds considerably more weakly
(Ki = 1.3 mM) and non-competitively at locations remote from the active site of HPA.90, 117
Pre-clinical trials using MbA also show very promising results in controlling blood glucose levels
in diabetic rats. Zucker diabetic fatty (ZDF) rats were treated with MbA at an average level of
7.5 mg/kg per day resulting in a significant decline (P<0.05) of the fasted plasma glucose final
level to 12.4 mM, compared with the controls at 30.6 mM. 118 Moreover, no adverse effects or
toxicity were noted in the rats, even after treatment for over 9 weeks.

Figure 2-1 The chemical structure of montbretin A (MbA). The specific points and agents of chemical and
enzymatic cleavage used for fragmentation are shown in arrows, and the dotted rectangle delineates the structure
of mini-MbA. The natural congener analogues Montbretin B, C and E, and their Ki values for inhibition of HPA are
shown at the bottom.
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Despite the understanding of MbA action at the physiological level, neither the origin of the
affinity of MbA nor its high selectivity for HPA is understood. The unique specificity of MbA to
HPA is especially important, given the non-specific nature of HPA inhibitors currently in medical
use and the side effects that result as a possible consequence. To directly address these
mechanistic issues and to guide further drug development, a better understanding of the
contributions of each component of MbA is required. This may then allow development of
smaller, more synthetically tractable analogues.
2.2 Aim of the project
The aim of this project into the inhibition of HPA by MbA is to determine the basis of this
inhibitor’s specificity and affinity by dissecting out the compound into smaller fragments and
evaluating the contributions of each of the substructures and their binding modes to HPA
kinetically. Together with crystallography work from our collaborator Dr. Brayer from UBC, the
structural contribution of each component can be illustrated.
The information so gained will hence elucidate the interactions between MbA and HPA, and
explain why small changes to the chemical structure in the montbretin family can alter their
ability to inhibit HPA significantly. This will allow the development of a single, minimal unit that
retains MbA’s powerful inhibitory action, and pave the way for further discovery of diabetes
drugs.
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2.3 Results and discussions
2.3.1 Generation of MbA substructures by chemical and enzymatic modifications

In order to understand the role of each component of MbA in its interaction with HPA, a set of
MbA substructures needs to be produced and tested. Chemical synthetic routes to synthesize
the substructures are predicted to be inefficient, given the anticipated difficulties of multiple
protection and purification steps, which are tedious and time-consuming and normally result in
poor yields. To overcome the limitations, enzymatic approaches are more favorable in this
study. Since we have access to large quantities of MbA (provided by Centre for Drug Research
and Development, UBC), we propose to generate MbA fragments by a series of chemical or/and
enzymatic degradations from the parent molecule, as shown in Figure 2-1. In this way, the
stereo- and regio-chemistry of the untouched glycosidic bonds remains unchanged. In brief,
treatment with sodium methoxide solution will cleave the caffeic ester linkage, yielding decaffeoylated MbA, while treatment of MbA with β-glucosidase alone can remove a single
glucose. Alternatively, initial treatment of MbA with rhamnosidase will cleave just the terminal
rhamnose, while addition of xylosidase to that will remove both of the sugars attached on the
right hand side. Further treatments using combinations of the degradation sequences described
above will yield all the remaining analogues (for convention, the substructures generated will
be named using the following abbreviations that C standing for caffeic acid, G for glucose, R for
rhamnose and X for xylose). With this complete set of analogues in hand, the inhibition
constants for each substructure can be determined. The information will help to identify the
core structure that contributes to the strong inhibition of HPA.
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A: Removal of caffeic acid to produce MbA-C.
The presence of a simple ester linkage to the caffeic acid allows cleavage under mild basic
conditions that do not affect glycosides. Treatment of MbA with alkaline sodium methoxide at
ambient temperature yielded MbA-C and methyl caffeate (Figure 2-2). 116 The purified
compound, isolated as a yellow powder, was characterized by high resolution mass
spectrometry (HRMS) and nuclear magnetic resonance (NMR).

Figure 2-2 Treatment of MbA with sodium methoxide to afford decaffeoylated product MbA-C.

B: Enzymatic hydrolyses using Agrobacterium sp. β-glucosidase.
Removal of the terminal glucose (Glc2) of MbA to generate MbA-G can be achieved using a βglucosidase from Agrobacterium sp. (Abg) belonging to the GH family 1. Abg is a retaining
enzyme that catalyzes the hydrolysis of non-reducing terminal β-D-glucosides by a doubledisplacement mechanism.119 Incubation of MbA with Abg at room temperature in sodium
phosphate buffer (50 mM, pH 6.8) containing 0.1% bovine serum albumin (BSA) to stabilize the
enzyme resulted in clean conversion to MbA-G, and only the terminal glucose was cleaved in
this case (Figure 2-3). The product MbA-G is also a β-linked glucose residue, however it bears a
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large 6-O-caffeic ester moiety and would therefore not be processed by Abg to a smaller
fragment. 120
A similar approach was applied to MbA-C. Since two -linked glucose moieties are present in
the molecule, we might expect to see two products generated in a sequential manner. TLC
analysis showed that the starting material was fully converted into MbA-CG (Figure 2-4).
However, there was no indication of formation of MbA-CGG even after increasing the reaction
time or rising the enzyme concentration to the millimolar range. Quite possibly, MbA-CG is not
cleaved by Abg because the rhamnose moiety does not bind productively in the +1 site.
Another possibility is that the glucose liberated from the first cleavage inhibits the second Abg
cleavage reaction (Ki = 6.4 mM). 119 To test this, MbA-CG was purified to remove any glucose
generated and subjected to digestion by Abg again, but no cleavage was observed, so inhibition
by glucose was not the problem. Surprisingly, however, MbA-CG was found to act as a noncompetitive inhibitor of Abg (Ki = 2.4 M), presumably binding in a non-productive mode, thus
is not hydrolyzed by Abg. Similar results were obtained with another β-glucosidase, in this case
from sweet almond.

Figure 2-3 Treatment of MbA with Abg to afford MbA-G.
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Figure 2-4 Proposed scheme of MbA-C with treatment of Abg.

C: Enzymatic cleavage of rhamnose moieties by naringinase
Naringinase from Penicillium decumbens is a debittering enzyme used in the commercial
production of grapefruit juice. The commercial enzyme is a multienzyme complex consisting of
two enzymes α-L-rhamnosidase (EC 3.2.1.40) and β-D-glucosidase (EC 3.2.1.21) (Figure 2-5).121
α-Rhamnosidase converts naringin, the most bitter component in grapefruit to the less bitter
substance prunin by cleavage of the α-1,2 bond between rhamnose and glucose. Subsequent
hydrolysis by the β-D-glucosidase breaks the prunin into its aglycone naringenin and glucose
(Figure 2-5). Initially, naringinase was expected to cleave the terminal rhamnose moiety from
MbA to produce MbA-R (Figure 2-6). However, the inherent glucosidase activity is a big concern.
The hydrolytic activity of naringinase has pH and temperature optima of 3.5-4.5 and 50-60 °C,
respectively.122 Initial attempts to incubate commercial naringinase with MbA at pH 4.0, 60 °C
directly yielded two products, MbA-RX and MbA-GRX, arising from removal of both rhamnose
and xylose in one case and one more terminal glucose in the other case (Figure 2-7). The loss of
xylose and glucose is mostly likely caused by the inherent glucosidase activity of naringinase. A
quick test with the corresponding para-nitrophenyl glycoside substrates shows that naringinase
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α-L-rhamnosidase
β-D-glucosidase

Figure 2-5 Hydrolysis of naringin into prunin, rhamnose, naringenin and glucose by naringinase containing α-Lrhamnosidase and β-D-glucosidase activities.

Figure 2-6 Treatment of MbA with heat-treated Naringinase to afford MbA-R.

Figure 2-7 Treatment of MbA with Naringinase to afford mixture of MbA-RX and MbA-GRX.
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indeed has rhamnosidase, glucosidase and xylosidase activities. Since the products have similar
retention time and are difficult to separate by HPLC following the standard protocol, it was
thought better to control the glucosidase activity and derive the specific product.
While one approach would be to isolate the rhamnosidase from the enzyme complex, previous
research suggested that neither ion-exchange nor gel-filtration chromatography can completely
separate the rhamnosidase activity from the glucosidase. 121c Another way is to inactivate the
glucosidase activity by denaturation at elevated temperature, and this could be achieved by
incubating the enzyme at 60 °C for 2 hours. 123Activity tests showed that the glucosidase activity
fully vanished, while the rhamnosidase activity remained 80% that of the untreated enzyme
complex. Having successfully controlled the enzyme activity, without further purification, the
partially inactivated enzyme was added directly to a solution of MbA at room temperature. The
reaction generated mainly MbA-R with only trace amounts of side products, allowing HPLC
sample purification. Similarly, the approach was applied to MbA-C to yield MbA-CR (Figure 2-8).

Figure 2-8 Treatment of MbA-C with heat-treated Naringinase to afford MbA-CR.
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Figure 2-9 Treatment of MbA-R with xylosidase to afford MbA-RX.

D: Enzymatic Cleavage by β-xylosidase
To remove the exposed xylose, MbA-R was treated with several different xylosidases (also
known as xylan β-1,4-xylosidase, EC 3.2.1.37), including Aspergillus niger β-xylosidase and
Bacillus halodurans β-xylosidase. Only the treatment with Bacillus halodurans β-xylosidase
worked well to give the specific product MbA-RX (Figure 2-9). As a member of GH family 52,
Bacillus halodurans β-xylosidase hydrolyzes β-1,4-D-xylans by removing successive D-xylose
residues from the non-reducing termini. In this enzymatic reaction, MbA-R was incubated with
the enzyme at room temperature to afford MbA-RX quantitatively.
Overall, by combination of four different chemical/enzymatic methods, nine MbA derivatives
have been generated successfully (Table 2-1).

2.3.2 Kinetic analysis of the binding of MbA substructures to HPA

To evaluate the contributions of each substructure of MbA to the inhibition of HPA, inhibition
constants (Ki) of all the derivatives for HPA and modes of inhibition were determined by
measuring the initial rates of amylase reactions at different inhibitor and substrate
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concentrations. Observed reaction rates were fitted directly to various inhibition models using
GraFit version 5.0.13 and Ki values were determined (Table 2-1). Competitive inhibition
provided the best fit in each case.
Table 2-1 Color-coded schematic diagrams of intact MbA and derivatives, with associated Ki values for binding to
HPA, and IC50 values for both HPA and PPA. MbA components are indicated by ‘G’ for glucose, ‘C’ for ethyl caffeate,
‘R’ for rhamnose, ‘M’ formyricetin and ‘X’ for xylose.

Cartoon structure

Ki of HPA (nM)

IC50 of HPA (nM)

IC50 of PPA (nM)

MbA

8.1 ± 0.8

7.1 ± 0.2

-

MbA-G

9.1 ± 0.8

13.6 ± 0.3

6.2 ± 0.6

MbA-R

21.3 ± 2.2

46.2 ± 5.8

42.6 ± 0.09

MbA-RX

42.4 ± 5.3

82.3 ± 7.9

26.7 ± 1.2

MbA-GR

79.3 ± 9.5

101.8 ± 4.9

22.8 ±1.8

MbA-GRX

93.3 ± 7.6

137.3 ± 5.2

68.6 ± 2.1

MbA-C

730 ± 90

1740 ± 130

4320 ± 20

MbA-CG

2,240 ± 200

3,340 ± 80

2,100 ± 10

MbA-CR

46,800 ± 3,900

72,800 ± 5,800

15,300± 400

128,000 ± 15,000

199,800 ± 9,600

66,000 ± 4,400

MbA-CGR

Errors quoted are the fit errors produced by GraFit (Erithacus Software, London, UK).
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As can be seen from Table 2-1, removal of the terminal glucose had very little effect on affinity;
Ki of MbA-G remains approximately the same as the parent compound MbA (Ki = 9.1 nM for
MbA-G compared to Ki = 8.1 nM for MbA). Likewise, sequential removal of the terminal
rhamnose and xylose each resulted in only an approximate 2-fold loss in affinity. Consequently,
a drastically minimized structure MbA-GRX could be generated (by sequential cleavage of the
terminal sugars using naringinase, xylosidase and Abg), with an affinity loss of only
approximately ten-fold. This “mini-MbA” structure comprises the two aromatic moieties linked
via a glucosyl rhamnose disaccharide. These results would suggest that the “peripheral” sugar
moieties (terminal glucose, rhamnose and xylose) contribute very little towards binding, and
that it is the mini-MbA core that engages in the key interactions. The importance of the caffeic
ester moiety to binding of MbA is highlighted by the 100-fold loss in affinity resulting from its
base-catalyzed removal (MbA-C). Subsequent removal of sugar moieties from this structure is
substantially more deleterious than their removal from the parent MbA, highlighting the
importance of the two aromatic moieties in conformationally organizing the core structure.
Together with the results from Tarling’s work, 91 we anticipate that both myricetin and caffeic
acid are essential structural moieties for the tight binding of MbA to HPA and that the sugar
residues may act as linkers to these two units, possibly providing additional hydrogen bonding
interactions. To our delight, the results were quite consistent with crystallography work by the
Brayer group, and this will be discussed in detail in Section 2.3.5.
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2.3.3 Inhibition studies for porcine pancreatic α-amylase

Since porcine pancreatic α-amylase (PPA) and HPA have a high degree of homology with 83%
identity (Chapter 1.5),37, 46 and share similar crystal structures with the difference that PPA
crystallizes in a lattice with a much more “open” active site.48 It was of interest to see if the
MbA derivatives bind to PPA in a similar way to HPA and if those derivatives have some
selectivity over other enzymes within the same GH family.

Correlations of Inhibition constants of MbA derivatives for both
HPA and PPA
5
MbA-G
MbA-R

log IC50 PPA

4

MbA-RX
MbA-GR

3

MbA-GRX
MbA-C

2

MbA-CG
MbA-CR

1

MbA-CGR
linear

0
0

1

2

3

4

5

6

log IC50 HPA
Figure 2-10 Correlations of inhibition constants of MbA derivatives for HPA and PPA.

The half maximal inhibitory concentration (IC50), which indicates how much of the inhibitor is
required to inhibit a given enzymatic activity by half, was used as a simple measure to evaluate
the binding affinity for PPA. IC50 values of these MbA derivatives for HPA were also measured
for comparison. When substrate concentration used is at its Km of HPA (Km = 3.6 mM for 2chloro-4-nitrophenyl α-maltotrioside), IC50 is approximate double of the Ki value for the
corresponding inhibitor. Table 2-1 summarizes the inhibition constants of MbA derivatives for
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both HPA and PPA. A measure of the similarity of the binding affinities for the two enzymes is
provided by the plot in Figure 2-10. The straight trend line with a slope of 0.98 and correlation
coefficient of 0.95 provided a direct graphical comparison and correlation. Clearly, it shows that
these MbA derivatives inhibit the two enzymes in a very similar way. We would therefore
anticipate their interaction pattern with the two enzymes would be similar as well.

2.3.4 Contributions from each fragment moiety

Change in the inhibition constants observed for HPA can be related to changes in the
equilibrium binding free energy (for dissociation constants), which can be calculated for each
fragment for their thermodynamic contribution to binding based on the equation ΔΔG°= RTln(K1/K2), where ΔΔG° is the change in free energy, R is the gas constant (1.986 calK-1mol-1), T
is room temperature (298K), and K1 and K2 are the inhibition constants of MbA substructures.
The changes in ΔΔG° are calculated by comparing each pair of MbA substructures, and the
average ΔΔG° for each component is tabulated in Table 2-2. It is shown evidently that, with the
exception of rhamnose 2, the other sugar moieties have only a slight effect in binding to HPA. In
addition, it is also revealed that myricetin as well as caffeic acid is a key binding determinant in
HPA binding.
Table 2-2 Contributions of equilibrium free energy from each fragment

Components

Average ΔΔG° (kcal/mol)

Xylose

0.4

Terminal glucose (Glc2)

0.6

Terminal rhamnose (Rha2)

1.1

Caffeic acid

3.6
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2.3.5 Comparison of the kinetic results with the X-ray structural analysis of HPA-MbA complex

The structure of the HPA-MbA complex was determined in the group of Dr. Brayer (UBC) by cocrystallization of MbA with HPA and the X-ray structure was resolved by Dr. Williams to a
resolution up to 1.35 Å. 124 Analysis of the crystallographic data established a close correlation
between the structure and inhibition kinetic data we collected. The well-defined electron
density revealed that MbA binds in the active site adjacent to, and interacting with the catalytic
residues Asp197 and Glu233 (Figure 2-11a). In this location, it largely fills the extended active
site binding cleft, occluding catalytic residues from access to bulk solvent. MbA binds to the
active site in a folded conformation that is characterized by intramolecular hydrophobic
interactions between the planar A-ring of the myricetin group and the aromatic ring of the
caffeic ester. This conformation then aligns the phenolic hydroxyl groups of the caffeic acid and
myricetin for optimal hydrogen bonding with the catalytic carboxylic acids, as well as for
additional water-mediated interactions with other key active site residues such as Glu300.
These hydrogen bonds are quite important since loss of just one of these interactions with the
caffeic acid causes almost 1000-fold weaker inhibition by the Montbretin B and C.
Although these caffeic-myricetin interactions would appear to be the most important inhibitor
interactions, there are a total of 9 direct hydrogen bonds and 9 water-mediated hydrogen
bonds in the complex, as shown schematically in Figure 2-11b. However, most of the noncatalytic residue interactions would appear to be relatively weak, entirely consistent with our
degradation studies, which suggest that the terminal glucose and the myricetin-appended
xylose and rhamnose each contribute relatively little to binding.
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Interestingly, ROESY NMR analysis of MbA alone by Dr. Andersen’s group (UBC) indicated that
its folded conformation is for the most part pre-formed in solution. 124 This pre-organized
conformation is very similar to that of the bound species (Figure 2-11), differing only in a 180°
flip of the plane of the caffeate ring. The novel stacked mode of MbA was not foreseen, in the
earlier myricetin-HPA crystal strcture, 90 and it contrasts sharply with the binding mode of the
transition state analog inhibitor acarbose or even of substrates such as malto-oligosaccharides.
Substrates and acarbose bind along the active site groove, with the protonated inhibitor
nitrogen developing electrostatic interactions with the active site carboxylates. 45 By contrast,
none of the sugars of MbA bind in a similar fashion, and the two stacked phenolics enter the
active site orthogonally to the valienamine moiety of acarbose to interact with Asp197, Glu233
and Asp300. The unique binding mode of this core and the relative innocence of the linker
suggest that myricetin and caffeic acid moieties are essential for the tight binding property of
MbA for HPA, and may serve as a template to design much simpler and more synthetically
accessible molecules that target amylase.
a

b

Figure 2-11 (a) Close-up view illustrating the interactions of MbA adjacent to HPA active site residues and the novel
stacking conformation formed by the aromatic rings of MbA; (b) Schematic drawing of this hydrogen bonding
network between HPA and MbA. Protein residues with more than one hydrogen bond to MbA have been shaded in
the same color. Water molecules are shown as red spheres. Gray dashed lines labeled with distances in angstroms
show the proximity of amino acid residues or waters to the bound ligand.
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2.3.6 Crystal structure of mini-MbA and HPA complex

Since the degradation study yielded an essential core structure mini-MbA (MbA-GRX) with only
10-fold weaker inhibition against HPA (Ki = 93.3 nM) than the parent molecule MbA (Ki = 8.1
nM), it was useful to confirm that binding of mini-MbA to HPA is similar to that of MbA, and to
validate the novel inhibitory motif of mini-MbA for HPA. A high resolution structure of miniMbA in complex with HPA was solved by Dr. Sami Caner (unpublished data) and compared to
the MbA-HPA complex structure.
A simulated annealing omit electron density map of the HPA/mini-MbA complex clearly shows
the well-defined electron density present for the ligand in the active site (Figure 2-12). The
refined final occupancy of mini-MbA in the active site of HPA was found to be 88 %. All
hydrogen bond interactions found in the complex were plotted in Figure 2-13. Comparison
between the structures of the mini-MbA/HPA and MbA/HPA-complexes indicated that the
overall protein fold was not significantly changed, as the C-α root mean square deviation of
0.245 Å reflects. Notably, when comparing B-factor distributions within these two bound
inhibitors, their aromatic moieties are less flexible than their carbohydrate-linker parts, also
supporting the dispensability of the latter. Moreover, the four missing xylose interactions in
mini-MbA do appear to lead to an increase in the conformational flexibility of myricetin’s
terminal ring B, thus propagating thermal motion to ring C. Indeed, an overall increase of 32%
in the B-value of the myricetin moiety was determined when compared to MbA. Thus while
terminal carbohydrate ring interactions appear to be less significant in binding to MbA, they
may increase affinity of the inhibitor to the active site by reducing thermal motion of its core.
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b

a

Figure 2-12 (a) Simulated annealing omit map (green mesh) around the bound mini-MbA inhibitor (yellow stick) is
shown at the 3σ level in the active site of HPA. (b) Final refined 2Fo-Fc electron density map (blue mesh) at the 1σ
level around the bound ligand in the active site of HPA. The catalytic nucleophile Asp197 and the acid/base catalyst
Glu233 are shown in green stick representation. Water molecules involved in ligand binding are shown as red
spheres. Distances between atoms are indicated in angstroms and are visualized by gray dashed lines.

a

b

Figure 2-13 Structural (a) and corresponding schematic (b) representation of hydrogen bond interactions in the
mini-MbA/HPA complexes. Mini-MbA is represented as yellow stick three-dimensional models or by black chemical
two-dimensional-drawings. Distances are indicated in Angstroms and are visualized by gray dashed lines. Water
molecules involved in protein-ligand interaction are represented by red spheres.
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Figure 2-14 Structural overlay of mini-MbA with MbA in the active site of HPA. Mini-MbA is shown in yellow and
the corresponding catalytic triad residues (Asp197, Glu233, Asp300) are shown in green. MbA is shown in magenta
and its corresponding catalytic triad in blue.

A detailed assessment indicates that the structural differences between mini-MbA and MbA
upon HPA binding are small. Nonetheless differences are present in the carbohydrate-linker of
the mini-MbA complex where Rha1 is shifted by an average of 1.15 Å when comparing ring
atoms C3-C5 and the corresponding methyl and hydroxyl groups, to that of MbA. To a lesser
extent, the ring atoms of mini-MbA’s Glc1 are shifted by an average of 0.47 Å. Additional
positional changes can be observed in the 3, 4, 5-trihydroxyphenyl ring of myricetin (B ring),
where ring atom positions vary by an average of 0.52 Å (Figure 2-14).

2.3.7 Inhibition specificity of MbA and mini-MbA

Although previous studies with a range of largely commercially available glycosidases had
demonstrated that MbA was a specific amylase inhibitor,117 no data were initially collected on
the inhibition of intestinal α-glucosidases or -amylases found in gut bacteria in those early
studies. Hence, the inhibition of glycosidases that are related to starch digestion by both MbA
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and mini-MbA were investigated to determine whether the two inhibitors showed the requisite
specificity between human enzymes. Human maltase-glucoamylase (MGAM), a brush border
membrane enzyme that plays a role in the final steps of digestion of starch, was tested. MGAM
consists of two GH 31 catalytic subunits, the N-terminal subunit (ntMGAM) and C-terminal
subunit (ctMGAM), which share 40% sequence identity and similar digestion activities against
-1,4-linked substrates. 125 Another intestinal -glucosidase subunit C-terminal sucraseisomaltase (ctSI) was also tested, which works together with MGAM to hydrolyze the mixture of
linear α-1,4 and branched α-1,6 oligosaccharide substrates that typically make up terminal
starch digestion products. 126
As shown in Table 2-3, neither MGAM nor SI was inhibited by MbA, even at inhibitor
concentrations up to 500 µM, thereby clearly showing the desired specificity for HPA. This may,
in part, be due to the fact that these human brush border α-glucosidases are all members of
Table 2-3 Inhibition of HPA and other α-glycosidases by MbA and mini-MbA.

a
b
c

Enzyme

GH Family

Ki of MbA

Ki of Mini-MbA

HPA
Roseburia
inulinivorans Amy A
Butyrivibrio
fibrisolvens Amy B
Saccharomyces
cerevisiase Yeast αglucosidase
ntMGAM

13

8.1 ± 0.8 nM

93.3 ± 7.6 nM

13

N.I.a

N.I.b

13

1.6 ± 0.2 µM

N.D.c

13

N.I. a

IC50 = 446 ± 70 M
(est. value)

31

N.I. a

N.I. b

ctMGAM

31

N.I. a

N.I.b

ctSI

31

N.I. a

IC50 = 75.5 ± 2.5 µM

No inhibition at concentrations of 500 µM
No inhibition at concentrations of 100 µM
Not determined.
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CAZy family GH31, which is distinct in sequence and structure from the GH13 family to which
HPA belongs. 125,127 Furthermore, analysis of representative gut bacteria revealed that one of
the gut bacterial amylases (Amy A) was not inhibited at all, and the other only weakly inhibited
by MbA (Ki = 1.6 µM for Amy B). Since it was possible that the “terminal” sugars (Glc2, Rha2 and
Xyl) might be providing the specificity for HPA over the α-glucosidases by sterically occluding
the binding of the core structure containing the two aromatics, inhibition studies on these
enzymes were also performed with mini-MbA. As shown in Table 2-3, no inhibition of Amy A or
MGAM was observed, and although inhibition of ctSI could now be seen, it remained very weak,
at an IC50 of 75.5 µM. The great specificity of MbA and mini-MbA for HPA compared to other
downstream human α-glucosidases could make them potential drug candidates for diabetes
treatment through selective amylase inhibition, in the hope of less side effects caused by the
currently available diabetes drugs of α-glucosidase inhibitors (e.g. acarbose).
2.4 Conclusion
In this project, a total of nine MbA derivatives were successfully generated by sequential
chemical and enzymatic cleavage reactions. For each substructure generated, detailed kinetic
analysis for HPA reveal a competitive inhibition mode. The loss of the caffeic acid weakens
binding 100-fold while removal of the terminal sugar moieties (Glc2, Rha2 and Xyl) has
relatively small effects. A minimum scaffold MbA-GRX consisting of simply myricein and caffeic
acid linked via two sugars remains a tight binding inhibitor for HPA only 10-fold weaker than
MbA. Therefore, the myricetin and caffeic acid are believed to be essential structural moieties
for the tight binding of MbA to HPA while the sugar residues act as linkers to these two units,
possibly providing additional hydrogen bonding interactions. All the derivatives inhibit HPA and
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PPA at comparable inhibitor concentrations. It is thus reasonable to expect that their
interaction patterns with the two enzymes are similar.
Since MbA is such a potent inhibitor, and is easily isolated from the corms of a readily grown
plant (Crocosmia crocosmiiflora), it has potential as a new agent for controlling blood glucose
levels in diabetics and obese patients. Notably, its complex structure should limit uptake from
the gut, keeping it in the correct locale for amylase inhibition and minimizing side effects arising
from systemic bioavailability. MbA has superior efficacy to that shown by acarbose in
controlling blood sugar levels, and does so while only inhibiting HPA and not the intestinal αglucosidases. These properties thus allow testing of the hypothesis that medical administration
of amylase-specific inhibitors will result in fewer undesirable side effects compared to less
specific α-glucosidase.
Structures of complexes of HPA with MbA and mini-MbA determined by our collaborator
support our initial hypothesis. X-ray structural analysis suggests that the potent inhibition by
MbA arises from a completely new mode of glycosidase inhibition in which the two phenolic
moieties, myricetin and caffeic acid, are pre-organized via hydrophobic stacking to optimally
hydrogen bond with the active site carboxylic acids Asp197 and Glu233. By contrast, the sugars
appear to play very little role in binding. The central glucosyl rhamnose moiety serves primarily
as a linker to suitably orient the two aromatics, and itself has very few direct interactions with
the protein. Likewise, the other sugars contribute very little to binding, as was shown by the
small affinity losses upon their removal.
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The unique binding mode of this core and the relative innocence of the linker suggest that
much simpler and synthetically accessible mimics might be possible, and may serve as the
template for the design of a broad new class of glycosidase inhibitors. To further optimize
affinity, such inhibitors could have additional specificity elements built into or onto the linker
itself and/or the structures of the phenolic components could be readily varied. In addition, it
seemed plausible to substitute this linker in favor of a non-glycosylated variant suitable for
pharmaceutical synthesis, therefore we can open up strategies to further improve inhibitor
efficacy with the aim to reduce the side effects of current oral anti-diabetic drug therapies.
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Chapter 3 Chemoenzymatic Synthesis of Oligoglycosyl
Epi-cyclophellitols Allows Mechanism-Based
Inactivation and Structural Analysis of Human
Pancreatic Alpha-Amylase
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3.1 Introduction
While interest has generally focused on reversible inhibitors of glycosidases, irreversible
inhibitors of glycosidases have proved to be extremely important in providing structural and
mechanistic insights. 104,105,115 As noted earlier in Section 1.7.4, a mechanism-based inhibitor
(MBI) can form a covalent bond with the active site nucleophile of a targeted enzyme and trap
the glycosyl-emzyme intermediate that is formed during the enzyme-catalyzed reaction.
Therefore, MBIs can be used to assist in the detection and identification of functionally related
proteins (and homologues) in complex biological systems, such as a cell extract, living cells or in
animal models. 102,103,115 When attached to reporter moieties, such as a fluorescent tag or a
bioorthogonal ligation handle, these types of compounds are referrd as activity-based probes
(ABPs). Design of selective probes for carbohydrate-processing enzymes has been aided greatly
by X-ray crystallography 128 and the development of small molecule inhibitors. 129,130 By far the
most developed group of ABPs to date are those that target glycoside hydrolases. 131
Our group has investigated several fluoroglycoside MBIs for glycosidases by the incorporation
of a fluorine atom at the C2- or C5- position of the pyranose ring, thus destablizing the two
transition states, and when partnered with a good leaving group resulting in a buildup of
glycosyl-enzyme intermediate. 107,108,109,111,113 The enzymes have been demonstrated to be
effectively labelled by the inhibitors and to show time-dependent inactivation. These
fluoroglycoside MBIs have also been proved effective in vivo, selectively inactivating the
expected glycosidases in several organs tested in rats, including the brain. 132 Therefore
fluoroglycosides can be used to represent suitable scaffolds for the development of ABPs.
However, the intrinsic disadvantages associated with this type of MBIs are the inherent
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instablilty of the glycosyl-enzyme adduct and the lower efficiency of the reaction, which limit
their use for retaining -glycosidases. 113-114
Epoxides, another class of MBIs, have proven to be MBIs in a number of retaining glycosidases.
102,115,133

Inactivation is believed to follow the binding of the inactivator in a mode resembling

that of the corresponding sugar substrate. Activation of the epoxide by protonation of the
oxirane by the catalytic acid/base residue is followed by attack by the catalytic nucleophile
residue, effectively opening the epoxide and forming a stable covalent complex (Figure 3-1a). in
most cases, covalent inhibition of the enzyme takes place only when the epoxide binds properly
in the enzyme active site to allow protonation of the epoxide oxygen atom by a catalytic
acid/base residue in close proximity. 102 As compared to the fluoroglycosides, inhibition of
glycosidases by epoxide-containing inhibitors is fast and in most cases truly irreversible. No
reactivation of the enzyme is observed after dialysis. 134

Figure 3-1 (a) Mechanism of inactivation of retaining β-glucosidases by epoxides. Structure of (b) exocyclic epoxide;
(c) conduritol B epoxide; (d) cyclophellitol and (e) epi-cyclophellitol.
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In general, the epoxide-containing glycosidase inactivators can be classified into the exocyclic
epoxides and the endocyclic epoxides. Exocyclic epoxides (Figure 3-1b) are the compounds that
have the epoxide group attached to a sugar via an alkyl spacer, while endocyclic epoxides
incorporate an epoxide within a cyclitol ring, which itself is a carbocyclic mimic of a sugar
(Figure 3-1 c-e). Of these, the endocyclic epoxide have been studied the most extensively. To
date, a wide range of these endocyclic epoxides has been synthesized to “match” the
specificities of a range of glycosidases. One that has seen considerable use is conduritol B
epoxide (CBE in Figure 3-1 c), and it has been shown to be a potent MBI for several retaining
glycosidases in various organisms, and has been employed to identify the catalytic nucleophiles
in several glycosidases. 102, 115 CBE has been particularly used to study mammalian retaining glycosidases - human lysosomal β-glucocerebrosidase (GCase). The deficiency of GCase can
cause a pathological condition known as Gaucher disease, which is a common lysosomal
storage disorder that can involve defects in blood, bone, neurological and liver development.135
CBE is shown to be a selective inactivator of human GCase, while have no inhibitory effect for
other known mammalian β-glucosidases. 136 This allows selective ablation of GCase activity in
cell homogenates, thus permitting analysis of other β-glucosidases in tissues. 115,137
Furthermore, the symmetry of CBE allows it to inactivate retaining α-glycosidases, and
applications include the identification of active site residues in mammalian sucrase-isomaltase
and human lysosomal α-glycosidase. 138,139,140 In general, it was found that β-glycosidases are
inactivated much more effectively by CBE than are α-glycosidases, likely because trans opening
of the epoxide by the β-glycosidase leads to the preferred trans-diaxial product. Ring opening
with the α-glycosidases necessarily yields the less favored trans-diequatorial product. 102 On the
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other hand, a major drawback of the structural symmetry of CBE is that it can bind in some
enzyme active sites in more than one mode, thereby resulting in covalent binding to residues
other than the catalytic nucleophile. This was observed by the labelling of alternate residues in
both human GCase 141 and almond β-glucosidase.142 In both cases, the labeled residue was
mistakenly identified as the catalytic nucleophile, which was later corrected with a more
specific class of reagent, the 2-deoxy-2-fluoro glycosides. 143,144
Since the inherent symmetry of CBE allows it to function as an inactivator of both α and βglycosidases, it had been proposed that the introduction of a C5 hydroxylmethyl group could
result in a more selective and potentially a more potent inactivator of β-glucosidases. 145 Indeed,
this proved to be the case with the asymmetric cyclitol epoxide - cyclophellitol (CP in Figure 3-1
d), which was initially isolated as a natural product from a mushroom, Phellinus sp. 146
Consistent with its structural resemblance to a β-D-glucose, CP was found to be a potent,
mechanism-based irreversible inhibitor of retaining β-glucosidases compared to CBE. 147,146,148
Similarly, CP was also used as a small-molecule inhibitor of mammalian GCases in vivo to induce
a Gaucher-like state in both cell culture and an animal study. 147, 149 Its structural analogue with
an azide group attached to the C-6 position and extended with a BODIPY fluorophore moieties,
makes it an excellent ABP for GCase and allows immediate fluorescence scanning on SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis).150,151 Although extensive studies
have been reported on the synthesis and use of CP analogues, 134 in only one case has an X-ray
structure of an enzyme inactivated with CP been reported, this beings the β-glucosidase from
Thermotoga maritima. 152
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No equivalent -glucosidase inactivator has yet been discovered as a natural product. A
diastereoisomer of CP, 1,6-epi-cyclophellitol (ECP as in Figure 3-1e), which has the epoxide
trans to the hydroxymethyl group, thus down relative to the ring plane, has been synthesized
and shown to be a potent -glucosidase inactivator of yeast α-glucosidase and α-mannosidase
from jack beans.149,153 However, no reports have been published on the inactivation of
polysaccharide-degrading enzymes, such as human pancreatic α-amylase (HPA), by CP or ECP,
largely because such enzymes typically require at least a “disaccharide” moiety in the active site
for productive binding and the chemical synthesis of such oligosaccharide versions is non-trivial.
This is highly true for HPA, since its active site spans from -3 to +2 subsites. 45
As HPA is a crucial enzyme in the starch degradation pathway, it would be very interesting to
design and synthesize an oligoglycosyl-ECP MBI to selectively label HPA via the formation of a
relatively stable glycosyl-enzyme intermediate. Such reagents could be useful in the structural
characterization of the amylase active site, and could also be beneficial for the design as probes
of amylase biology.
3.2 Aim of the project
The aim of the project is to synthesize an oligoglycosyl mechanism-based inactivator, with an
epi-cyclophellitol moiety at the reducing end (i.e. glycosyl ECP and maltosyl ECP), via
chemoenzymatic approaches. Determination of its inhibition mode through kinetic and
crystallography studies could pave the way for subsequent structural analysis and further
development of ABPs.
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3.3 Results and discussions
3.3.1 Chemoenzymatic synthesis of glucosyl epi-cyclophellitol

First, a simple disaccharide version of MBI with an ECP moiety, glucosyl epi-cyclophellitol (GECP) was synthesized. Since chemical synthetic approaches would be challenging, especially
given the relatively limited availability of ECP, itself synthesized via an eight step route from Dxylose, 154 enzymatic coupling approaches were attempted. These are also not without
challenges since NDP-sugar-dependent glycosyl transferases that carry out the desired coupling
are not readily available and in any case tend to have high specificity for acceptors. A route
involving transglycosylation using an appropriate retaining glycosidase or transglycosidase was
thought to be unlikely to work since either ECP itself, or the G-ECP product, would probably
inactivate the coupling enzyme. To avoid these problems an inverting glycoside phosphorylase
was chosen, on which no covalent glycosyl enzyme intermediate was formed and thus
inactivation was less probable. An excellent candidate for such an enzyme was the GH65
maltose phosphorylase from Lactobacillus acidophilus NCFM (LaMalP), which has been shown
to carry out -glucosyl transfer from maltose to a range of sugar acceptors in phosphate buffer.
155

The use of high maltose concentrations and phosphate buffers generated -glucose-1-

phosphate in solution, which served as the donor for transfer to the acceptor. This specific
approach was not attractive in our case since it also required high concentrations of the
acceptor, which was not feasible for ECP. An alternative approach was to use -glucosyl
fluoride as the donor in the presence of phosphate, the higher reactivity of the fluoride
allowing lower concentrations to be employed. 156 While this approach did work, it led to partial
degradation of the epoxide product, presumably via HF-promoted ring-opening.
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The best approach was to use -glucose-1-phosphate, prepared by chemical synthesis, 157 while
performing the reaction at as low a pH as possible to favour the reaction equilibrium (Figure
3-2a). Carrying out the reaction on a 10 mg (1.2 mL) scale using 9 µM of LaMalP and monitoring
by TLC and MS yielded G-ECP (40 %) after a 6-hour reaction. 1D 1H-NMR analysis of the purified
product, however, revealed the presence of a major and a minor species, presumably linkage
isomers. HPLC purification was therefore performed to separate the two “disaccharide”
products and subsequent two-dimensional NMR analysis (COSY, HSQC and NOESY) identified
the two products as the -1,3-linked and -1,4-linked isomers in a 4:1 ratio, with the -1,4 GECP unfortunately being the minor species. A structural rational for this may be found in the
crystal structure of wild type LaMalP, whose loop 3 (His413-Glu421), connecting α3 and α4 of
the (α/α)6-barrel forms a barrier that prevents binding of the malto-oligosaccharides longer
than maltose in the catalytic pocket. 158 In other words, the specificity of the acceptor for
LaMalP is strict towards maltose, and it was possible that the oxirane moiety of ECP was
adversely affecting the binding mode in LaMalP, leading to the undesirable isomer. Therefore,
the possibility that the alkene precursor of ECP (bearing a double bond across the same carbons
as the epoxide) might also function as an acceptor, was explored with the hope of an improved
yield of the desired -1,4 isomer (Figure 3-2b). If so then the epoxidation reaction of the double
bond could be performed after the coupling, rather than before. Unfortunately, even though
coupling proceeded well, the ratio of isomers was not improved so this route was abandoned.
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Figure 3-2 (a) Formation of G-ECP catalyzed by LaMalP in sodium acetate buffer (50 mM, pH 4.0) at room
temperature to give -1,3-linked and -1,4-linked products in a ratio of 4:1; (b) reaction of alkene precursor of ECP
with βG1P; (c) illustration of the expected mechanism-based inhibition of G-ECP with HPA. The inactivator reacts
with HPA and forms a covalent species that blocks access to the catalytic Asp197 in the active site.

3.3.2 Kinetic analysis of the inactivation of HPA by the two glucosyl epi-cyclophellitols
Irreversible inhibitors display time-dependent inhibition and their potency therefore cannot be
accurately characterised by IC50 or Ki values. This is because the amount of active enzyme at a
given concentration of irreversible inhibitor will be different depending on how long the
inhibitor is pre-incubated with the enzyme. Instead, time-dependent inactivation studies should
be done, yielding a pseudo first-order rate constant of inactivation kobs. The observed rate
constant kobs for loss of activity in the presence of inhibitor at concentration [I] can be described
by the rapid formation of a non-covalent complex, having the apparent dissociation constant Ki,
which gives the covalent glycosyl-enzyme complex with an inactivation rate constant ki. 102
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Due to the challenges of synthesizing sufficient amounts of G-ECP, it was not possible to do full
kinetic analysis of the inactivation process. Thus, time-dependent inactivation of HPA activity
was measured only at a single concentration of inactivator. The inactivation was monitored by
incubation of HPA in the presence of -1,4 G-ECP (3.6 mM) or -1,3 G-ECP (6 mM). Residual
enzyme activity was determined by addition of an aliquot (10 l) of the inactivation mixture to
a solution of 2-chloro-4-nitrophenyl α-maltotrioside (CNP-G3). kobs for inactivation is
determined by direct fitting the residual activity of HPA versus time to an equation describing a
single exponential decay with offset in GraFit 7.0.0.
Incubation of HPA in the presence of the -1,4 isomer of G-ECP resulted in time-dependent loss
of activity with kobs of 0.001 min-1. This is therefore a relatively slow inactivator, probably
because the binding of a “disaccharide” moiety at the -2 and -1 subsites of HPA active site is not
optimal. By contrast no inactivation was seen with the -1,3 isomer of G-ECP for over 48 hours
(Figure 3-3). This complete lack of inactivation by the 1,3-linked isomer simplified further
crystallography work since the mixture of isomers could then be used, avoiding the challenging
HPLC separation of relatively valuable materials.
The catalytic incompetence of the trapped covalent intermediate could be demonstrated by
attempted reactivation experiments, in which G-ECP treated HPA was first freed of excess
inactivator and then incubated in the same HPA buffer, and aliquots were assayed at time
intervals. At 30 °C, no reactivation was observed, even after 24 hours. Since many glycosidases
carry out transglycosylation more rapidly than hydrolysis, the effect of addition of 20 mM
maltose was investigated on reactivation rates. No such turnover of the enzyme was observed
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indicating the covalent linkage between the enzyme and the inactivator is quite stable, as could
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Figure 3-3 Residual activity of HPA in the presence of () 3.6 mM α-1.4 G-ECP, and () 6 mM α-1,3 G-ECP in
phosphate buffer (50 mM sodium phosphate, pH 7.0) containing sodium chloride (100 mM) at 30 °C.

3.3.3 Mass spectrometric analysis of the inactivated enzyme

A sample of HPA was first incubated with the mixture of G-ECPs, until no enzyme activity
remained. The excess inactivators were removed by use of an Amicon 10 kDa nominal cut-off
centrifugal concentrator, and the resulting mixture was subjected to ESI-MS analysis, along with
an untreated sample of HPA. As can be seen in the mass spectra in Figure 3-4 the mass of the
treated enzyme (m/z = 56,412) is greater than that of the untreated enzyme (m/z = 56,073) by
the anticipated mass of the ECP (m/z = 338), indicating stoichiometric labelling of the enzyme
with a single molecule of inactivator α-1.4 G-ECP.
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Figure 3-4 Mass spectra of HPA (above) and HPA treated with α-1,4 G-ECP (below).

3.3.4 Structural analysis of the inactivated enzyme.

A high resolution structure (1.23 Å) was acquired in Dr. Brayer’s group from the crystal of HPA
soaked in G-ECP isomers, and only α-1,4 G-ECP was observed to bind to the active site of HPA,
quite consistent with the kinetic results of the two isomers. As can be seen from the omit maps
of Figure 3-5a, the structure of α-1,4 G-ECP bound to the active site of HPA revealed two
slightly different binding modes. By omitting the ligand from the G-ECP/HPA model, a simulated
annealing omit map was calculated to demonstrate covalent binding of each of the major and
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minor structures of G-ECP. In these two different modes, G-ECP maintains almost identical
overall positions in the active site, with the differences residing in two different conformations
of the catalytic nucleophile Asp197. The major conformation of Asp197 is consistent with
previously reported structures of HPA inhibitor complexes and appears to be stabilized by
hydrogen bonding interactions with the C6-OH of ECP. 114,124,159 This hydroxyl group is in
approximately the same position as the endocyclic oxygen of the glucose moiety in the normal
glycosyl-enzyme intermediate, which has been seen in close proximity to the carbonyl oxygen
of the catalytic nucleophile in several structures of GH13 glycosyl-enzymes 160,161,162 The minor
conformation of Asp197 is an unusual one for the nucleophile, with the χ-1 angle relatively
rotated by ~20° towards Glu233 thereby reducing the distance between the carboxylic groups
of Asp197 and Glu233 from 5.4 Å to 4.2 Å. It appears to be stabilized by hydrogen bonding with
the C2-OH of ECP.
The ECP moiety is clearly covalently linked to Asp197 with the carboxylate having attacked the
epoxide from the “beta” face and opened the epoxide in a trans diequatorial fashion, as
expected from the amylase catalytic mechanism. The cyclitol ring sits in a normal chair
conformation and is engaged in multiple hydrogen bonding interactions, as seen Figure 3-5 d-e.
Indeed, 10 direct and 3 water-mediated hydrogen bond interactions were observed in the GECP-HPA complex major conformation, and one less interaction in the minor conformation.
Comparison of the structure of the G-ECP complex (major conformation) with those of the noncovalent inhibitor acarbose and the trapped covalent 4’-O-methylmaltosyl-5-fluoroidosyl-HPA
(MeG2-5FIdo-HPA) intermediate is instructive (Figure 3-5 b-c). In both cases the distal glucosyl
moieties, in the -2 binding subsite, overlay almost perfectly indicating that the enzyme is
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recognizing the oligosaccharides in a similar fashion. Differences are found only in the -1 site,
and are those anticipated on simple geometric considerations. Thus C1 (normal nomenclature
of glucose) of G-ECP overlays well with C1 of the covalently bound fluoroglycoside inhibitor,
since both are attached to the oxygen of Asp197. However, the equivalent carbon atom of the

Figure 3-5 (a) Simulated annealing omit map at the 3σ level (green mesh) around the bound G-ECP inactivator
(yellow sticks) in the active site of HPA. Major and minor conformations are shown to demonstrate the two
different binding modes. Superposition of the G-ECP ligand in the major conformation with the HPA inhibitors. (b)
acarbose (PDB 1CPU) and (c) MeG2-5FIdo (PDB 3IJ7) in magenta stick representation. The catalytic triad residues
(Asp197, Glu233 and Asp300) of HPA are shown in green with the corresponding overlaid residues shown in blue.
Substrate binding subsites in the active site of HPA are labeled according to the convention used for glycosidases.
The asterisk indicates the substrate cleavage site, which takes place between subsites -1 and +1 of HPA. Structural
(d) and schematic (e) representations of hydrogen bond interactions in the G-ECP-HPA complex. Involved amino
acids are highlighted in the schematic representation by colored spheres. Hydrogen bonds between protein
residues and ligands are indicated by yellow or grey dashed lines. Distances in angstroms are denoted in (e). Water
molecules involved in ligand and protein interactions are represented by red spheres and labeled with Roman
numerals.
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valienamine moiety of acarbose bound in the -1 subsite sits approximately 1.8 Å further away
due to the inherent half chair conformation of valienamine’s. Accordingly, the ring plane of the
valienamine moiety is tilted approximately 35° relative to that of the cyclitol of G-ECP.
Interestingly the ring plane of the 5-fluoro-idosyl species is also tilted by 35° despite the
covalent attachment, but in this case that is a consequence of the ring distortion occasioned by
the inverted stereochemistry at C5.

3.3.5 Chemoenzymatic synthesis and characterization of a maltotriosyl epi-cyclophellitol
Although -1,4 G-ECP was demonstrated to be a MBI covalently linked to the catalytic
nucleophile of HPA, occupying the subsites -2 to -1 in the active site, its slow inactivation limits
its use as an effective inactivator of HPA. Either a long incubation time with the enzyme or a
very high concentration of the valuable inactivator is required to fully inactivate HPA. The
successful demonstration of its inactivation did suggest that extended versions could be more
potent inactivators by analogy with the faster turnover of longer substrates. 45 Presumably, the
longer version of MBI can occupy additional sugar binding subsites in the enzyme’s catalytic
pocket. Therefore, a “trisaccharide” version of amylase inactivator that incorporates an ECP
moiety and occupies at least three subsites was synthesized and described below, as an
extension of the previous work.
As discussed in Section 3.3.1, LaMalP is not suitable for synthesizing products longer than a
disaccharide due to the structural constraints in the enzyme’s active site. Therefore, an
alternative enzyme, cyclodextrin glucanotransferase (CGTase) of the GH13 family, was used for
the chemoenzymatic synthesis of the trisaccharide version of MBI. CGTase is capable of
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catalyzing the synthesis of non-reducing cyclodextrins from starch and other polysaccharides,
and has been shown to be highly effective in transferring sugar moieties to saccharide
analogues without suffering severe product inhibition. 163,164 An activated glycosyl fluoride
donor, such as maltosyl or maltotriosyl fluoride donors is normally used as an elongating
reagent, but the reaction can be complicated by self-transglycosylation of the fluoride donors
to form a variety of elongated malto-oligosaccharyl fluorides. To simplify both the enzymatic
synthesis and subsequent kinetic analysis of the elongated species, a blocked version of the
fluoride donor in which the 4’-hydroxyl group at the non-reducing end was methylated, was
used to synthesize the maltotriosyl version of MBI. Therefore, 4’-O-methylmaltosyl fluoride
(MeG2F) was incubated with ECP at room temperature in the presence of CGTase. After the
initial transglycosylation, the 4’-O-methyl group prevented further transglycosylation reactions,
resulting in a homogeneous trisaccharide analogue 4’-O-methyl--maltosyl epi-cyclophellitol
(MeG2-ECP) as shown in Figure 3-6.
The reaction was monitored by TLC until ECP was fully consumed and CGTase was removed by
ethanol precipitation. The crude product was analyzed by ESI-MS, and the expected mass was
observed (detected m/z = 537.1732; expected with sodium adduct, m/z = 537.1795). The crude
product was subsequently tested as an inactivator of HPA directly, and a time-dependent
inactivation was observed, with kobs = 0.007 min-1 at an estimated inactivator concentration of
29 M (Figure 3-7). This indicates the trisaccharide formed contains the expected -1,4 linked
product, since only the -1,4-linked reagent can inactivate HPA. The structure of the glycosylenzyme complex would presumably resemble that of G-ECP and those reported in literatures,
114, 163

in which the trisaccharide analogue spans the -3 to -1 subsites in the active site of HPA.
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The residue in the -1 subsite is expected to be an ECP moiety, covalently attached to the HPA
catalytic residue Asp197, whereas the -2 and -3 subsites are occupied by glucosyl moieties
(Figure 3-8). Compared to G-ECP (kobs = 0.001 min-1 at [G-ECP] = 3.6 mM), MeG2-ECP is a much
better inactivator (kobs = 0.007 min-1 at [MeG2-ECP] = 29 M). The higher inactivation efficiency
observed than G-ECP being due to the occupation of the additional sugar binding sites at the
active site region.

Figure 3-6 Chemoenzymaic synthesis of MeG2-ECP using MeG2F and ECP by CGTase in sodium phosphate buffer
(50 mM, pH 7.0) containing sodium chloride (100 mM) at 30 C.
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Figure 3-7 Residual activity of HPA in the presence of 29 M MeG2-ECP in phosphate buffer (50 mM sodium
phosphate, pH 7.0) containing sodium chloride (100 mM) at 30 °C.
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Figure 3-8 Schematic drawing of the structure of G-ECP, MeG2-5FIdoF and the expected mode of MeG2-ECP
binding to HPA active site. The binding subsites in the active site cleft of HPA have been identified according to the
45
convention indicated in the bottom portion of this diagram (Brayer et al. ). Also shown is the expected binding
mode for a normal starch substrate, where hydrolysis would occur between subsites -1 and +1.

3.3.6 In situ elongation of MeG2-ECP

Having shown that CGTase could elongate ECP and form a useful trisaccharide version of HPA
inactivator, it was of interest to see if HPA itself could carry out the elongation and form its own
inactivator in situ. This seems possible in light of the previous use of HPA to elongate inhibitors
such as D-gluconohydroximino-1,5-lactam (GHIL), generating a remarkably better reversible
inhibitor MeG2-GHIL, with the elongated inhibitor binding roughly 1000-fold tighter than the
original GHIL. 163 Later, the same in situ strategy was applied to 5FIdoF, producing a
trisaccharide inactivator MeG2-5FIdoF that indeed covalently bound to HPA and resulted in a
time-dependent loss of enzyme activity. 114 The structure of the resulting glycosyl-enzyme
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Figure 3-9 Proposed in situ elongation-trapping mechanism for HPA using ECP as the acceptor and MeG2F as the
donor.

Figure 3-10 Mass spectra of HPA (above) and HPA treated with MeG2F and ECP (below).
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complex was determined by carrying out the reaction “in crystallo”, and revealed extensive
hydrogen-bonding interactions with the enzyme subsites.
Incubation of ECP and MeG2F (28 mol each) with HPA (1.6 nmol) at 30 °C did indeed result in a
time-dependent inactivation with complete loss of enzyme activity in 4 hours. The proposed
mechanism is shown in Figure 3-9. Evidence for formation of an elongated covalent MeG2-ECPHPA glycosyl-enzyme complex was obtained by mass spectrometry. Both the wild type and the
trapped HPA complex were analyzed by ESI-TOF and the individual masses were determined.
ESl mass spectrometry showed that the wild type HPA was expressed in a series of forms with
the parent mass being 56,063 Da (Figure 3-10). The masses differ by approximately 160 amu;
this is the typical mass for a sugar residue. Since the enzyme was express in Pichia pastoris,
which is known to glycosylate foreign proteins heterogeneously, 123,165 the mass observed
suggests the presence of 1-2 sugar residues on the glycosylated enzyme forms, given the mass
of nonglycosylated protein predicted to be 55,889 Da. In addition, the sample was kept in fridge
for a certain time, and the other masses may possibly arise from glycation/glycosylation as well
as some other unknown process.
Upon treatment of MeG2F and ECP, all three peaks of the wild type enzyme were shifted up by
514 ( 1) Da, which matches, within error, to the mass of predicated covalent attachment of
MeG2-ECP (m/z = 514.5), indicating that all three species were being active form. It is also
noteworthy that the mass spectra of the MeG2-ECP-HPA revealed that the inactivator
covalently linked to HPA in a stoichiometry of 1:1 ratio, and essentially no free enzyme was
detected, indicating nearly complete covalent labeling, consistent with the complete loss of
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enzyme activity observed. The resultant trapped covalent intermediate MeG2-ECP-HPA was
also found to be stable, with no reactivation of the enzyme seen when the complex was
incubated with 20 mM maltose for a period of over 10 hours.

3.3.7 Comparisons of the two ECP-containing MBIs

The synthesis of G-ECP by LaMalP unfortunately resulted in the formation of two isomers with
the undesired -1,3 linked isomer being the major one, presumable because of preferred
binding of ECP moiety in the “1,3” mode in the acceptor site. In order to gain better yields of
the desired -1,4 product, it may be possible to mutate LaMalP to alter binding modes, or
another type of maltose phosphorylase could be used. Our group is working on the screening of
potential novel maltose phosphorylases from a metagenomic library, and the identified hits
may prove more useful.
Since the subsites of HPA span through -3 to +2, monosaccharide or disaccharide analogues
generally have very weak affinity for HPA’s active site. 163 Our result is quite in accordance that
the disaccharide version of MBI, -1,4 G-ECP, inactivates HPA with a kobs of 0.001 min-1 at 3.6
mM, while the introduction of the extra glucose mimic at the non-reducing end makes MeG2ECP a better inactivator, with a kobs = 0.007 min-1 at 0.029 mM. The higher inactivation
efficiency observed for MeG2-ECP is apparently due to the additional occupation of the -3
subsite in the active site. The accelerated inactivation rate of HPA by MeG2-ECP could be arise
from the activation energy of the reaction being lowered by the binding of an additional sugar
moiety.
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Similarly, Numao et al. 163 showed that MeG2-GHIL was a competitive inhibitor of HPA with an
apparent dissociation constant Ki of 25 μM, 3 orders of magnitude lower than that for the
monosaccharide inhibitor GHIL (Ki = 18 mM), clearly demonstrating that extension of GHIL
generates a better inhibitor for HPA. This phenomenon had also been seen previously in the
fact that, the relative rates of hydrolysis of HPA (kcat/Km) varied significantly for different
oligosaccharide; for example, kcat/Km of HPA increased from 98 s-1 mM-1 to 830 s-1 mM-1 when
the substrates were changed from maltosyl fluoride to maltotriosyl fluoride. 45 This 4-fold
increase is a consequence of filling the -3 subsite, and points to substantial stabilization arising
from the additional sugar residues. Several other studies have also shown that oligosaccharidebased molecules are better inhibitors for porcine pancreatic α-amylase, the sequencehomologe of HPA. 164,166,167
Further elongation to synthesize an oligosaccharide version of MBIs with more than three sugar
residues is not likely to be fruitful, since maltotetraose was observed to bind in two productive
modes with the preferred cleavage mode being when the -2 to +2 subsites of HPA were filled. 45
As such, a “tetrasaccharide” version, maltotetraosyl epi-cyclophellitol, would probably function
as a substrate rather than an inactivator, and would be cleaved by the enzyme before
inactivating.
3.4 Conclusion
Although HPA is an important pharmaceutical target for controlling blood glucose levels, very
few reports have been published on the development of novel MBIs of this enzyme, in large
part because of the difficulties encountered in the synthesis of oligosaccharide-based
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inactivators. In this project, a glucosyl moiety was -linked to epi-cyclophellitol using a chemoenzymatic approach with a maltose phosphorylase, allowing the assembly of a new class of
mechanism-based amylase inactivators that formed a covalent glycosyl-enzyme intermediate
with HPA. Furthermore, a trisaccharide version was synthesized using a GH13 starch-processing
enzyme, CGTase. By taking advantage of the intrinsic ability of HPA to catalyze transglycosylation reactions, the inactivator could be elongated in situ by preincubating HPA with ECP and an
activated glycosyl donor. Accurate measurement of the mass of the unmodified native enzyme
and the inactivated enzymes gave the increase in mass caused by reaction with the inhibitors
and showed the stoichiometry of the reactions. Both of the MBIs inactivate HPA in a timedependent manner, with the trisaccharide version being a better inactivator. This is because
the additional glucosyl moiety provides a substantial increase in affinity. Crystallographic
analysis of the covalent complex of G-ECP with the enzyme confirmed the occupation of the
inactivator in the -2 to -1 subsites, and the stoichiometric, covalent nature of the reaction. The
precise structure of the elongated species MeG2-ECP and its interactions with HPA could be
determined crystallographically by incubating HPA crystals with the ECP and MeG2F moieties in
future studies and can provide further insights into the interactions within the enzyme active
site. The binding of the inactivator would be expected to be similar to that of G-ECP, showing
the labeling of the catalytic nucleophile Asp197 by the oxirane, and binding of the non-reducing
end sugar moiety in the -3 subsite.
Beyond the use in structural analysis of amylases, the selectivity and potency of the class of
ECP-containing MBIs together with the stability of glucosyl-enzyme adduct, make it an excellent
probe lead for ABPs for monitoring amylases in vivo. The X-ray structure reveals that, as would
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be expected, a reporter group could be attached at O4’ or even O3’ of the distal (non-reducing
end) sugar without encumbrance, allowing direct fluorescent monitoring of the enzyme in vivo
or identification of novel amylases by “pull-down” experiment using bioorthogonal linkers.
Furthermore, the strategy of the in situ elongation can be applied for high-throughput
screening of potential probes for amylases. Different glucose analogues with either an azide,
amine or thiol functional group etc at the C3’-, C4’- or C6’- position of the non-reducing end can
be used as donor compounds though chemical syntheses of the donor molecules could be
challenging. These donor molecules are then incubated with ECP in the presence of HPA in a 96well plate, and only the suitable donors (recognized by HPA) can be transglycosylated to the
ECP moiety and form a covalent glycosyl-enzyme intermediate with HPA. By mass spectrometry
analysis and residual enzyme activity test as described in this Chapter, successful elongated
probes can be identified. Those functional groups at the non-reducing end can be further
reacted with other reporter group for fluorescent visualization or identification. The probe
leads of interest can be synthesized by CGTase individually and used for amylase family.
Moreover, if the acceptor is changed to an aziridine sugar analogue, allowing the attachment of
different fluorescent tags or reporter groups at the reducing end, the probe library can be
further expanded.
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Chapter 4 Exploration of Starch Surface Binding Sites on
Human Pancreatic Alpha-Amylase
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4.1 Introduction
Starch, the major component of human diet, is the most abundant storage polysaccharide in
higher plants and is synthesized in the plastids, where it forms insoluble granules of different
sizes, shapes and degrees of crystallinity. 168 Starch has two major components: the linear
amylose composed largely of -1,4 linked glucose units and the branched amylopectin mainly
formed by -1,4 linked glucosyl residues but also containing occasional branching -1,6
linkages. The overall structure of starch granule is a growth ring structure consisted of semicrystalline and amorphous regions. 50,51,52 Due to its complex structure, a range of amylolytic
enzymes is needed to degrade starch, including -amylases, -amylases, limit dextrinases,
isoamylases and -glucosidases. 30 These represent endo-glycosidases and exo-glycosidases as
well as -1,6 debranching activities. 30 By far, the majority of these starch-degrading enzymes
fall into GH13, the -amylase family.
The hydrolysis of native starch granules by -amylases involves an enzyme in solution acting on
a solid substrate. Thus, the surface area accessible to the enzyme and the efficiency of
adsorption onto the surface are important parameters. 169 The targeting and binding of
amylolytic enzymes to starch granules commonly depends either on non-catalytic binding sites
on auxiliary domains that are independent folding domains known as carbohydrate binding
modules (CBMs), or on surface binding sites (SBSs) situated on the catalytic domain. 67,170,171
Approximately 7% of all GHs in the CAZy database contain at least one CBM, 13 and more than
one CBM can be present to increase their catalytic efficiency. Extensive research has been done
to elucidate the biological roles of these autonomously folding and functioning modules,
removal of which can reduce or even abolish binding and activity towards insoluble substrates.
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67

SBSs are much more challenging to identify since they are found on the catalytic domain

outside the enzyme active site, but are just as important as CBMs for the enzyme’s functions.
171,172,173

Most logically, SBSs can ensure the association of the enzyme with their

polysaccharide substrate, 174,175,176 can guide the substrate chain into the active site 175,177,178
and can possibly assist in disruption of the natural structure of the solid substrate to facilitate
catalysis.179,180,181 Allosteric regulation is also possible when a SBS is occupied by carbohydrate
ligands that affect the properties of the active site conformationally.182,183,184 Moreover, SBSs
can facilitate processive action (multiple attack mechanism), 175,185 in which an initial endoattack is followed by the hydrolysis of additional glucosidic bonds before the enzyme-substrate
complex dissociates. 186 Additional roles ascribed to SBSs include passing products on to
neighbouring carbohydrate binding modules, and anchoring to the cell wall of the parent
microorganism etc. 187,188
The majority of SBSs discovered so far have been deduced through crystal structures of
enzymes in complex with substrates or substrate analogues.171 About half of the >45 enzymes
with an identified SBS are from GH13 and a few are from GH77, both belonging to clan GH-H of
the CAZy classification. Within the GH13 family, SBS-containing enzymes are found within 17 of
the 36 subfamilies.172 The existence of SBSs was first described for porcine pancreatic amylase (PPA) of GH13_24 by Loyter & Schramm, 189 who investigated the interactions of HPA
with macromolecular limit dextrins of glycogen and also determined a binding stoichiometry of
two for maltotriose by aid of equilibrium dialysis. Despite this discovery 50 years ago, the
characterization of SBSs has not progressed far. 170 The crystal structure of PPA was not
available until 1980,190 and crystallographic studies with substrate or substrate analogues
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bound to different regions of the enzyme surface were only completed relatively recently. 79, 181,
191,192,193,194,195,196

The most thoroughly investigated SBSs in GH13 belong to barley α-amylase

isozymes (AMY1 and AMY2) of GH13_6. 174,175,197,198,199,200 The first binding site in AMY2 was
discovered by differential chemical modification of the enzyme in complex with -cyclodextrin
and shown to contain two adjacent tryptophan residues (Trp278 Trp279). A second SBS on the
C-terminal -sheet domain was identified in the AMY1 isozyme, which has approximately 80%
sequence identity with AMY2. The two sites are referred to as the “starch granule binding site”
and the “sugar tongs”. In addition, multiple SBSs were reported in several other GH13 enzymes.
Human salivary -amylase of GH13_24 was shown to have three SBSs 178 and Neisseria
polysaccharea amylosucrase of GH13_4 to have two SBSs, 201 suggesting that synergistic effects
involving multiple residues might participate in starch binding to amylases.
The increasing awareness of SBSs in recent years has driven the establishment of a variety of
analytical tools for the identification and characterization of the binding sites. The utilization of
protein crystals with oligosaccharides (co-crystallization or soaking experiments) bound on the
enzyme surface is an attractive approach for the identification of novel SBSs. However, the
approach is likely to result in crystallographic artifacts due to either the high ligand
concentrations employed or crystal lattice constraints. 173 Retardation affinity gel
electrophoresis (AGE) turns out to be another relatively simple and informative screening
method to identify novel SBSs, 202 and involves native gel electrophoresis done either in the
presence or absence of soluble polysaccharides. Since enzyme migration is retarded by
polysaccharide interactions, the migration of an interacting enzyme is slower when the
polysaccharide is present than that of the control without polysaccharide. An apparent binding
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constant or equilibrium dissociation constant Kd, for the enzyme complex formation can also be
estimated. 203 In the case of insoluble polysaccharides, AGE is replaced by pull-down or coprecipitation experiments, which are referred to as adsorption assays. 178,204,205 Sequence
comparison with closely related SBS-containing proteins may also be used for the identification
of SBSs, but is not applicable to GH families, such as GH13 that have low sequence homology.
172

Next, to validate the capacity of the identified sites to bind to oligosaccharides, site-directed

mutagenesis of residues within putative SBSs, followed by characterization of functional
properties of the enzyme variants, forms the basis of a straightforward strategy. Several
characterization methods, such as surface plasmon resonance (SPR) or isothermal titration
calorimetry (ITC) can be used to measure the dissociation constants and associated
thermodynamic parameters quantitatively. 175,202,206,207 NMR analysis is also able to resolve
contributions from interactions at the active site and SBSs, 177 but has not been commonly
implemented with the -glucan active enzymes, since they are typically too large for NMR
analysis. A combination of mutational analysis with SPR and ITC is usually the most powerful
strategy for the elucidation and characterization of the roles of key functional residues within
SBSs. 173
A challenge often faced in the strategy above is that of indiscrimination between the active site
and binding sites, as they both have binding affinity for polysaccharide substrates. It is
therefore necessary to have a means of blocking the active site, and/or the SBSs. Mutagenesis
of a single amino acid may not be sufficient, since binding to the active site occurs along the
entire length of the substrate binding area and modification of one subsite may not have a
great impact on binding with the others. In order to eliminate the effects of carbohydrate
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interactions at the enzyme’s active site and discriminate between the active site and SBSs, it is
better to inactivate the enzyme’s hydrolytic ability and block the catalytic pocket
simultaneously. Thus, mechanism-based covalent inhibitors (MBIs) or other tight-binding
specific inhibitors can be used to block polysaccharide binding at the active site. While this
approach may work in principle for any carbohydrate-active enzymes, the availability of
inhibitors is enzyme-dependent, thus the synthesis of suitable functionalized inhibitors is
required. In reality, only very few suitable reactive carbohydrate MBIs are available. 102,115, 134,206
While the SBSs in other GH13 enzymes have been probed, no studies have been reported on
how human pancreatic -amylase (HPA) binds to and degrades its natural substrate of starch
granules. Crystallographic studies performed on HPA in which oligosaccharides or
oligosaccharide precursors were soaked into crystals of HPA have in several cases identified
binding modes for these ligands outside the active site (Brayer unpublished data). Likewise,
recent crystallographic analyses of HPA utilizing 4’-O-methyl--maltosyl fluoride (MeG2F) and
5-fluoro--L-idosyl fluoride (5FIdoF) have discovered the sugar analogues bound on the HPA
surface at remote locations that are at a distance from the active site. 114 Since these soaking
experiments are typically performed using high ligand concentrations (typically 50 mM), it is not
clear whether the binding modes so identified have any biochemical or physiological relevance.
In a similar vein it is quite possible that other “true” binding modes have been missed if they
are occluded by crystal lattice packing interactions. Nevertheless, these observed binding
modes provide an excellent starting point for identification and validation of SBS on HPA. Figure
4-1 presents a composite of ligand binding modes observed at distinct surface sites on HPA at
ten different regions. Site 1 is located in the active site cleft, so is the primary binding site, while
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10
Figure 4-1 Snapshots of a variety of malto-oligosaccharide ligands in different positions on the HPA surface. Site 1
is located in the active site cleft, and sites 2-10 are remote from this region and possibly bind elements of the
starch granules. These sites were identified from a series of experiments. They have not been seen to all be
occupied at one time.

sites 2-10 are remote from this region and possibly bind elements of the starch granules. It is
hypothesized that one or more SBSs in HPA may be involved in starch binding, and potential
interactions at these sites may play a significant role in starch-binding activity.

4.2 Aim of the project
As ingestion of starch by HPA affects post-prandial glucose levels, it is of interest to
mechanistically probe how HPA degrades its complex, high molecular weight, and often
insoluble substrates - starch granules. In this chapter, to elucidate the mode of HPA-starch
granule binding and metabolism, potential SBSs of HPA are examined through structural
mapping, and enzyme-ligand interactions, such as hydrogen bonding and hydrophobic
interactions. The strategy outlined in Figure 4-2 is followed. The important amino acids on the
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Figure 4-2 Flow chart of project design
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enzyme surface are first identified and a series of single mutants are constructed in which key
amino acid side chains in each SBS have been individually mutated to either alanine to remove
key interactions, or to a bulky residue such as arginine to preclude binding at that site.
Successfully expressed mutants are then assayed using the small molecule substrate 2-chloro-4nitrophenyl α-maltotrioside (CNP-G3), which does not require SBSs for turnover. If the mutant
shows wild type levels of activity, it is assumed that the enzyme is correctly folded. Kinetic
parameters for hydrolysis of soluble starch by such mutants are subsequently determined, to
access the effects of remote mutation on that class of polymeric substrate. Finally, the binding
affinity of wild type and mutants to insoluble starch is assayed in the presence of an amylase
inhibitor that blocks the active site. This should assess the contribution of each such SBS to
starch granule degradation.
4.3 Results and discussions
4.3.1 Choice of mutants

The composite X-ray structures of Figure 4-1 clearly present a subset of mono- and oligosaccharide molecules directly involved in binding interactions with HPA. The overall
conformation of proteins in the HPA/ligands complex is essentially the same as in the native
structure. 37,114 All atoms of the model have well-defined density and the interactions between
HPA and the ligands can be clearly identified in detail. Two types of ligands were identified,
oligosaccharides such as maltotriose (G3) or maltohexaose (G6), and sugar analogues such as
MeG2F or 5FIdoF. Around these bound sugar units, arginine, glutamic acid and aspartic acid
polar-planar side chains, main-chain polar groups and the ammonium side chain of lysine

85

residues form the shell of the network of hydrogen bonds, which is considered as one of the
major features of protein-carbohydrate interactions.208 Hydrophobic stacking interaction
between the sugar and aromatic residues is also important. Such interaction occurs in all known
surface binding sites of amylolytic enzymes, 178,192,209 and mutation of the aromatic residues
that the -glucan curls around has resulted in decreases of activity in all cases. 175,176,184,199a,210,
211

Therefore, these interactions are elucidated in each SBS in my study as described below.

Active site and SBS 2
The complex structure in Figure 4-3a revealed that a single maltopentaose G5 molecule
occupied the active site from subsite -3 to subsite +2. At the extended SBS 2 that is 4.3 Å away
from subsite +2, a maltotriose G3 molecule Glc516-518 was clearly observed. O1 of Glc516 was
hydrogen bonded to ND2 of Asn152, and interactions of the bound ligand with neighbouring
amino acids are summarized in Table 4-1. The enzyme surface at this position suggests the
presence of a potential starch-binding site, and Asn152 could be an interesting amino acid to
study for binding interaction.
SBS 3
At another location close to the calcium binding site, which is 12.4 Å away from the catalytic
nucleophile Asp197, distinctive curved electron density corresponding to a G6 molecule was
observed at SBS 3. G6 was anchored at the entrance of an open depression at the bottom of
which the calcium ion is enmeshed (Figure 4-3b), lying at an average distance of 2.3 Å above the
indole ring of aromatic residue Trp203, and forming numerous interactions with other amino
acid residues through direct and water-mediated hydrogen bonds (Table 4-1). Interestingly, G6
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a: Active site and SBS 2

b: SBS 3

D197

W203
N152

N152

Glc516

d: SBS 5

c: SBS 4
E369

H201

Glc519
R80

I367

T84
e: SBS 6

Asn250

f: SBS 7

W284

Y276
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h: SBS 9

g: SBS 8

R389

S437

N412

Q390
R387
W434
W388
i: SBS 10

K322
j
hW434

N461

bY380

Figure 4-3 Zoomed view of structures of HPA at (a) Active site and SBS 2; (b) SBS 3; (c) SBS 4; (d) SBS 5; (e) SBS 6; (f)
SBS 7; (g) SBS 8; (h) SBS 9 and (i) SBS 10. Sugar analogues are shown in purple sticks. Residues of wild type HPA are
shown in cyan and structure of HPA bound with ligands is represented in green. The calcium ion is represented as a
red ball. (j) Structural overlay of barley α-amylase AMY1 (1HT6, orange) and HPA (1HNY, green) at domain C. The
key amino acids are shown in sticks, denoted with b and h, respectively.

adopted a left-handed helix with average O4’---O4 distances of 4.45 Å, possibly arising from the
ordered glucose residues of a longer and flexible oligosaccharide or -glucan chain segment
that curls around Trp203. It is quite plausible that the association with cyclodextrin-like G6
reflects the binding by the enzyme of helical turns of natural substrates. This architecture is
common for SBSs that bind to -1,4 linked D-glucose chains. 178,192,209 It is therefore expected
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Table 4-1 Observed binding interactions of sugar analogues with neighbouring amino acid residues at different
sites on the HPA surface.

Surface
Binding Site

Ligands

Contact HPA
Residues

Mutations

Reasons

2
3

G3
5FIdoF or G6

N152W
W203A

End of active site groove
Hydrophobic interactions

4
5
6
7

G3
5FIdoF
5FIdoF
G3
MeG2F

E369R
R80
N250R
Y276A,
W284A
W388

H-bonding interactions
H-bonding interactions
H-bonding interactions
Hydrophobic interactions

8

9

G3

W434A

H-bonding interactions

10

5FIdoF

N152, G239
K140, D153, T155,
R158, D159,
W203, G205,
D206, D246
I367, E369
R80, T84, N220
N250
K261, E272, Y276,
N279, W284
K322, R387,
W388, R389,
Q390
N412, W434,
S437
N459, N461A,
K466

N461A

H-bonding interactions

Hydrophobic interactions

that a mutation at Trp203 would result in a decrease in substrate binding affinity as reported in
other studies. 175,176,184,199a,210,211
SBS 4
A G3 molecule G519-521 was found at SBS 4 (Figure 4-3c). O6 of Glc519 was bonded to a
neighbouring water molecule, and O1 was hydrogen bonded to the main chain nitrogen of
Glu369 and the oxygen of Ile367 at a distance of 2.2 and 2.8 Å, respectively. Since the major
interactions are through hydrogen bonding to the main chains of the amino acids, mutation of
either of the residues to a simple alanine should cause no difference in oligosaccharide binding.
Therefore, mutation of the glutamic acid residue to a positively charged arginine is proposed in
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the expectation that difference in surface charge could lead to changes in the binding affinity
for oligosaccharides.
SBSs 5 and 6
Two 5FIdoF moieties were found bound to HPA, but at remote locations (SBSs 5 and 6 in Figure
4-3d-e) on the enzyme surface that are far too distant to influence the hydrolytic activity in the
active site region. At SBS 5, O1 of 5FIdoF was hydrogen bonded to NH1 of Arg80, which
underwent an 80 ° flip towards the ligand upon binding, compared to the wild type HPA
structure, while O2 of the same sugar analogue was hydrogen bonded to OG1 of Thr84 at a
distance of 2.2 Å. At SBS6, O6 of 5FIdoF was hydrogen bonded to ND2 of Asn250. At both sites,
hydrogen bonding between ligand and the enzyme are the major contribution, and the amino
acids involved (Arg80 and Asn250) are therefore noteworthy to explore.
SBS 7
At SBSs 7, another G3 molecule made extensive hydrophobic contacts from stacking of the
apolar faces of the sugars onto the flat surfaces of aromatic tryptophan and tyrosine rings
(Tyr276 and Trp284) as shown in Figure 4-3f. A noticeable ligand-induced conformational
change of ~ 0.6 Å was observed, involving Trp284. Though this site is situated at an average
distance of 30 Å from the active site, it may participate in multivalent binding of polysaccharide
substrates as reported for barley -amylase, whose “starch granule binding site” (Trp278
Trp279) is situated on the side of the catalytic ()8-barrel domain. 198 Therefore, this SBS 7 of
HPA is considered as a potential binding region, and the key residues are investigated.
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SBS 8
A single MeG2F was observed lying above the plane of the indole ring of residue Trp388, at an
alternate remote SBS 8 located 20 Å from the active site (Figure 4-3g). The indole ring of the
tryptophan was nearly parallel to the glucose ring plane. Hydrophobic stacking of the aromatic
residues occurred involving the ring of Trp388 abutting the glucose ring of the ligand. The
binding site architecture was completed by residues Gln390, Arg389, Arg387 and Lys322, which
act like the pincers to dock the disaccharide analogue. The tryptophan ring, polar side chains
and main chain polar groups act as a platform associated with the pincers serving to dock the
ligand. Mutation of the aromatic tryptophan ring would be expected to eliminate the
hydrophobic interaction as well as hydrogen bonds with the surrounding amino acids.
SBSs 9 and 10
Both SBSs 9 and 10 were located in the non-catalytic domain C (Figure 4-3h-i), whose function is
unknown in GH-H members and may have diverse roles in each enzyme. A G3 molecule at SBS 9
formed hydrogen bonds directly with neighbouring amino acids (Asn412, Trp434 and Ser437),
while 5FIdoF at SBS 10 was hydrogen bonded to Asn461. Interestingly, structural overlay
analysis revealed that Trp434 of HPA and the “sugar tongs” residue Tyr380 of barley -amylase
199b

are actually located in the same region of the C-terminal five-stranded anti-parallel -sheet

domain, with the side chains facing in different directions (Figure 4-3j).
Of all the SBSs discussed above, interactions between the natural sugar molecules G3 and the
enzyme surface at SBSs 2, 3, 4, 7 and 9 appear to be more reliable for the identification of
potential surface binding sites, since the bound ligands mimic the actual structure of the
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substrate. On the other hand, SBSs observed with sugar analogues (5FIdoF and MeG2F) could
be less likely candidates since binding of oligosaccharides is far more likely to signify a site that
normally binds to a polymeric structure while difluorinated derivatives are far from a perfect
mimic. However, knowing the possible crystal lattice restraints that might limit binding modes
and given that this sugar contains a vicinal triol of the same configuration as glucose, these sites
were still examined. Therefore, the key amino acids at the SBSs discussed above were mutated
by site-directed mutagenesis to examine their contributions to the surface binding. As such, in
the nine potential SBSs, the mutations of the amino acid residues that are involved in binding of
starch to HPA are designed and summarized in Table 4-1. In each SBS, a mutation is designed in
which the key amino acid has been individually mutated to either a small alanine, or to a bulky
hydrophilic arginine residue, or to a large hydrophobic tryptophan. Since a previous study on
human salivary -amylase showed the disorder of the protein structure when multiple amino
acids at different SBSs were mutated, 178 only single mutations on the enzyme surface were
initially planned.

4.3.2 Site-directed mutagenesis and mutant enzyme expression in Pichia
HPA wild type was expressed in Pichia as a secreted protein as reported by Rydberg. 165 In order
to introduce the single amino acid mutations, site-directed mutagenesis using overlap
extension polymerase chain reactions (OE-PCRs) was performed (Figure 4-4). The overlap
extension method, first described by Higuchi, 212 involves two flanking primers (primers A and D)
on either end of the mutant sequence, and two internal primers (primers B and C) that contain
the mismatched bases and hybridize at the mutation region. In the first round, two separate
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Figure 4-4 Graphic representation of overlap extension polymerase chain reactions (OE-PCRs)
Table 4-2 Oligonucleotide sequences of the mutagenic primers

Primer
Name
A: 5’ AOX1
D: 3’ AOX1
N152Wc
N152Wb
W203Ac
W203Ab
E369Rc
E369Rb
R80Ac
R80Ab
N250Rc
N250Rb
Y276Ac
Y276Ab
W284Ac
W284Ab
W388Ac
W388Ab
W434Ac
W434Ab
N461Ac
N461Ab

Primer Sequence
GACTGGTTCCAATTGACAAGC
CCGTTTACCGTAAGACTGTAGGA
GT GGA GAT ATC GAG AAT TAC TGG GAT GCT ACT CAG GTC AGA GA
GTA ATT CTC GAT ATC TCC ACT TCC
CTTGATGCTTCCAAGCACATG GCTCCT GGA GAC ATA AAG GCA
CAT GTG CTT GGA AGC ATC AAG
AT AAT GGA GTA ATT AAA AGA GTT ACT ATT AAT CCA GAC
TTT AAT TAC TCC ATT ATT ATT
GGA AAT GAA GAT GAA TTT GCT AAC ATG GTG ACT AGA TGT
AAA TTC ATC TTC ATT TCC AGA
AGC AGT GAC TAC TTT GGT AGA GGC CGG GTG ACA GAA TTC
ACC AAA GTA GTC ACT GCT
AAT GGA GAG AAG ATG TCT GCT TTA AAG AAC TGG GGA G
AGA CAT CTT CTC TCC ATT CCA C
AAG AAC TGG GGA GAA GGT GCT GGT TTC GTA CCT TCT GAC
ACC TTC TCC CCA GTT CTT TAA
TGG GTC TGT GAA CAT CGA GCA CGC CAA ATA AGG AAC ATG
TCG ATG TTC ACA GAC CCA GTC
GTT TTC AAC AAT GAT GAC GCT TCA TTT TCT TTA ACT TTG C
GTC ATC ATT GTT GAA AAC AAT G
GGA GAT AAA ATT AAT GGC GCT TGC ACA GGC ATT AAA ATT
GCC ATT AAT TTT ATC TCC AGA

Mutants
Generated

N152W
W203A
E369R
R80A
N250R
Y276A
W284A
W388A
W434A
N461A
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PCRs are used to create the AB and CD oligos from the target template, respectively. Because
primers B and C have terminal complementary ends, AB and CD will then hybridize in a
subsequent “fusion” reaction in which the overlapping ends anneal, with the aid of primers A
and D. The resulting product AD containing the mutated internal sequence can be obtained,
and subcloned into a shuttle vector upon further purification.
With pPic9-HPA as the template, two universal primers 5’ AOX1 and 3’ AOX1 were used as
primer A and D for all the mutants. The oligonucleotide sequences of primers for each mutant
are shown in Table 4-2. The mutagenesis was successful for all the designed genes, and the
resulting fragment AD was cloned individually into another Pichia vector pPic9K, which is a
selective Pichia system allowing isolation of multiple copy integration of desired genes (occurs
spontaneously in Pichia at a frequency between 1% and 10%) so as to increasing yields of
expressed protein (Invitrogen catalog no. V175-20).
As shown in Figure 4-5, pPic9k is identical to pPic9 except for the presence of the bacterial
kanamycin gene (kan from Tn903) that confers resistance to Geneticin® in Pichia (Invitrogen
catalog no. V175-20). The level of Geneticin® resistance roughly depends on the number of
kanamycin genes integrated. A single copy of pPic9K integrated into the Pichia genome confers
resistance to Geneticin® to a level of ~0.25 mg/mL, and multiple integrated copies of pPic9K can
increase the Geneticin® resistance level up to 4 mg/mL. Because of the genetic linkage between
the kanamycin gene and the gene of interest in pPic9K, one can infer that Geneticin® resistance
clones contain multiple copies of desired gene. Secreted protein expression may increase
because of a gene dosage effect. Thus, the presence of the kanamycin gene allows for in vivo
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screening of transformants and can be used as a tool to detect pPic9K transformants that
harbor multiple inserts of the gene. Figure 4-5c shows multiple insertion of expression cassette
linked to the kan gene. However, this screening method requires tedious work and a long time,
and there is no guarantee that multiple copies will actually increase the yields of expressed

a

b

c

Figure 4-5 The map of (a) pPIc9 vector and (b) pPic9K vector. (c) Multiple plasmid integration in Pichia. Detailed
information can be found at www.invitrogen.com.
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protein. In other words, finding a colony with good screening results against Geneticin® does
not necessarily mean that it will express more protein. Since mutation on the surface would not
be expected to kill hydrolytic activity, an alternative screening method proceeding directly with
substrate to see if any of the colonies overexpress the desired proteins. The principle for this
screening is that a colony with higher hydrolytic activity and lower cell density can produce a
relatively high yield of protein.
First, the recombinant cells were grown on an agar plate until viable colonies appeared. The
colonies were picked onto a 96-well plate by a Colony picker (Genetix, QP1x2xT), and were
grown in 200 L cultures individually. Once the mutant proteins were secreted, the cell
supernatant mixtures were directly assayed against CNP-G3. CNP-G3 is a small soluble substrate
for α-amylases, and is hydrolyzed to release the chromophore 2-chloro-nitrophenol (CNP),
which can be measured spectrophotometrically. The resulting absorbance increase per minute
is directly related to the α-amylase activity in the sample. Based on the selection criteria of high
ratio of (hydrolysis rate/cell optical density), ten colonies were selected per mutant. Because
poor aeration in the 96-well plate may cause problems with protein expression, and lead to
unreliable results, the selected colonies underwent a second round of screening, in which cells
were grown in 5 mL growth medium. The same selection criteria applied, and the best one or
two colonies were chosen for protein expression.
Eight HPA mutant proteins were obtained at greater than 99% purity, with a cell culture yield of
over 2 mg/L. Unfortunately, only fragmented versions of R80A and W388A were observed upon
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purification, probably due to incorrect folding. All the mutants were analyzed subsequently by
sequence analysis, SDS-PAGE and ESI-TOF, and their identities were confirmed.

4.3.3 Catalytic efficiencies of mutant proteins using CNP-G3 as a substrate

With the purified mutant enzymes in hand, catalytic efficiencies for CNP-G3 hydrolysis were
assayed. Since CNP-G3 binds to the active site only, its hydrolysis rate should not be affected by
the surface mutation. Therefore, catalytic efficiencies of all the mutants would be expected to
be similar if their structures are folding correctly.
As shown in Table 4-3, all the mutants and the wild type have similar kinetic parameters (kcat,
Km, and kcat/Km values) for CNP-G3 hydrolysis, indicating that the structures of the mutants
retain functional active sites, and the mutations do not cause severe changes in the binding
manner of small substrates in the active site. Although W203A has the smallest kcat/Km among
all the mutants, the three-fold difference from the wild type is not considered as very
Table 4-3 Catalytic efficiencies of HPA variants for hydrolysis of CNP-G3 and soluble starch.

Protein
HPA wt
N152W
W203A
E369R
N250R
Y276A
W284A
W434A
N461A

CNP-G3 hydrolysis
kcat x 10
kcat/Km x 102
Km (mM)
(min-1)
(mM-1min-1)
1.25  0.03 3.22  0.27 3.89  0.03
0.88  0.02 2.21  0.16 3.99  0.03
0.52  0.01 3.96  0.20 1.32  0.01
0.63  0.04 3.75  0.71 1.68  0.03
0.46  0.03 2.66  0.54 1.74  0.04
1.07  0.03 3.12  0.32 3.43  0.04
0.97  0.01 2.87  0.15 3.37  0.02
1.06  0.01 3.63  0.23 2.93  0.02
0.60  0.03 2.06  0.42 2.90  0.06
3

Starch hydrolysis
kcat x10
kcat/Km x103
Km (mg/mL)
(s-1)
(mL.mg-1s-1)
2.07  0.04 0.66  0.05 3.12  0.24
1.03  0.04 0.57  0.07 1.83  0.25
0.55  0.02 1.14 0.08 0.48  0.03
1.68  0.03 0.55  0.09 3.07  0.49
0.69  0.01 0.30  0.06 2.31  0.55
1.85  0.02 0.81  0.17 2.28  0.50
1.45  0.05 0.86  0.09 1.70  0.19
1.57  0.01 1.17  0.30 1.34  0.36
1.69  0.01 0.56  0.09 3.00  0.52
3

Errors were calculated from GraFit program directly.
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as the wild type and were used to test their catalytic efficiencies for soluble starch and binding
affinities for starch granules in the following study.

4.3.4 Catalytic efficiencies of mutant proteins using soluble starch as a substrate

To study starch hydrolysis by the recombinant enzymes, soluble starch was used as the
substrate because its amorphous structure is more digestible by -amylases than the crystalline
form of starch granules. 65 Inhomogeneous starch polymer contains fractions that differ in
susceptibility to digestion by amylases, and generally fractions with more amorphous material
exposed on the surface and easy access to the enzymes are more rapidly digested (RD). In the
hydrolysis reaction by HPA, RD-starch is converted to products quickly. As the reaction
proceeds, the concentration of RD-starch decreases, and the rate of digestion slows. This is
most probably because that slow diffusion of amylase into the polymer becomes a rate-limiting
step. 213,214 Since the specific forces between the enzyme active site and accessible glycosidic
linkages lead to the formation of a productive Michaelis-Menten complex, the catalytic
efficiency for starch hydrolysis would be affected by the binding ability of amylases to RD-starch.
For homogenous substrates such as CNP-G3, Michaelis-Menten constant Km is the
concentration of substrate at which the reaction rate is half of Vmax, while Km for
inhomogeneous starch is defined as the concentration of available RD-starch that will support
an initial rate of reaction at Vmax/2. Therefore, it would be expected that Km values for starch
hydrolysis would be larger at a later stage of reaction than at an initial stage. For each amylase
surface mutant protein, the ability of the enzyme variant to attach itself to the surface of the
RD-starch would vary to a different extent if the mutated site is involved in binding interactions,
98

and a higher Km value may be resulted from a weaker binding of the mutant protein to the
accessible glycosidic linkages of starch.
In this study, the rates of soluble starch hydrolysis were determined by measuring the
concentrations of reducing sugar produced per reaction time. Starch solution was first prepared
at different concentrations (0-5 mg/mL) by gentle boiling of soluble potato starch (SigmaAldrich@ S-5651). Initial rates for each concentration of starch and each enzyme variant were
measured within 5 minutes. The concentrations of reducing sugar generated were quantified
using the colorimetric 3,5-dinitrosalicylic acid (DNS) assay,215 and were calibrated using a
maltose standard curve. Plotting the concentrations as a function of time yielded a straight line,
with the slope as the reaction rate. The reaction rates and the corresponding starch
concentrations were further fit into a Michaelis-Menten equation. Kinetic parameters Km and
kcat were calculated by GraFit 7.0.0, and are shown in Table 4-3.
The mutants and the wild type HPA exhibited similar Km values, except for W203A and W434A
with the Km values being double that of wild type enzyme. The Trp203 residue is spatially
located closer to subsite +2, where Tyr151 is present, and is sequentially closer to His201, which
binds to an essential calcium ion, while the Trp434 residue is located in the region of noncatalytic domain C, relatively far from the active site. It is suggested that the mutation of the
tryptophan residues may eliminate hydrophobic interactions, change the affinity of the enzyme
to the saccharides and less digestible starch would be accessed by the enzyme, thereby
resulting in a higher Km value.
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The turnover number kcat, the number of substrate molecules converted to product per enzyme
molecule per unit time, is another important kinetic parameter to examine. For amylase action
on soluble starch, the measured kcat value will reach the maximum possible when there are no
structural constraints to access of the susceptible substrate glycosidic linages. 216 In other words,
kcat can be affected if the pathway where the substrate entered into or the product released
from the active site is hindered. In this work, most of the HPA mutants have kcat values around
1.0 x 105 min-1, which are within the same range as PPA (1.0 to 1.6 x 105 min-1) when it was
tested with different sources of starch. 217,218 The exceptions in kcat were observed for W203A
and N250R at SBSs 3 and 6 respectively, both having lower kcat values than the rest of the
mutants. More likely, explanation is that the tryptophan residue is involved in the initial global
positioning of polymeric substrates through hydrophobic stacking interactions, and mutation
weakens the binding affinity for starch and destroys oligosaccharide binding at the site. The
disruption of the protein-ligand interaction thus affects the proper position of the substrate
polymeric chain near the active site region, and slow diffusion of the substrate to the active site
becomes a rate limiting step, thereby resulting in a low kcat value. The assumption is quite
consistent with another study that Trp203 was proposed to serve as an anchorage region for
the natural substrates of PPA on their way to the active site. 192,219 Asn250 is almost on the
opposite side of the enzyme catalytic pocket and is about 15 Å away from the catalytic residue
Asp197. Thus, its influence in the catalytic site would be expected to be less significant than
that of Trp203, and that is consistent with the kcat values obtained.
The specific constant kcat/Km can also be used to compare the relative reactivity of different
mutants. As shown in Table 4-3, kcat/Km of the wild type enzyme and most of the mutants are
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very similar, except for W203A, which has a six-fold lower kcat/Km than the wild type. It is known
that aromatic residues such as tryptophan and tyrosine often contribute to sugar binding by the
interaction between hydrogen of C-H in sugars and  electrons of the aromatic ring, the socalled CH- stacking interaction, with the predominant arrangement being a face-to-face
geometry. 220,221,222 However, the interaction between Trp203 and substrate may not be due to
the face-to-face CH- stacking, as can be calculated from the free energy differences between
the wild type and the mutant enzymes using the equation below. 223

∆∆G0 = −RTLn

𝑘
( 𝐾𝑐𝑎𝑡 ) 𝑚𝑢𝑡
𝑚

𝑘
( 𝐾𝑐𝑎𝑡 ) 𝑤𝑡
𝑚

Where the subscripts mut and wt refer to the mutant and the wild type enzyme. Thus, the loss
of binding energy change ∆∆G of W203A, caused by the tryptophan to alanine mutation,
corresponds to about 1.1 kcal/mol, while the stabilizing interaction energy of one complete CH stacking effect between a fucose unit and a benzene ring with a face-to-face geometry was
estimated at 3.0 kcal/mol. 224 Therefore, the loss of binding energy is too small to regard the
interaction as complete CH- stacking. It is more likely that the interaction between Trp203 and
the sugar moiety is due to partial CH- stacking, like the T-shaped edge-to-face geometry, or
the intermolecular force, such as London dispersion force. A similar energy change was
observed in -glucosidase of GH31 when a phenylalanine residue was mutated to alanine. 225
The kinetic results for the hydrolysis of the soluble starch shows that W203A has exceptional
hydrolytic activities among all the tested enzyme, with the highest Km value and the lowest kcat
and kcat/Km values. This suggests that Trp203 at SBS 3 may play an important role in the
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hydrolysis of soluble starch. Such saccharide binding at remote SBSs, in addition to the active
site, might be necessary for the enzyme to exhibit optimal hydrolytic activity. Besides, the
aromatic residue may serve as the initial binding site of the enzyme through partial CH-
stacking interaction and position the polymeric substrates near the active site for easy access.

4.3.5 Starch granule binding assay

AGE, ITC and SPR are well known approaches for assessing binding affinities of polysaccharides
to proteins, but they are more applicable to the study of soluble polysaccharides. As an instead,
adsorption assay is normally used for the study of insoluble polysaccharides, such as starch
granules. In this study, adsorption of purified enzymes to starch granules was assayed by a
procedure slightly modified from that previously reported. 226 Potato starch was first washed in
deionized water and ethanol to remove any soluble small oligosaccharides, and was used to
prepare a set of suspensions (0-200 mg/mL). The resulting starch suspensions were pre-chilled
at 4 °C, followed by incubating with recombinant HPA mutant proteins (final concentration
around 100 nM) on a rotor for 60 mins. The mixtures were then centrifuged to separate all the
insoluble particles, including starch granules and amylase bound to starch. Unbound enzyme in
the supernatant was quantified subsequently. The percentage of bound proteins (normalized
with a protein control not incubated with starch granules) was plotted against the starch
concentrations, and the data were fitted to a Langmuir adsorption isotherm (one-site binding
model): 𝑏 =

𝐵max X [𝑆]
[𝑆]+𝐾d

(where b is the bound enzyme fraction, [S] the starch granule

concentration, Bmax the maximum fraction of enzyme bound and Kd the dissociation constant).
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There are a few ways to measure protein concentration in the solution, either by absorbance at
280 nm, the Bradford assay or the bicinchoninic acid (BCA) assay. However, these methods
have an intrinsic drawback in that the lowest detection limit is 0.5 g/mL, which is far higher
than the free enzyme amount in this study. These methods are therefore not applicable.
Another method using either CNP-G3 or amylose as substrates in order to assay the unbound
enzyme concentration in the supernatant was not successful. The reaction progress curves had
substantial downward concavity, suggesting that the enzyme catalyzed both the hydrolysis and
transglycosylation. This yielded an elongated version of substrate, which bound more tightly.
Further, when cleaved, no chromophore would be released. The same transglycosylation
reaction was also reported in a previous study. 163 As such, the observed rate underestimated
the true amount of total enzyme. Alternatively, NanoOrange, a merocyanine dye that produces
a large increase in fluorescence quantum yield upon interaction with proteins, was used. The
dye provides a very sensitive and easy assay for protein quantitation and can measure protein
concentrations as low as 10 ng/mL. The free protein concentration in different starch
suspensions could then be measured accurately and fit to the adsorption isotherm
subsequently, from which Kd for each enzyme variant was calculated using GraFit 7.0.0. Values
determined are shown in Table 4-4.
The ability of HPA and its surface mutants to bind to starch granules was compared. The
measured Kd was 5.85 mg/mL for HPA wild type, and very similar for most of the mutants, with
the exception of Y276A and W284A, which have three-fold and five-fold higher Kd values
respectively. This indicates Tyr276 and Trp284 may play a role on the binding to starch granules.
However, the Kd values for all the enzyme surface mutants were much higher than that of the
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Table 4-4 Apparent binding constants for HPA variants to the starch granules in the absence and presence of MbA.

Surface
binding site

Proteins

Starch granule binding
Kd (mg/mL)

Kd 1 (mg/mL)

HPA wt

5.85  1.25

0.38  0.06

D197N

0.96  0.11

0.96  0.14

2

N152W

5.96  0.87

0.42  0.07

3

W203A

7.22  1.18

1.18  014

4

E369R

5.32  0.86

0.63  0.01

6

N250R

6.07  1.42

0.74  0.23

Y276A

16.74  2.56

5.88  0.55

W284A

29.11  6.73

22.29  2.90

9

W434A

4.63  0.59

0.66  0.06

10

N461A

3.87  0.82

1.02  0.13

1

7

1

The values were measured after treatment with MbA
Errors were calculated from GraFit program directly.

active site mutant D197N (0.96 mg/mL), which is odd. This perhaps suggests that the wild type
and other mutants are significantly hydrolyzing the starch granules and liberating oligosaccharides that compete for the surface binding sites, thereby raising the Kd values. Consistent
with this idea, Kd of starch granules for barley -amylase was 0.47 mg/mL, and increased sixfold (2.85 mg/mL) when 0.5 mM -cyclodextrin, was added to both inhibit binding and suppress
activity on starch granules. 180
To supress the hydrolytic activity of the enzymes while keeping their binding affinity for starch
granules via any SBS, a tight-binding specific inhibitor monbretin A (MbA, Ki = 8.1 nM),91
discussed in detail in Chapter 2, was added to inhibit the enzyme activity. Each enzyme variant
(20 M) was incubated with MbA (400 M) at room temperature for an hour prior to adding to
starch suspensions for the adsorption assay. Since the concentration of MbA was 20 times more
than that of the enzyme and 50,000 times higher than its Ki, over 99% of the enzyme was
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supposed to be fully inhibited. The free enzyme concentration in each starch suspension was
re-measured and the Kd values are shown in the right column of Table 4-4. As expected, almost
all the enzyme variants showed a reduction in Kd, compared to the previously measured ones
when no inhibitor was present, demonstrating the competition for binding sites from starch
hydrolyzed oligosaccharides.
In order to ensure that no hydrolysis of starch occurred during the adsorption assay when MbA
–treated enzyme was used, the concentrations of sugar reducing ends in the supernatant were
measured, after incubation with either HPA alone or MbA-treated HPA. The data were
compared with the starch controls that contained no enzymes, and are plotted in Figure 4-6. As
shown by the purple line, without any MbA present, the concentration of sugar reducing ends
far exceeded the level of the control sample at every starch concentration, indicating that HPA

450

Reducing end (uM)

350

Starch alone
250
HPA + Starch
HPA + MbA +
Starch

150

50

0
-50

10

20

30

40

50

Starch concentration (mg/mL)

Figure 4-6 Reducing sugar production in the supernatant of starch suspension, when incubated with HPA in the
presence/absence MbA at 4 C.
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could hydrolyze starch granules at low temperature and the oligosaccharides released would
subsequently interfere with starch granules for enzyme surface binding, as seen from the Kd
results. Addition of MbA greatly reduced the hydrolytic activity, as shown by the cyan line,
leaving some uncertainty as to whether the observed Kd reflected real values. In order to
address this, a mechanism-based amylase inhibitor that can covalently derivatize an active site
residue and preclude any binding interaction at the active site simultaneously, is required.

4.3.6 Starch granule binding assay using a MBI as an active-site blocking reagent

In chapter 3, I introduced two epoxide-based inactivators of HPA that would be useful. Of these,
the most attractive one was the “in-situ-extended” “trisaccharide” 4’-O-methyl-α-maltosyl epicyclophellitol (MeG2-ECP) formed by HPA-catalyzed extension of epi-cyclophellitol (ECP) using
4’-O-methyl maltosyl fluoride (MeG2F). This was the fastest inactivator and the easiest to
produce. Pre-treatment of HPA in this way prevented enzyme hydrolysis, thereby eliminating
competition from small oligosaccharides, and fully block the active site (data not shown). This
should allow accurate measurement of Kd for individual SBS, and any changes in Kd would be
related to the binding affinity for starch granules only. The in situ elongation methodology was
applied to other surface mutants, and Kd of starch granules was re-measured after the enzyme
had been fully inactivated (Table 4-5).
Kd of most of the MeG2-ECP-treated enzymes fell to the range previously reported for active
site mutant D197N and essentially all the mutants exhibited higher values than the wild type,
though in most cases not much higher. A difference in Kd was observed for each enzyme variant
when pre-treated with either MbA or MeG2-ECP, indicating that the non-covalent HPA/MbA
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complex may dissociate in the presence of starch granules. Consequently, free active enzyme is
liberated to hydrolyze the glycosidic bonds of starch and generate oligosaccharides that can
compete for the binding site and complicate the binding results. Therefore, the covalent nature
of MeG2-ECP that reacts with HPA catalytic residue Asp 197 and forms a stable glycosyl-enzyme
intermediate, allows a more accurate measurement of binding constants without any ambiguity.
Significant changes in Kd were observed at SBS 7, at which residues Tyr276 and Trp284A are
juxtaposed next to each other. Y276A has a 4-fold higher Kd of 1.69 mg/mL and W284A 10-fold
higher Kd than that of wild type HPA. The increase in Kd could be due to the two aromatic
residues appearing to form a rigid platform for sugar binding through hydrophobic interaction,
thus the removal of any residue at this site leads to lower affinity for starch granules. The two
mutants also showed some lower hydrolytic activity for soluble starch compared to that of wild
type (Table 4-3), probably because SBS 7 mediates the attachment of the polysaccharide chains
to the enzyme and binding at this site prior to the hydrolysis reaction is required. Interestingly,
a structural overlay of HPA and barley -amylase AMY1 shows that SBS 7 is located relatively
close to the “starch granule binding site” of barley -amylase AMY1, which contains two
adjacent tryptophan residues Trp278 and Trp279 (Figure 4-7). The distinctive binding sites of
two amylases are both situated on the side of the highly conserved catalytic ()8-barrel
domain, suggesting SBS 7 of HPA is critical for efficient binding to starch granules. Moreover,
the same aromatic residues have been proposed to bind to the polymeric substrate in other
mammalian amylases. 178,192 The site harboring the aromatic residue Trp284 has been observed
as a secondary saccharide-binding site in PPA, 192 while the double mutant Y276A/W284A of
human salivary -amylase showed an intermediate reduction in the ability of granule starch
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Table 4-5 Apparent binding constants for HPA variants to starch granules.

Surface binding
site

Protein

1

Starch granule binding
Kd1 (mg/mL)

Kd2 (mg/mL)

HPA wt

0.38  0.06

0.45  0.09

2

N152W

0.42  0.07

2.62  0.34

3

W203A

1.18  014

0.57  0.12

4

E369R

0.63  0.01

0.87  0.06

6

N250R

0.74  0.23

1.40  0.30

Y276A

5.88  0.55

1.69  0.46

W284A

22.29  2.90

4.68  0.74

9

W434A

0.66  0.06

0.42  0.08

10

N461A

1.02  0.13

1.54  0.11

7

1

The values were measured using MbA-treated enzymes.
The values were measured using MeG2-ECP-treated enzymes.
Errors were calculated from GraFit program directly
2

hD197

bW278

bW279

hW284
hY276

Figure 4-7 Structural overlap of barley -amylase AMY1 (1HT6, orange) and HPA (1HNY, green). Catalytic
nucleophile Asp197 of HPA, aromatic amino acid residues at SBS 7 of HPA and in the “starch granule binding site”
of AMY1 are represented in sticks, denoted with h and b.
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binding, compared to the wild type.178 Our findings on the Y276A and W284A mutants are quite
consistent with those studies, and the conspicuous location of aromatic residues and the
potential stacking interactions may play a significant role in the starch granule binding.
Similarities in the three-dimensional molecular structures and interaction patterns with
carbohydrates in these eukaryoyic amylases, 37 suggests that SBS 7 with its aromatic residues is
a contributing site for amylase binding to oligosaccharide substrates. Furthermore, it is worth
mentioning that the location of two aromatic residues relative to the active site (~30 Å). Since
the involvement of multiple surface sites distal to the active site in starch binding has been
proposed in barley -amylases, 199a the existence of SBS 7 may support the multivalency
binding of -amylases to long amylose chains, which assists in localization of the enzyme on
starch granules to enhance processivity. 199a
Another increase in Kd was observed for N152W, which is 6-fold higher than that of the wild
type. Asn152 at SBS 2 is located close to the +2 subsite of the enzyme catalytic pocket, and the
mutation of the asparagine residue into a bulky hydrophobic tryptophan could cause a surface
deformation and impede binding of polysaccharides at that location. Since SBS 7 is proposed as
the starch binding site prior to hydrolysis reaction, and extension of the carbohydrate chain to
the active site by passing through SBS 2 is possible. It is therefore reasonable to propose that
the substrate may enter the active site from SBS 2, and occupy the subsites for subsequent
hydrolysis reaction. The mutated tryptophan residue may block the access of the substrate into
the active site, resulting in a reduced enzyme hydrolytic activity. The assumption is consistent
with the nearly 2-fold lower hydrolytic activity of N152W for soluble starch than that of wild
type (Table 4-3). On the other hand, Kd of MbA-treated N152W did not show any significant
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change from the wild type enzyme. This odd difference could be explained by the different
binding interactions of the two amylase inhibitors within the enzyme active site. As mentioned
in Chapter 2 and 3, MbA binds to HPA in a folded conformation and largely fills the extended
active site binding cleft, while MeG2-ECP binds to HPA covalently through subsites -1 to -3
(Figure 4-8). When N152W is treated with MbA, the deformed structure of the mutant protein
may reorganize itself by induced-fit type of binding upon formation of the inhibitor-amylase
complex, as proposed by Schneider. 100 The reorganized complex structure may highly mimic
the conformation of the wild type HPA, with MbA at the active site near SBS 2, thereby
minimizing the (proposed) effect of surface deformation caused by the mutation, and form
possible CH- stacking interaction through tryptophan residue. As such, the binding interaction
of N152W to the starch granules would resemble that of wild type HPA, with similar
dissociation constants as observed in this study. While for the MeG2-ECP-treated enzyme, the
presence of the inhibitor may not transform the protein structure or influence the binding
interaction at SBS 2, and Kd can reflects the binding affinity to starch granules at that site.

a

b

Figure 4-8 Zoomed view of HPA active site with (a) MbA from PDB 4W93; (b) MeG2-ECP (modelled based on crystal
structure of 5FIdoF-HPA (PDB 3IJ7) and G-ECP-HPA (PDB 5EMY)). Residue Asn152 is colored in magentas.
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Since the catalytic efficiencies of W203A (at SBS 3) for CNP-G3 and soluble starch are the lowest
among all the mutants (Table 4-3), it would be reasonable to expect its binding constant for
starch granules would be much higher than the wild type. However, Kd of the mutant W203A
does not differ much from the wild type enzyme, indicating that Trp203 may not being involved
in starch granule binding. This suggests that HPA may have different binding mechanisms for
soluble substrates and starch granules. More likely, Trp203 is proposed to assist in the initial
positioning of the soluble substrates through stacking interactions, or guide the polymeric chain
into the active site through a cooperative mechanism. Therefore, mutation of this residue
causes a significant reduction in its catalytic efficiencies. By contrast, starch granules may bind
to a distinctive site (SBS 7) other than SBS 3, and do not require Trp203 for surface binding.
E369R at SBS 4 exhibits little or no changes on either the binding affinity or the catalytic
efficiencies. The crystal structure at this site (Figure 4-3c) showed that a maltotriose molecule
G3 was hydrogen bound to the main chain nitrogen atom of Glu369. Apparently, mutation to
the arginine residue did not cause a severe disruption to the strong hydrogen bonding
interaction, and change of the surface charge did not preclude the substrate binding at the site
as well. Therefore, SBS 4 is predicted not to play a significant role in the binding to starch
granules and in the hydrolysis of soluble substrates.
N250R at SBS 6 was shown to have a similar Kd value as the wild type HPA. As seen in X-ray
structure (Figure 4-3e), 5FIdoF was bound at a location 3.2 Å away from Asn250, and hydrogen
bonding to main chain ND2 through O6 of ligand. Mutation of the neutral asparagine residue
into a positively charged arginine may not weaken the hydrogen bonding interaction between
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the main chain nitrogen and the ligand, therefore little change in Kd was seen. Besides, the
ligand-enzyme crystal structure was acquired at high concentration of 5FIdoF, therefore it
would be no surprise to see some false positive binding on the protein surface. Moreover, the
structure and conformation of the monosaccharide moiety does not truly mimic those of the
natural substrate, and may also lead to some bias in the crystallographic work. Hence, SBS 6 is
not considered as an important binding site.
Though HPA shares a similar three-dimensional structure with barley -amylase AMY1 and
their binding sites are close in the ()8-barrel domain as shown in Figure 4-7, their binding
behavior for oligosaccharide substrates in domain C is quite distinct. The Tyr380 residue of
barley -amylase AMY1 is located in the non-catalytic domain C and was confirmed as a key
residue, forming numerous contacts with the oligosaccharides. Mutation of the residue clearly
demonstrated its importance for adsorption to starch granules and binding with -cyclodextrin.
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The Trp434 residue of HPA is in close proximity with Tyr380 in their three-dimensional

structures (Figure 4-3j), but its alanine mutant did not show changes in either the hydrolytic
activities or the binding affinity, indicating the site may not have any significant impact on
substrate hydrolysis or granule binding. The difference in the binding affinities of the two
enzymes could be explained by the unknown functions of domain C in GH-H members that
appears to show some variability in sequence and length between amylases. 227 We can also
argue that the difference in starch binding is subtle since the two aromatic residues are not the
same. Further, the result also demonstrates that not all the aromatic residues on the protein
surface are involved in CH-π stacking interaction with the ligand, and that structural comparison
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to identify potential SBSs is not reliable for proteins within the same GH family. Therefore,
Trp434 is considered as a false positive hit for granule binding.
Asn461 is also located at SBS 10 in domain C, and its mutant N461A has a Kd value slightly
higher than that of the wild type, but exhibits no effect on the catalytic efficiencies of CNP-G3
or soluble starch. As shown in Section 4.3.1 (Figure 4-3h), this amino acid was chosen as a
potential SBS because it was hydrogen bonded to a sugar analogue 5FIdoF in the crystal
structure. The high concentration of the ligand used in the crystallization experiment, and the
conformation differences between the ligand and the natural substrate make SBS 10 less
attractive in this study.
To summarize, binding of HPA to starch granules appears to be mediated primarily by SBS 7, a
classic polysaccharide binding site with interactions mediated via Tyr276 and Trp284.
Interaction with soluble starch, by contrast, appear to occur primarily at SBS 3 and involves
sequestration of helical turns of the starch polymer around a tryptophan axis (Trp203).
Interestingly both sites are on the same face of the HPA molecule as the active site, thus a
model in which HPA is anchored to the surface of the granule via SBS7 is easily envisaged.
Binding in such a way would allow loose chain ends to engage both with the active site groove,
with which it is nicely aligned, as well as with SBS 3. Interactions at the other sites, with the
possible exception of SBS 2, which is an extension of the active site in any case, were not very
significant. Indeed these other sites are quite possibly artifacts of their initial method of
identification: crystallographic soaking studies at high ligand concentrations.
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4.3.7 Proposed HPA binding mechanism with starch granules

The processing of starch by enzymes is hindered by the compact helical structure of the
polymeric substrate. The disruption of such a regular structure is usually accomplished by a
cooperative mechanism through the utilization of CBMs and/or SBSs. SBSs have been
demonstrated to play a variety of roles in polysaccharide converting enzymes. 171,172,173
However, how these binding sites work together to weaken the secondary structure of starch
polymers, and whether they function cooperatively through the interaction with starch remains
unknown.
Of the number and distribution of SBSs discussed above, I hereby propose the binding
mechanism of HPA to starch granules via SBSs. First, starch polymeric chains may wind around
the protein surface, and interact with various amino acids though hydrogen bonding and CH-
stacking interactions for optimal binding affinity. Such binding would highly damage the
crystalline regions of the starch granules, and expose more accessible glycosidic linkages on the
surface. Then SBSs (especially SBS 7 where Tyr276 and Trp284 are juxtaposed next to each
other) may work to assist in holding the starch molecule, and help to guide the polymer chain
into the active site for efficient hydrolysis. Optimal catalytic action occurs when -glucan
residue enters the active site from the +2 site and occupies each of the five subsites. HPA
catalyzes the hydrolysis of the -1,4 glycosidic bond and the product is expelled from subsite -3.
The breaks in polysaccharide chains lead to further local destabilisation of crystallinity and
favour continued amylolysis. After dissociation of the product, SBSs may work cooperatively to
shuttle along the glycan chain so that the subsites are newly occupied, so to enhance the
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processivity. Alternatively, the polymeric chain may leave and active site, and another section
of chain can associate with HPA, with the whole binding and hydrolysis process repeating.

4.3.8 Amylase evolution

Changes in human diet, such as starting to use milk products after the domestication of animals
or eating increasing amounts of starch-rich foods, have resulted in new evolutionary
adaptations. Perry et al. reported that the copy number of the human salivary -amylase gene
(AMY1) was correlated positively with salivary amylase protein level and that individuals from
populations with high-starch diets had, on average, more AMY1 gene copies than those with
traditionally low-starch diets. 228 They also hypothesized that increased consumption of starchrich foods during human evolutionary history gave individuals with multiple copies of the AMY1
gene an “advantage.” 228 This advantage comes from the increased ability to begin the chemical
breakdown of energy-rich starches in the mouth. Even a small increase in the mean number of
copies of the AMY1 gene in a population, can result in an increase in survival probability over
time, especially in times when other food sources are scarce - a classic example of evolution by
natural selection.
An extension of the study to include other primates revealed that chimpanzees possess fewer
copies of AMY1 and lower salivary amylase protein levels than do humans. 228 This implied that
the diet of chimpanzees probably contains less starch and therefore the greater copy number
of AMY1 in humans may reflect a response to selective evolutionary pressure. Presumably,
early hominids would have consumed considerable amounts of uncooked and minimally
processed food that would have contained native starch granules, which are digested much
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more slowly than the heat-treated material, and perhaps higher copy numbers of genes were
required in order to produce the enzyme in quantity so that the relatively non-reactive starch
was broken down sufficiently fast to contribute usefully to an individual’s energy requirement.
Belonging to the same multigene family, HPA encoded in AMY2 is the isozyme of human
salivary amylase. The structures of the two genes demonstrated that AMY1 gene was derived
from a pre-existing pancreatic amylase gene. 229 It is therefore reasonable to speculate that
AMY2 is or has been subject to strong pressures of diet-related natural selection pressures, and
evolves differently from AMY1. The selective advantage to account for this multiple
independent evolution is proposed that since the enzymatic activities of pancreatic and salivary
amylases are quite similar, and all mammalian species produce pancreatic amylase, there is no
obvious advantage to duplication of the digestive activity per se in the two organs. 229 Other
than the copy numbers of HPA gene, it is possible that the SBSs of HPA evolve to adapt to the
high starch diet over time. Presumably HPA had zero or single binding site when it was first
expressed; with increased consumption of starch-rich food, having more SBSs might mean that
those individuals are able to digest more starch in a shorter time, and are able to obtain more
energy from starch than individuals with less SBSs. Either the point mutations, small or large
scale insertions or deletions of the gene can introduce new SBSs. This is quite possible since the
human genome mutation rate is estimated to be ~1.1×10−8 per position per generation. 230 The
hypothesis can be tested by measuring the binding affinities of surface mutants of other
mammalian pancreatic amylases. Independent evolution of pancreatic amylase in human and
other mammals can then be compared and variety of pancreatic amylases can be disclosed.
This should provide considerable insight into mammalian evolutionary history.
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4.4 Conclusion
A few potential SBSs were discovered in the previous crystallographic studies to bind to
carbohydrate substrates/analogues on the surface of HPA. In the present study, these sites
were analyzed by structural mapping and site-directed mutagenesis, and a total of eight surface
mutant proteins were successfully expressed. All the mutant proteins were folded in a correct
conformation and their catalytic efficiencies for soluble starch highlight the importance of
Trp203 as a binding site for soluble starch that can guide the substrate to the active site.
The use of a covalent amylase inactivator that was assembled “in situ” by taking advantage of
the intrinsic ability of HPA to catalyze transglycosylation reaction between ECP and an activated
donor (MeG2F), solved the problem of small oligosaccharides competition arising from the
hydrolysis reaction and allowed a more accurate measurement of binding constants. Indeed,
this approach can discriminate the binding contributions of the SBSs from the active site, and is
superior to all the studies reported today in that regard. Two distinctive sites (SBSs 2 and 7) are
identified, located either near the subsite +2 or at a remote position 30 Å distant from the
active site, to participate in the starch granule binding, while the rest of the SBSs are considered
as crystallographic artifacts. It is reasonable to suggest that HPA may have two different
mechanisms in binding to soluble substrates and starch granules. Trp203 may not participate in
the latter case. Tyr276 and Trp284 are most probably required as a binding site prior to the
hydrolysis reaction while Asn152 may work as a starch anchorage point where the chain enters
into the active site.
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This thorough analysis of the complexation mode of HPA with starch granules shows the ability
of the enzyme to offer multiple carbohydrate binding sites. Hydrophobic interactions between
sugars and aromatic residues appears to be an important feature for surface binding. Individual
binding sites in the multivalent protein-carbohydrate interactions are of moderate affinity and a
rather small difference between comparable binding events possibly elicits differences in
mobilization of starch granules. These results reflect an elusive structure/function relationship
of the surface site. Analysis among the GH13 members also signifies the SBS 7 to be an
important starch binding site, but the exact biological significance and the mechanisms behind
its actions remain to be elucidated and subject to further investigation.
Further studies may include analysis of double alanine mutants in which two of the amino acids
Asn152, Tyr 276 and Trp284 are mutated pairwise, and fully characterized to reveal if the
binding effect of multiple sites is additive. Also, HPA and the mutant proteins could be labelled
with a fluorophore using a commercial dye or an ECP-containing probe. Upon incubation with
starch granules, their interaction could be visualized directly using a confocal laser scanning
microscopy. The intensity of the image could then be correlated to the binding affinities of the
enzyme variants to the starch granules. Moreover, studies on the surface sites of other
amylases will contribute to our understanding of the roles of SBSs in polysaccharide processing
enzymes.
To our knowledge, this is the first study of the starch binding abilities of HPA mediated by
amino acid residues. Consistent with many other studies, SBSs represent a functional feature
confined to a well-defined non-catalytic structural site. This study has provided new details on
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the individual roles played by the SBSs of HPA, and the information is important not only for
clarifying the mode of action of HPA, but also improving the understanding of the growing
number of other enzymes identified as possessing SBSs.
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Chapter 5 Experimental Procedures
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5.1 Synthesis
5.1.1 General materials for synthesis

All reagents were purchased from commercial suppliers (Sigma-Aldrich®, or Thermol Fisher
Scientific®) unless otherwise specified, and were used without purification. MbA was a
generous gift from CDRD (Center for Drug Research and Development). Methanol was dried
over magnesium. Deionized water was prepared using a Millipore-Direct QTM 5 Ultrapure
Water System. Agrobacterium sp. β-glucosidase and Bacillus halodurans β-xylosidase, were
previously expressed in house. Naringinase from Penicillium decumbens was purchased from
Sigma-Aldrich. Lactobacillus acidophilus NCFM maltose phosphorylase was expressed as
previously reported. 158 Cyclodextrin glycosyl transferase (CGTase) was a generous gift from
Amano Enzyme Inc (Nishiki, Japan). Epi-cyclophellitol (ECP) and 4’-O-methyl -maltosyl fluoride
(MeG2F) was synthesized by Hong-Ming Chen as described previously. 154, 231
Analytical thin layer chromatography (TLC) was performed (on Merck pre-coated 0.2 mm
aluminum-backed sheets of Silica Gel 60F254) and TLC plates were visualized using UV light
(254 nm) and by exposure to 10% sulfuric acid in ethanol or 10% ammonium molybdate in 2 M
H2SO4, followed by charring. High Performance Liquid Chromatography (HPLC) was performed
on Agilent 1260 Infinity Bio-inert Quaternary LC using a Agilent Eclipse XDB-C18 column (9.4 x
250 mm, 5 µm) or a PrepHT XDB-C18 column (21.2 x 100 mm, 5 µm) at room temperature using
a gradient from 5% to 60% aqueous acetonitrile (ACN) over 20 minutes with a flow rate of 3
mL/min to afford different MbA fragments. The effluent was monitored by UV absorption at
254 nm and peak fractions were collected according to the chromatogram. 1H-NMR and 13C-
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NMR spectra were acquired on a Bruker 300 MHz, 400 MHz Inverse, 400 MHz Direct or 600
MHz spectrometer. Chemical shifts are reported in parts per million (ppm ) relative to the
relevant residual solvent peak (eg. CD3OD and D2O). Low resolution mass spectra were acquired
on a Waters ZQ Mass Detector equipped with ESCI ion source and Waters 2695 HPLC for
sample delivery, while high resolution mass spectra were submitted to the University of British
Columbia mass spectrometry facility for analysis on a Waters/Micromass LCT with electrospray
ionization and time of flight detection (ESI-TOF) in either positive or negative mode.

5.1.2 General enzymatic degradation procedures for MbA degradation
5.1.2.1 General procedure for enzymatic hydrolysis by Agrobacterium sp. β-glucosidase (Abg).
Deglucosylation was catalyzed by Abg in a solution of sodium phosphate buffer (50 mM, pH 6.8)
containing 0.1% bovine serum albumin (BSA). The reaction mixture was incubated at 37°C until
completion. Enzyme was precipitated by the addition of methanol solution, and the solution
was filtered (Millex® Millipore Express® PES Membrane filter unit, 0.22 µM). The reaction
mixture was evaporated under vacuum and redissolved in H2O. The resulting solution was
purified by HPLC to yield the deglucosylated product.
5.1.2.2 General procedure for enzymatic cleavage by naringinase (rhamnosidase).
Naringinase was incubated in 50 mM acetate buffer (pH 6.4) at 60°C for 2 hours, and was added
to the reactant solution (50 mM acetate buffer, pH 5.6). Upon consumption of the starting
material, enzyme was precipitated by MeOH and removed by Millex® filter. The reaction
mixture was evaporated and redissolved in H2O, then purified by HPLC.
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5.1.2.3 General procedure for enzymatic cleavage by xylosidase.
Previously de-rhamnosylated glycoside was dissolved in buffer (50 mM sodium phosphate, 50
mM sodium chloride, pH 6.8), and B. halodurans β-xylosidase was added and left to react at
room temperature overnight. Enzyme was precipitated by MeOH and removed by Millex® filter.
The reaction mixture was evaporated, redissolved in H2O and purified by HPLC.
5.1.2.4 Synthesis and characterizations of MbA fragments
MbA-G (1)

Removal of glucose was performed according to the general procedure for enzyme hydrolysis
by Abg. MbA (49 mg) was dissolved in 400 µL sodium phosphate buffer (50 mM, pH6.8) with
100 µL of 8 mg/mL Abg. The reaction mixture was incubated at 37°C with addition of a further
100 µL of enzyme after 24 hours. Upon completion and removal of Abg, the resulting solution
was purified by HPLC to yield 1 as a light yellow powder in 70% yield.
1

H NMR (400 MHz, methanol-d4):  7.40 (d, J = 15.8 Hz, 1H), 6.91 (s, 2H), 6.87 (s, 1H), 6.76 (d, J =

8.2 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.23 (s, 1H), 6.19 (s, 1H), 6.05 (d, J = 15.8 Hz, 1H), 5.77 (s,
1H), 4.83 (m, 3H), 4.53 (d, J = 2.1 Hz, 1H), 4.49 (d, J = 7.8 Hz, 1H), 4.35 (d, J = 4 Hz, 1H), 4.14 -
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4.23 (m, 2H), 3.94 - 4.00 (m, 1H), 3.83 - 3.86 (m, 1H), 3.79 (br.s., 1H), 3.70 - 3.76 (m, 2H), 3.55 3.64 (m, 2H), 3.47 - 3.54 (m, 1H), 3.42 – 3.45 (m, 2H), 3.36 - 3.40 (m, 2H), 3.29 - 3.31 (m, 2H),
1.30 (d, J = 6.2 Hz, 3H), 1.08 (d, J = 6.0 Hz, 3H)
13

C NMR (75 MHz, methanol-d4): δ 179.76, 169.08, 165.97, 163.25, 158.50, 158.10, 151.89 (2C),

149.49, 147.13, 146.83, 137.32, 136.28, 128.82, 127.73, 123.03, 116.40, 115.15, 114.87, 109.94
(2C), 107.41, 107.30, 106.26, 102.71, 100.05, 99.97, 95.00, 83.34, 77.77, 75.76, 75.50, 75.30,
75.24, 75.01, 74.02, 73.59, 72.51, 72.21, 72.07, 71.86, 71.72, 70.24, 64.65, 64.36, 18.09, 17.94
HRMS (m/z): [M]+ calcd. for C47H54O28Na, 1089.2699; found, 1089.2687
MbA-R (2)

Removal of rhamnose was carried out according to the general procedure for enzymatic
cleavage by naringinase. Naringinase (30 µL of 5.6 mg/mL) was incubated at 60°C for 2 hours to
inactivate the glucosidase activity, then was added to 4 mL 17 mM MbA solution in sodium
acetate buffer (50 mM, pH 5.6). After one day the reaction mixture was purified by HPLC to
give 2 in 73% yield.
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1

H NMR (400 MHz, methanol-d4):  7.32 (d, J = 15.8 Hz, 1H), 6.84 (s, 2H), 6.78 (d, J = 1.8 Hz, 1H),

6.67 (dd, J = 8.2, 2.1 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 6.15 (d, J = 2.1 Hz, 1H), 6.10 (d, J = 1.8 Hz,
1H), 5.97 (d, J = 16.1 Hz, 1H), 5.59 (s, 1H), 4.74 - 4.76 (m, 2H), 4.50 (m, 3H), 4.40 (dd, J = 11.9,
2.13 Hz, 1H), 4.23 (d, J = 2.7 Hz, 1H), 4.12 (dd, J = 11.9, 5.5 Hz, 1H), 3.85 – 3.94 (m, 2H), 3.64 3.69 (m, 2H), 3.47 - 3.55 (m, 4H), 3.37 - 3.42 (m, 3H), 3.27 - 3.35 (m, 4H), 3.18 - 3.20 (m, 1H),
1.00 (d, J = 6.1 Hz, 3H)
13

C NMR (100 MHz, methanol-d4):  179.73, 169.05, 166.26, 163.24, 158.52, 157.95, 151.91 (2C),

149.54, 147.20, 146.75, 137.43, 136.22, 128.77, 127.69, 123.07, 116.41, 115.12, 114.83, 109.89
(2C), 107.34, 106.60, 106.17, 105.59, 102.67, 100.16, 95.12, 84.72, 84.38, 79.23, 77.91, 77.35,
77.26, 76.00, 75.46, 74.80, 74.08, 72.30, 71.96, 71.43, 71.04, 70.86, 67.46, 64.21, 62.48, 17.84
HRMS (m/z): [M]+ calcd. for C47H54O29Na, 1105.2648; found, 1105.2677
MbA-RX (3)
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Xylose cleavage followed the general procedure for enzymatic cleavage by xylosidase. 2 (43.7
mg) was dissolved in 6 ml buffer (50 mM sodium phosphate, 50 mM sodium chloride, pH 6.8)
and 15 µL of 3.3 mg/mL β-xylosidase was added and incubated at room temperature overnight.
Upon HPLC purification 3 was produced in 40% yield.
1

H NMR (300 MHz, methanol-d4): 7.34 (d, J = 16.0 Hz, 1H), 6.92 (s, 2H), 6.83 (dd, J = 6.7, 1.8 Hz,

1H), 6.71 (dd, J = 8.3, 1.9 Hz, 1H), 6.59 (d, J = 8.0 Hz, 1H), 6.18 (d, J = 2.3 Hz, 1H), 6.09 (d, J = 2.1
Hz, 1H), 6.02 (d, J = 15.8 Hz, 1H), 5.40 (s, 1H), 4.52 (d, J = 7.5 Hz, 1H), 4.36 (d, J = 7.8 Hz, 1H),
4.16 - 4.20 (m, 3H), 3.85 – 3.97 (m, 3H), 3.76 (dd, J = 9.6, 3.7 Hz, 1H), 3.67 (dd, J = 12.5, 4.5 Hz,
1H), 3.50 - 3.55 (m, 2H), 3.37-3.39 (m, 1H), 3.27 - 3.34 (m, 4H), 1.01 (d, J = 6.2 Hz, 3H)
13

C NMR (75 MHz, methanol-d4): 179.92, 169.11, 165.86, 163.29, 158.72, 158.51, 149.58 (2C),

147.21, 147.07, 146.81, 137.89, 137.06, 127.76, 123.17, 122.11, 116.42, 115.04, 114.92, 109.51
(2C), 106.63, 106.02, 105.69, 102.79, 99.91, 94.89, 84.84, 84.58, 79.29, 77.98, 77.83, 76.06,
75.42, 74.22, 72.41, 71.95, 71.05, 70.93, 63.89, 62.48, 17.79
HRMS (m/z): [M]+ calcd. for C42H45O25, 949.2250; found, 949.2272
MbA-GR (4)
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4 was synthesized by the general procedure for enzyme hydrolysis by Abg. 2 (13.5 mg) was
dissolved in 5 mL sodium phosphate buffer (50 mM, pH 6.8) with 80 µL of 8 mg/mL Abg at 37°C.
Upon completion of reaction the mixture was purified by HPLC to yield 4 as a light yellow
powder in 35% yield.
1

H NMR (300 MHz, methanol-d4):  7.31 (d, J = 16.0 Hz, 1H), 6.82 (s, 2H), 6.78 (d, J = 2.1 Hz, 1H),

6.67 (dd, J = 9.0, 1.8 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 6.15 (d, J = 2.3 Hz, 1H), 6.10 (d, J = 2.1 Hz,
1H), 5.95 (d, J = 16.0 Hz, 1H), 5.67 (s, 1H), 4.72 – 4.74 (m, 1H), 4.37 - 4.45 (m, 2H), 4.25 (dd, J =
3.5, 1.3 Hz, 1H), 4.10 (dd, J = 12.0, 5.6 Hz, 1H), 3.91 (dd, J = 11.4, 5.0 Hz, 1H), 3.75 (dd, J = 9.7,
3.5 Hz, 1H), 3.45 - 3.54 (m, 3H), 3.34 - 3.40 (m, 3H), 3.27 - 3.31 (m, 3H), 3.18 – 3.21 (m, 1H), 0.99
(d, J = 6.2 Hz, 3H)
13

C NMR (75 MHz, methanol-d4): 179.85, 169.09, 166.05, 163.34, 158.57, 158.15, 151.34 (2C),

149.55, 147.17, 146.79, 137.41, 136.31, 128.85, 127.77, 123.04, 116.41, 115.16, 114.89, 109.92
(2C), 107.47, 107.38, 106.29, 102.81, 100.05, 95.00, 83.63, 77.80, 77.30, 75.56, 75.32, 74.84,
73.63, 72.11, 71.92, 71.88, 70.89, 67.50, 64.37, 17.94
HRMS (m/z): [M]+ calcd. for C41H44O24Na, 943.2120; found, 943.2134
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Mini-MbA: MbA-GRX (5)

5 was prepared according to the general procedure for enzyme hydrolysis by Abg. 3 (13.5 mg)
was dissolved in 3 mL sodium phosphate buffer (50 mM, pH 6.8) with 100 µL of 8 mg/mL Abg
and incubated at 37°C. After 24 hours another 100 µL of enzyme was added, then upon
completion, the enzyme was precipitated with MeOH and removed by filtration. The reaction
mixture was evaporated, redissolved in H2O and purified by HPLC to yield 5 in 30% yield.
5 could be generated in a one-pot reaction by incubating MbA (10 mg) with Abg (30 µL, 8
mg/mL), naringinase (20 µL, 5.6 mg/mL ) and xylosidase (35 µL, 3.3 mg/mL) in 1.5 mL buffer (50
mM sodium phosphate, 50 mM sodium chloride, pH 6.8) at ambient temperature. The enzymes
were precipitated with MeOH and removed by filtration. The reaction mixture was evaporated,
redissolved in H2O and purified by HPLC to yield 5 in 40% yield.
1

H NMR (300 MHz, methanol-d4):  7.41 (d, J = 16.0 Hz, 1H), 6.98 (s, 2H), 6.90 (d, J = 2.1 Hz, 1H),

6.79 (dd, J = 8.2, 1.8 Hz, 1H), 6.68 (d, J = 8.2 Hz, 1H), 6.24 (d, J = 2.1 Hz, 1H), 6.17 (d, J = 2.1 Hz,
1H), 6.09 (d, J = 16.0 Hz, 1H), 5.60 (s, 1H), 4.33 - 4.40 (m, 3H), 4.20 – 4.24 (m, 2H), 3.85 - 3.95 (m,
3H), 3.34 - 3.43 (m, 3H), 1.09 (d, J = 6.2 Hz, 3H)
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13

C NMR (75 MHz, methanol-d4): 179.91, 169.37, 165.92, 163.20, 159.07, 159.01, 151.93 (2C),

149.25, 147.05, 146.81, 137.05, 136.96, 127.80, 127.65, 123.14, 116.67, 115.10, 114.93, 111.79,
109.62 (2C), 105.60, 104.22, 102.40, 99.94, 94.89, 85.00, 83.88, 75.50, 75.35, 75.30, 71.60,
71.40, 60.85, 17.87
HRMS (m/z): [M]- calcd. for C36H35O20, 787.1722; found, 787.1712
MbA-C (6)

MbA (20 mg) was dissolved in 10 mL dry MeOH under N2 in a round bottom flask, and 0.1 mL of
sodium methoxide solution was added dropwise. The reaction was worked up after two hours
by addition of Amberlite IR-120 (H+) to the solution until it was slightly acidic (pH ~5). The
polymer was filtered under reduced pressure, and the solvent was evaporated under vacuum.
The mixture was redissolved in water, extracted with ether, then the aqueous layer was
concentrated and purified by HPLC to yield 6 as a light yellow powder in 50% yield.
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1

H NMR (300 MHz, methanol-d4):  6.93 (s, 2H), 6.39 (d, J = 2.1 Hz, 1H), 6.23 (d, J = 2.1 Hz, 1H),

5.62 (s, 1H), 4.79 - 4.82 (m, 2H), 4.58 (d, J = 7.8 Hz, 1H), 4.49 (d, J = 7.8 Hz, 1H), 4.20 (d, J = 3.0
Hz, 1H), 4.14 (dd, J = 11.5, 4.7 Hz, 1H), 3.92 - 3.97 (m, 2H), 3.63 - 3.77 (m, 7H), 3.52 - 3.60 (m,
4H), 3.35 - 3.44 (m, 6H), 3.24 – 3.26 (m, 3H), 1.28 (d, J = 6.2 Hz, 3H), 0.99 (d, J = 6.2 Hz, 3H)
13

C NMR (75 MHz, methanol-d4): 179.70, 166.24, 163.28, 158.76, 158.68, 152.06 (2C), 137.20,

136.30, 128.62, 109.87 (2C), 107.18, 106.72, 106.17, 105.62, 102.63, 100.20, 99.94, 95.05,
85.30, 83.81, 79.23, 77.97, 77.83, 77.78, 76.09, 75.65, 75.24, 74.93, 74.01 (2C), 72.49, 72.35,
72.20, 71.90, 70.97, 70.34, 70.24, 64.58, 62.42, 62.15, 18.09, 17.88
HRMS (m/z): [M]+ calcd. for C44H57O30, 1065.2935; found, 1065.2908
MbA-CG (7)

7 was generated from 6 according to the general procedure for enzyme hydrolysis by Abg. 6 (10
mg) was dissolved in 1.5 mL sodium phosphate buffer (50 mM, pH 6.8) with 10 µL of 8 mg/mL
Abg at 37°C. After 24 h another 10 µL of enzyme was added. Upon reaction completion and
workup, the resulting solution was purified by HPLC to yield 7 in 50% yield.
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1

H NMR (400 MHz, methanol-d4): 6.92 (s, 2H), 6.41 (d, J = 1.8 Hz, 1H), 6.25 (d, J = 2.1 Hz, 1H),

5.70 (s, 1H), 4.83 (m, 2H), 4.44 (d, J = 7.6 Hz, 1H), 4.26 (dd, J = 3.5, 1.4 Hz, 1H), 4.15 (dd, J = 11.7,
5.0 Hz, 1H), 3.93-3.99 (m, 1H), 3.82 (dd, J = 9.3, 3.5 Hz, 2H), 3.77 - 3.79 (m, 2H), 3.67 - 3.72 (m,
3H), 3.53 - 3.64 (m, 3H), 3.35 - 3.45 (m, 3H), 3.22 - 3.27 (m, 3H), 1.30 (d, J = 6.1 Hz, 3H), 1.00 (d,
J = 5.8 Hz, 3H)
13

C NMR (100 MHz, methanol-d4): 179.75, 166.72, 163.29, 159.01, 158.01, 152.17 (2C), 137.08,

136.46, 128.71, 109.89 (2C), 107.40, 107.31, 106.12, 102.77, 100.35, 100.00, 95.12, 82.84,
78.05, 77.97, 75.75, 75.49, 75.27, 75.01, 74.05, 73.54, 72.53, 72.22, 72.11, 71.87, 71.03, 70.26,
64.61, 62.44, 18.09, 17.96
HRMS (m/z): [M]+ calcd. for C38H48O25Na, 927.2382; found, 927.2363
MbA-CR (8)

8 was prepared according to the general procedure for enzymatic cleavage by naringinase.
Naringinase (20 µL of 5.6 mg/mL) was incubated at 60°C for 2 hours, then was added to a
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solution of 6 (5 mg/mL) in sodium acetate buffer (50 mM, pH 5.6). After one day the reaction
mixture was purified by HPLC to give 8 in 73% yield.
1

H NMR (300 MHz, methanol-d4):  6.94 (s, 2H), 6.40 (d, J = 2.1 Hz, 1H), 6.24 (d, J = 2.1 Hz, 1H),

5.64 (s, 1H), 4.83 (d, J = 7.3 Hz, 3H), 4.59 (d, J = 7.5 Hz, 1H), 4.50 (d, J = 7.5 Hz, 1H), 4.22 (d, J =
2.5 Hz, 1H), 3.93 - 4.02 (m, 2H), 3.68 - 3.77 (m, 3H), 3.54 - 3.63 (m, 3H), 3.40 - 3.48 (m, 4H), 3.35
- 3.39 (m, 3H), 3.22 - 3.28 (m, 3H), 0.99 (d, J = 5.7 Hz, 3H)
13

C NMR (75 MHz, methanol-d4): 179.79, 166.33, 163.39, 158.87, 158.77, 152.13 (2C), 137.25,

136.34, 128.66, 109.82 (2C), 107.30, 106.80, 106.20, 105.70, 102.70, 100.20, 95.01, 85.40,
83.90, 79.353, 78.04, 77.88 (2C), 77.21, 76.16, 74.78, 74.00, 72.44, 71.92, 71.02, 70.87, 70.37,
67.42, 62.46, 62.20, 17.89
HRMS (m/z): [M]+ calcd. for C38H48O26Na, 943.2332; found, 943.2348
MbA-CGR (9)
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9 was prepared according to the general procedure for enzymatic cleavage by naringinase.
Naringinase (30 µL of 5.6 mg/mL) was incubated at 60°C for 2 hours, then added to a solution of
7 (7.5 mg/mL) in sodium acetate buffer (50mM, pH 5.6). After one day, the reaction mixture
was purified by HPLC to give 9 in 30% yield.
1

H NMR (300 MHz, methanol-d4):  6.82 (s, 2H), 6.28 (d, J = 1.8 Hz, 1H), 6.12 (d, J = 1.8 Hz, 1H),

5.60 (d, J = 1.1 Hz, 1H), 4.72 (d, J = 7.3 Hz, 2H), 4.32 (d, J = 7.8 Hz, 1H), 4.16 (d, J = 1.6 Hz, 1H),
3.89 (dd, J = 11.3, 4.9 Hz, 1H), 3.68 - 3.73 (m, 2H), 3.60 – 3.61 (m, 3H), 3.44 - 3.55 (m, 3H), 3.32 3.38 (m, 1H), 3.25 - 3.29 (m, 2H), 3.10 - 3.19 (m, 1H), 0.90 (d, J = 5.3 Hz, 3H)
13

C NMR (75 MHz, methanol-d4):  179.68, 167.25, 163.33, 158.90, 152.19 (2C), 137.09, 136.46,

128.74, 109.86 (2C), 107.46, 107.33, 105.96, 102.79, 100.51, 95.23, 82.86, 77.98, 77.27 (2C),
75.49, 74.81, 74.05, 73.57, 72.11, 71.89, 71.02, 70.88, 67.46, 62.42, 17.93
HRMS (m/z): [M]+ calcd. for C32H38O21Na, 781.1803; found, 781.1798

5.1.3 Enzymatic synthesis of glucosyl epi-cyclophellitols
The synthesis of glucosyl epi-cyclophellitols (G-ECPs) was carried out according to Nakai 232 with
modifications. LaMalP (9 µM) was incubated with -glucose-1-phosphate (50 mM) and ECP (50
mM) in sodium acetate buffer (0.3 mL, 50 mM, pH 4.0) at room temperature for 6 hours. The
reaction was monitored by TLC. The enzyme was inactivated by methanol, and removed by
centrifugation. The resulting reaction mixture was purified by HPLC with a light scattering
detector (Sedex, France) using a TSKgel Amide-80 column (Tosoh, 4.6 x 250 mm, 5 µm) at a
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constant flow (1.0 mL/min) of mobile phase ACN/water (v/v) 80/20 to afford the α-1, 3 and α1,4 G-ECP products at retention time of 14 and 16 mins with a ratio of 4:1, respectively.
α-1,3 G-ECP (10)

1

H NMR (400 MHz, H2O-d4): 5.20 (d, J = 3.9, 1H), 4.03 (dd, J = 8.2, 1.8, 1H), 4.01-3.99 (m, 1H),

3.93 (dd, J = 11.3, 3.2, 1H), 3.82-3.78 (m, 3H), 3.74 (dd, J = 9.5, 9.5, 1H), 3.62-3.56 (m, 2H), 3.563.53 (m, 1H), 3.51-3.45 (m, 2H), 3.36 (d, J = 4.1, 1H), 2.12-2.07 (m, 1H)
13

C NMR (75 MHz, H2O-d4): 100.88, 82.50, 73.99, 72.80, 72.68, 70.86, 70.75, 70.18, 61.11, 61.05,

58.90, 56.13, 45.01
HRMS (m/z): [M]+ calcd. for C13H22O10Na, 361.1111; found, 361.1110.
α-1, 4 G-ECP (11)

1

H NMR (400 MHz, H2O-d4): 5.18 (d, J = 3.9, 1H), 3.99 (dd, J = 8.8, 1.5, 1H), 3.94 (dd, J = 11.4, 2.8,

1H), 3.89-3.76 (m, 4H), 3.72-3.67 (m, 2H), 3.60 (dd, J = 9.9, 3.9, 1H), 3.53-3.48 (m, 2H), 3.42 (dd,
J = 9.3, 9.3, 1H), 3.38 (dd, J = 8.7, 4.5, 1H), 2.27-2.23 (m, 1H)
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13

C NMR (75 MHz, H2O-d4): 100.75, 79.92, 73.44,72.97, 72.52, 71.72, 70.65, 69.33, 60.45, 60.31,

57.31, 55.25, 42.82
HRMS (m/z): [M]+ calcd. for C13H22O10Na, 361.1111; found, 361.1110.

5.1.4 Enzymatic synthesis of 4’-O-methyl α-maltosyl epi-cyclophellitol (MeG2-ECP)
Enzymatic coupling of MeG2F (0.72 mg, 2 mol) and ECP (0.41 mg, 2.3 mol) in phosphate
buffer (40 L, 50 mM sodium phosphate, 100 mM NaCl, pH 7.0), was accomplished by
incubating the two compounds in the presence of CGTase (1 L) at 30 C for 12 h. The reaction
was monitored by TLC until fully consumption of ECP. Upon completion, the reaction mixture
was treated with an equal volume of ethanol, and the precipitated enzyme was removed by
centrifugation. The resulting crude product was directed used for subsequent analysis.

5.1.5 Mass spectrometric analysis of intact protein

The mass spectra were recorded using the NanoAquity Ultra Performance LC System™ and a
GS-2 Q-Tof ™ quadrupole/orthogonal acceleration TOF mass spectrometer from Waters
Corporation, Micromass MS Technologies (Manchester, UK). Proteins were loaded onto a C4
trap cartridges (300 μm × 5 mm, LC Packings/Dionex distributed by Kovalent AB, Hägersten,
Sweden), and eluted with a gradient of 0-90 % solvent B in solvent A over the course of 10 mins
at a flow rate of 5 μl/min (solvent A: 5% ACN(aq), 0.1% FA: solvent B: 95% ACN(aq), 0.1% FA). The
sample flow from the C4 cartridge was coupled directly to the Q-Tof ESI interface consisting of
the Z spray source fitted with an electrospray probe (source voltage 3.0 kV, source temp 80 °C,
desolvation temp 140 °C, desolvation gas flow 600 L/h, cone voltage 40 V, cone gas flow
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50 L/h). TOF MS data were acquired over the m/z range 400–2000 at a resolution > 30,000
FWHM (full width at half maximum). All data were collected using a scan time of 5 s.
5.2 Molecular biology
5.2.1 General materials

2-Chloro-4-nitrophenyl α-D-maltotrioside (CNP-G3) was purchased from Genzymes (Cambridge,
USA). All commercially available vectors, restriction enzymes, T4 DNA ligase, fast alkaline
phosphatase and Pichia pastoris strains were acquired from Thermo Fisher Scientific. pPic9-HPA
vector and endoglycosidase F-cellulose binding domain fusion protein (endo-F) were provided
by Ms. Emily Kwan. All chromatographic resins were purchased from GE Healthcare (Little
Chalfont, UK). All oligodeoxy-ribonucleotides were acquired from Nucleic Acid and Protein
Service (NAPS) Unit at University of British Columbia (Vancouver, Canada). All protein mass was
analyzed by Proteomics Core Facility UBC Centre for High-Throughput Biology.

5.2.2 Site directed mutagenesis

Each PCR reaction for AB and CD fragments was performed in a total volume of 50 μL
containing the pPic9-HPA template (10 ng), the pair of primers (20 pmol), each of the four
deoxynucleotides (20 pmol) and Pfu polymerase (1.25 units) in 1X Phusion HF buffer
(Fermentas). The reaction was repeated 25 times by cycling the temperature of the reaction
mixture using a GeneAmp PCR system 2400 (Perkin-Elmer), with a temperature cycle 98 °C (10
seconds)-56 °C (30 seconds)-72 °C (35 seconds). Both AB and CD fragments were purified by a
QIAquick gel extraction kit (Qiagen) to separate them from wild type template DNA. To get the
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AD fragment, PCR conditions were carried out as described above with slight differences: (1)
both AB and CD fragments (20 ng) were used as templates and (2) the temperature cycle was
modified to 98°C (10 seconds) - 60°C (30 seconds) - 72°C (50 seconds). The resulting AD
fragment was gel purified and digested with restriction enzymes SacI and NotI in 1X FastDigest
buffer at 37 °C for one hour, followed by purification by a QIAquick PCR kit (Qiagen).

5.2.3 Generation of pPic9K-HPA mutant vector

The pPic9K vector was first treated with SacI and NotI (1 unit each), followed by an addition of
fast alkaline phosphatase (1 unit) to give a fragment of 1027 bp and the desired 8249 bp
fragment containing the kanamycin resistance gene. The larger fragment was then gel purified
to ligate with the fragment AD which was purified as mentioned in 5.2.3. Ligation of the AD
fragment and linearized pPic9K vector at a ratio of 2:1 using T4 DNA ligase (0.3 unit) at room
temperature for an hour, yielded the desired pPic9K-HPA mutant vectors. After gel purification,
the recombined plasmid contained both the kanamycin resistance gene and the α-factor
secretion sequence of the amylase.
The purified plasmid (8 μL) was transformed into Escherichia coli (Topp 10) by electroporation.
The transformed cells were plated on LB-Amp plates overnight. Generally, each transformation
resulted in 20-60 colonies. 10 colonies were picked from the plate and grew up in liquid LB
medium overnight, and the plasmid was isolated using QIAprep Spin Miniprep kit (Qiagen). The
isolated plasmids were sequenced at the region of interest for the desired mutations, by the
UBC NAPS unit. 3-6 colonies were sequenced per mutation reaction and 90-100% of the
plasmids contained the desired gene.
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Electroporation was then used to transform the Pichia pastoris strain GS-115 with the pPic9KHPA mutant plasmid (linearized with SacI) according to the Invitrogen protocol (Invitrogen
catalog no. V175-20). The transformed cells were then plated on MD plates (Minimal Dextrose,
1.34% yeast nitrogen base, 4x10-5 % biotin, and 2% dextrose) and grown at 30 °C for two days.

5.2.4 Screening for successful transformants by activity
The colony picker (Genetix, QP1x2xT) was used to transfer 90 yeast cell colonies from MD-plate
to a 96-well assay plate (Costar@, 3370) in 200 μL BMGY (Buffered Glycerol-complex Medium, 1%
yeast extract (w/v), 2% peptone (w/v), 100 mM potassium phosphate, pH 6.0, 1.34% yeast
nitrogen base (w/v), 1% glycerol (v/v), 0.006% antiform C) and grown at 30 °C for one day. 10 μL
of the culture medium were transferred into 96 deep well plate (Axygen@ Scientific, P-DW-20-C)
in 900 μL BMGY medium, which was changed to 300 μL BMMY (Buffered Methanol-complex
Medium, 1% yeast extract (w/v), 2% peptone (w/v), 100 mM potassium phosphate, pH 6.0, 1.34%
yeast nitrogen base (w/v), 0.5% methanol (v/v) with 0.006% antifoam C) after one day. The
cells were further grown in BMMY medium for two days with MeOH (30 μL of 50% (v/v))
induction twice a day.
Once proteins were expressed, the cells were first centrifuged at 4000 rpm, 4 °C for 10 minutes.
Each of the culture supernatants (20 μL) containing the mutant proteins was transferred into
CNP-G3 solution (74 mM) in HPA buffer (50 mM sodium phosphate, 100 mM sodium chloridel,
pH = 7.0) in another 96-well plate. The rate of hydrolysis was measured by plate reader (BioTek,
Synergy H1 Hybrid Reader) at 400 nm. The selected mutants were cultured in a 5 mL tube as
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previously described and the crude protein supernatants were analyzed by the SDS-PAGE (Biorad, 4–15% Mini-PROTEAN®TGX™ Gel) for bands at the desired molecular weight.

5.2.5 Protein expression and purification

The protocol used for expression and purification of HPA was first developed by Dr. Edwin
Rydberg 233 and was adapted as follows. A selected colony from the 96-well master plate was
used to inoculate into 60 mL of BMGY medium in a baffled flask and this was grown at 30 °C
overnight. 10 mL of cell culture was transferred to another 600 mL of BMGY medium and grown
in a 2 L baffled flask at 30 °C for one day. The cells were collected at 5000 rpm, 4 °C for 15
minutes and re-suspended in 200 mL of BMMY. 2 mL of 50% (v/v) methanol in water was added
twice a day into the cell culture and continued to grow at 30 °C for two days. The cells were
harvested at 6000 rpm, 4 °C for 20 minutes and the supernatant was filtered through a glass
microfibre filter GF/C (WhatmanTM, Cat No.1822125), followed by concentration with an Omega
76 mm 10 K membrane (Pall Filtron, Cat No. MO001076) to about 20 mL.
The volume of the supernatant was adjusted with the loading buffer (50 mM sodium chloride,
100 mM potassium phosphate, pH = 7.5) and loaded onto the Phenyl-Sepharose CL-4B column.
The column was washed with additional loading buffer (5 × bed volume) followed by elution
with de-ionized water. All the fractions were checked on SDS-PAGE and positive fractions were
pooled and concentrated to 4 – 8 mL using an Amicon Ultra-15 centrifugal filter (Millipore, 30K).
Concentrated buffer was added to this deep green solution to make a final buffer concentration
of 20 mM potassium phosphate, 25 mM sodium chloride, pH = 7.0 (cutting buffer). Endo-F
fusion protein (1:100 (w/w)) was added and the mixture was left at room temperature
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overnight. The solution was then passed through a HiTrapTM Q Sepharose Fast Flow anion
exchange column that was pre-equilibrated with the loading buffer. The flow-through, which
contained the HPA mutant protein, was concentrated by an Amicon 30K. Enzyme
concentrations were determined spectrophotographically by a Varian Cary 300 UV/Vis
spectrometry using an A0.1% of 2.24 at 280 nm for both wild type and variant HPA. 165
5.3 Kinetics
5.3.1 General assay conditions

Unless specified, all reagents were purchased from commercial suppliers (Sigma-Aldrich®,
Thermol Fisher Scientific®), and were used without purification. All kinetic studies were
performed at 30 °C in HPA buffer (50 mM sodium phosphate, 100 mM NaCl, pH 7.0), unless
otherwise noted. NanoOrange protein quantitation kit was purchased from Invitrogen (Cat
No. N-6666). Porcine pancreatic -amylase (PPA) was purchased from Sigma-Aldrich. Human
gut bacterial amylases were isolated by Tara Hill, human N- and C-terminal maltaseglucoamylase (ntMGAM and ctMGAm), and C-terminal sucrose-isomaltase (ctSI) were donated
by Professor David R. Rose (University of Waterloo, Canada). Hydrolysis of CNP-G3 by either
HPA or PPA was monitored by the increase of absorbance at 400 nm using a Varian CARY
300/4000 spectrophotometer equipped with a circulating water bath. All enzyme kinetic data
were processed using the program GraFit 7.0.0 (Erithacus Software Limited).
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5.3.2 Enzymatic activity tests of naringinase
5.3.2.1 Rhamnosidase activity using 4-nitrophenyl--L-rhamonside as a substrate
The rhamnosidase activity of naringinase was tested according to previously reported protocol
with modification. 121b 4-Nitrophenyl--L-rhamonside (1.75 mM) was incubated in sodium
acetate buffer (50 mM, pH 5.6) at 25 C, and 10 L of naringinase (5.6 mg/mL) was added to
initiate the reaction. The rate of the reaction was measured by monitoring the increase of
absorbance at 400 nm using a Varian CARY 300 spectrophotometer.
5.3.2.2 Glucosidase activity using 2,4-dinitrophenyl--D-glucoside as a substrate
2,4-Dinitrophenyl--D-glucoside (30 mM) was incubated in sodium acetate buffer (50 mM, pH
5.6) at 25 C, and 10 L of naringinase (5.6 mg/mL) was added to initiate the reaction. The rate
of the reaction was measured by monitoring the increase of absorbance at 400 nm using a
Varian CARY 300 spectrophotometer.
5.3.2.3 Xylosidase activity using 4-nitrophenyl--D-xyloside as a substrate
4-Nitrophenyl--D-xyloside (1.9 mM) was incubated in sodium acetate buffer (50 mM, pH 5.6)
at 25 C, and 10 L of naringinase (5.6 mg/mL) was added to initiate the reaction. The rate of
the reaction was measured by monitoring the increase of absorbance at 400 nm using a Varian
CARY 300 spectrophotometer.
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5.3.3 Michaelis-Menten kinetics of HPA using CNP-G3 as a substrate

Michaelis-Menten parameters of HPA variants for CNP-G3 were measured by monitoring the
increase of absorbance at 400 nm using a Varian CARY 300 spectrophotometer. Quartz cuvettes
(200 μL) with a path length of 1 cm were used. The concentration of enzyme used was about 20
nM for all assays. Initial rates were measured using 6 – 8 different CNP-G3 concentrations
ranging from 1 – 20 mM in HPA buffer at 30 °C, and fit to the Michaelis-Menten equation by
non-linear regression using the program GraFit 7.0.0. to obtain Vmax (kcat) and Km.

5.3.4 Dinitrosalicylic acid assay of soluble starch

Determination of the hydrolysis rate of soluble starch by an enzyme was performed by
quantifying the concentrations of sugar reducing ends using dinitrosalicylic acid (DNS) assay. 215
Firstly, a stock of soluble starch solution (10 mg/mL) was made in HPA buffer and kept gentle
boil until all the solids were dissolved. Starch solutions at various concentration (0-6 mg/mL)
were prepared by diluting the stock solution with HPA buffer. Then purified enzyme samples
(final concentration of 3-8 nM depending on enzyme activity) were added to 4 mL diluted
starch solution, and incubated for an appropriate length of time at 30 °C. At different time
points, 500 µL of the mixture was withdrawn and quenched immediately by addition of an
equal volume of DNS solution (10 mg/mL 3, 5-dinitrosalicyclic acid and 300 mg/mL sodium
potassium tartrate in 0.4 M sodium hydroxide solution). The color was developed by boiling the
stopped samples for 5 minutes, followed by cooling to room temperature. The absorbance was
measured spectrophoto-metrically at 540 nm, and plotted against the reaction time.
Extrapolating the curve gave a straight line with the slope as the initial rate of starch hydrolysis.
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The rates were plotted against substrate concentration and fit to a Michaelis-Menten equation
on GraFit 7.0.o to obtain Vmax (kcat) and Km.

5.3.5 Inhibitory assay
5.3.5.1 IC50 measurements
An approximate inhibition constant was obtained first by measurement of reaction rates with a
fixed concentration of substrate at its Km value and at least five inhibitor concentrations. For
IC50 of HPA, samples with various inhibitor concentrations were first incubated with the enzyme
(4 nM) at 30 °C for 10 min, and CNP-G3 (4 mM) was added as the substrate to initiate the
reaction. The release of the chloronitrophenolate anion was monitored continuously at 400 nm
and the initial rate was measured. The rates were plotted against inhibitor concentrations and
IC50 was calculated by GraFit 5.0.13.
IC50 with other enzymes were measured in a similar way with inhibitor concentration up to 500
µM and fixed substrate concentration (PNPαGlc: ntMGAM 7.2 mM, ctMGAM 1.5 mM, ctSI 3.6
mM in 100 mM 2-(N-morpholino)ethanesulfonic acid, pH 6.5 at 37 °C and yeast α-glucosidase
0.36 mM in 50 mM sodium phosphate, pH 7.0 at 37 °C; CNP-G3: porcine pancreatic -amylase:
0.6 mM; riAmy 2.4 mM; DNP-G3: bfAmy 1.0 mM in HPA buffer at 30 °C). The initial rates
measured were plotted against inhibitor concentrations and IC50 values were calculated by
GraFit 5.0.13.
5.3.5.2 Inhibition constants (Ki) of MbA substructures for HPA
The inhibition constants (Ki) of MbA substructures for HPA were determined by measuring the
rates of reactions at different inhibitor and substrate concentrations. Inhibitors at concentra143

tions ranging from 1/5 to 5 times the Ki were first incubated with HPA (4 nM) at 30 °C for 10 min,
and CNP-G3 was used as the substrate in the range of 1/5 to 5 times the Km. Initial reaction
rates for the release of chloronitrophenolate were measured by Varian Cary 4000 UV/Vis
spectrophotometer at 400 nm. Observed reaction rates were fitted directly to modified
Michaelis-Menten equations describing reaction in the presence of competitive, noncompetitive and uncompetitive type of inhibition by non-linear regression using GraFit.
Competitive inhibition provided the best fit in each case, and only the Ki values fit by GraFit
were reported.
5.3.5.3 Inhibition constants (Ki) of MbA-3 for Abg
The inhibition constant (Ki) of MbA-3 for Abg were determined by measuring the rates of
reactions at different inhibitor and substrate concentrations. Inhibitor at concentration ranging
from 1/5 to 5 times the Ki were incubated with Abg (4.5 nM) at 37 °C for 10 min, and 4nitrophenyl--D-glucoside was used as the substrate in the range of 1/5 to 5 times the Km
(0.078 mM). Initial reaction rates for the release of chloronitrophenolate were measured by
Varian Cary 4000 UV/Vis spectrophotometer at 400 nm. Observed reaction rates were fitted
directly to modified Michaelis-Menten equations describing reaction in the presence of
competitive, non-competitive and uncompetitive type of inhibition by non-linear regression
using GraFit. Non-competitive inhibition provided the best fit, and only the Ki values fit by
GraFit were reported.
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5.3.6 Inactivation assays
5.3.6.1 General inactivation method
Compounds designed as potential mechanism-based inhibitors were tested for their ability to
induce time-dependent loss of enzyme activity. Samples at varied inhibitor concentrations were
incubated with enzymes at the optimal temperature, using the buffer described for standard
Michaelis-Menten kinetics. To test for residual enzyme activity, aliquots of reaction mixture
were removed at time points and were added to a pre-incubated substrate buffer solution at a
substrate concentration in a large excess over Km. Data for single inactivator concentration
were fit to an equation describing the first order decay with offset and kobs was calculated by
GraFit 7.0.0.
5.3.6.2 Inactivation by G-ECPs
Samples of HPA (150 nM) were incubated in the presence of G-ECP (3.6 mM α-1,4 or 6 mM α1,3) in HPA buffer (50 mM sodium phsophate, 100 mM NaCl, pH 7.0) at 30 °C. Aliquots (10 μL)
of these inactivation mixtures were removed at time intervals and diluted into assay cells
containing 200 µL CNP-G3 (10 mM) pre-incubated at 30°C, and the absorbance change was
monitored at 400 nm. Data for each inactivator were fit to an equation describing first order
decay with offset in Grapfit 7.0.0 to give kobs.
5.3.6.3 Kinetic evaluation of MeG2-ECP as an HPA inactivator
Samples of HPA (75 nM) were incubated in the presence of MeG2-ECP (29 M) in the HPA
buffer (50 mM NaPi, 100 mM NaCl, pH 7.0) at 30 °C. Aliquots (4 μL) of the inactivation mixture
were removed at time intervals and diluted into assay cells containing 200 µL CNP-G3 (5 mM)
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pre-incubated at 30°C, and absorbance change was monitored at 400 nm. Data for each
inactivator were fit to an equation describing first order decay with offset in Grafit 7.0.0.

5.3.7 Evaluation of kinetics of reactivation of HPA

Fully inactivated enzyme was freed of excess inactivator by 10-fold dilution with HPA buffer (50
mM sodium phosphate, 100 mM sodium chloride, pH 7.0), and the diluted reaction mixture was
concentrated at 4 °C using an Amicon 30 kDa nominal cut-off centrifugal concentrator to a
volume of approximately 35 μL. This procedure was repeated a total of five times. The resultant
solution was then diluted to 200 μL with either buffer alone or with 100 mM maltose.
Reactivation was monitored by removal of aliquots (10 μL) at appropriate time intervals and
assaying using CNP-G3 under standard assay conditions.

5.3.8 Enzyme concentration measurement using NanoOrange assay

The free enzyme concentration was determined using an Invitrogen NanoOrange® assay kit,
performed according to the manufacturer’s instructions (MP-06666). The concentrated
NanoOrange® protein quantitation diluent was first diluted 10-fold in distilled water to make a
1X protein quantitation diluent. Prior to running the experiment, the NanoOrange® protein
quantitation reagent was diluted 500-fold into the 1X protein quantitation diluent to make a 1X
NanoOrange working solution. BSA standard solutions were prepared by diluting into 1X
NanoOrange working solution. The standard samples were heated at 95 °C for 10 minutes,
prevented from photodegradation by covering it with aluminum foil. After cooling to room
temperature, the solution was transferred into a full-volume methacrylate cuvette
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(FisherbrandTM), and the fluorescence was measured directly with an excitation/emission
wavelength of 485/590 nm using the fluorimeter (Varian Cary Eclipse). A standard curve of
fluorescence versus concentration of BSA was generated.
To perform a protein assay, protein sample was diluted into 1 mL 1X NanoOrange working
solution, and treated as described for BSA standards. The measured fluorescence of the protein
sample was substituted into the BSA standard curve, and the protein concentration was
determined.

5.3.9 Adsorption assay of enzymes to starch
5.3.9.1 General adsorption assay
The adsorption of purified enzymes to starch granules was assayed according to a procedure
slightly modified from the previously reported. 180 Potato starch (Sigma-Aldrich@ S-5651) was
first washed three times in deionized water, twice in ethanol and air dried. 234 It was further
made into suspension mixtures at various concentrations of 0-200 mg/mL in HPA buffer (50
mM sodium phosphate, 100 mM sodium chloride, pH 7.0) and cooled at 4 °C for at least 10
minutes. Recombinant HPA mutant proteins (final concentration around 100 nM) were
incubated with the pre-chilled starch mixtures (1 mL) on a rotor at 4 °C for 60 minutes. The
mixtures were then centrifuged (13.6 krpm, 4 °C, 10 min) to separate all the starch, including
bound amylase, from free enzymes. 500 L of the resulting supernatant was concentrated to a
volume of approximately 10 µL using Amicon 30K. The concentrated enzyme solution was
diluted with 1X NanoOrange working solution to achieve a final volume of 1 mL. The samples
were treated as described in Section 5.3.8, the fluorescence of the unbound enzyme was
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measured at 485/590 nm. The activity (expressed as the percentage of bound proteins when
compared with a no-starch control) was plotted against the starch concentrations, and the data
were fitted to a one-site binding model.

𝑏=

𝐵𝑚𝑎𝑥 X [𝑆]
[𝑆] + 𝐾d

Where b is the bound enzyme fraction, [S] the starch concentration, and Bmax the maximum
fraction of enzyme bound.
5.3.9.2 Modified protocol with MbA as inhibitor
HPA and its surface mutants (20 M) were incubated with MbA (400 M) in HPA buffer at room
temperature for one hour, prior to the addition (5 L) of the enzyme complex into pre-chilled
starch suspensions (1 mL). The adsorption assay was followed the protocol of general
adsorption assay.
5.3.9.3 Modified protocol with in situ elongation and inactivation of HPA variant
In situ elongations were accomplished by pre-incubating HPA (90 g, 1.6 nmol) with MeG2F (10
mg, 28 mol) and ECP (5 mg, 28 mol) in 200 L HPA buffer at 30 °C, until no residual activity of
enzyme could be detected. The excess elongation reagents were removed by Amicon 30K, and
the inactivated enzyme (12.5 L) was added into the pre-chilled starch suspensions (1 mL),
followed by the general adsorption assay.
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Appendices
Appendix A: Kinetics
A1 Michaelis-Menten kinetics

Michaelis and Menten proposed a two-step kinetic model to describe the behaviour of an
enzyme in the presence of substrate. 235 The model involves an enzyme E binding to
a substrate S reversibly to form an enzyme-substrate complex ES, in an equilibrium defined by
by competition between the rates of association (k1) and dissociation (k-1). The chemical step
forms product P and regenerates enzyme E, with an associated rate constant k2. This may be
represented as

The central concept in the above scheme is the existence of a non-covalent complex: ES, before
the enzyme turns over the substrate to generate the product. This ES complex sometimes is
referred to as the Michaelis complex, in memory of Prof. Leonor Michaelis.
The initial rate of reaction 𝑣0 can be expressed as a function of product formation.

𝑣0 =

𝑑[𝑃]
= 𝑘2 [𝐸𝑆]
𝑑𝑡

Equation A1.1

Since in most of the cases, the rate of the chemical reaction is much slower than the rate for E,
S and ES to reach equilibrium, an assumption can be made to greatly simplify the calculation
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and this is that under the steady state conditions, the rates of ES formation and depletion are
identical.
𝑑[𝐸𝑆]
= 𝑘1 [𝐸][𝑆] − 𝑘−1 [𝐸𝑆] − 𝑘2 [𝐸𝑆] = 0
𝑑𝑡

Equation A1.2

Since the total enzyme concentration [E]0 is the sum of the concentrations of free enzyme [E]
and the concentration of the enzyme bound in the ES complex, [ES].
[E]0 = [E] + [ES]

Equation A1.3

Solving for [ES] using Equation A1.2 and A1.3 gives

[𝐸𝑆] =

𝑘1 [𝐸]0 [𝑆]
𝑘1 [𝑆] + 𝑘2 + 𝑘−1
Equation A1.4

By substitution of the expression for [𝐸𝑆] from Equation A1.4 into Equation A1.1, one obtains

𝑣0 ==

𝑘2 [𝐸]0 [𝑆]
𝑘−1 + 𝑘2
+ [𝑆]
𝑘1
Equation A1.5

The ratio of the rate constants

𝑘−1 + 𝑘2
𝑘1

is defined as 𝐾m , the Michaelis constant, while the rate

constant k2 is defined as the catalytic constant, or kcat, (the turnover number). Therefore,
Equation A1.5 can be simplified into a more general format, also known as the MichaelisMenten equation:

𝑣0 =

𝑑[𝑃] 𝑘cat [𝐸]0 [𝑆]
=
𝑑𝑡
𝐾m + [𝑆]
Equation A1.6
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The Michaelis -Menten equation satisfyingly rationalizes the relationship between enzymatic
rate and the substrate concentration in most of the cases. kcat and Km can be used to
characterize the enzyme catalytic efficiency. kcat is the maximum number of substrate
molecules converted to product per enzyme molecule per unit time. Mathematically, the
Michaelis constant Km is the substrate concentration at which the reaction rate is at halfmaximum, and is an inverse measure of the substrate's affinity for the enzyme—as a small Km
value indicates a tighter binding of the substrate to the enzyme.
The initial rate of enzymatic reaction 𝑣0 is dependent on both the substrate concentration [S]
and total enzyme concentration [E]0. When enzyme is saturated with substrate ([S] >> Km), the
value of Km becomes negligible with respect to substrate concentration and 𝑣0 asymptotically
approaches its maximum value 𝑉 max, maximum kinetic rate for a fixed amount of enzyme.
Therefore, the Michaelis-Menten equation can be simplified to
𝑣0 = 𝑉𝑚𝑎𝑥 = 𝑘cat [𝐸]0
Equation A1.7
When [S] = Km, the initial rate 𝑣0 is half the 𝑉 max value.

𝑣0 =

𝑘cat [𝐸]0 𝑉𝑚𝑎𝑥
=
2
2

Equation A1.8

At low concentrations ([S] << Km), [S] becomes negligible with respect to Km and 𝑣0 becomes
directly proportional to [S], and the reaction becomes to a first-order reaction.

𝑣0 =

𝑘cat
[𝐸]0 [𝑆]
𝐾m
Equation A1.9
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The constant

𝑘𝑐𝑎𝑡
𝐾𝑚

is referred to as the catalytic efficiency or specificity constant. It is a very

useful index for measurement of how efficiently an enzyme converts a substrate into product
and comparison of the relative specificity of one enzyme acting on different substrates.
The Michaelis-Menten approach can be expanded to a more complex enzyme system where
two distinct reaction steps occur, such as the double displacement mechanism for retaining
glycosidases in this thesis. As shown in the following scheme, E binds reversibly to S to form the
Michaelis-Menten complex ES, with an association rate constant (k1). The first step results in
the formation of the covalent-enzyme intermediate (E-P) as well as release of the aglycone
(ROH) and is governed by the glycosylation rate constant k2. Deglycosylation, associated with
rate constant k3, involves attack of water on E-P to form free E and P.

Under steady-state conditions, the rate of formation and rate of depletion of [ES] and [E-P] are
the same:
𝑑[𝐸𝑆]
𝑑[𝐸𝑃]
=
=0
𝑑𝑡
𝑑𝑡
Equation A1.10
k1[E][S] = k2 [ES] + k-1[ES]

Equation A1.11

k2[ES] = k3[E-P]

Equation A1.12
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The total enzyme concentration [E]0 is equal to the sum of the concentrations of all enzyme
species.
[E]0 = [E] + [ES] + [E-P]

Equation A1.13

Substitution of the expression for [E] from Equation A1.13 into Equation A1.11 above, then
arrangement to solve for [ES] yields:

[𝐸𝑆] =

𝑘1 [𝐸]0 [𝑆] − 𝑘1 [𝐸𝑃][𝑆]
𝑘1 [𝑆] + 𝑘2 + 𝑘−1
Equation A1.14

Substitution of Equation A1.14 into Equation A1.12, then rearrangement to solve for [E-P] gives:
𝑘1 𝑘2
[𝐸]0 [𝑆]
𝑘3
[𝐸𝑃] =
𝑘 𝑘
𝑘1 [𝑆] + 𝑘2 + 𝑘−1 + 1 2 [𝑆]
𝑘3
Equation A1.15
Therefore, the initial rate 𝑣0 is

𝑣0 =

𝑑𝑃
𝑘1 𝑘2 [𝐸]0 [𝑆]
= 𝑘3 [𝐸𝑃] =
𝑘 𝑘
𝑑𝑡
𝑘1 [𝑆] + 𝑘2 + 𝑘−1 + 1 2 [𝑆]
𝑘3
Equation A1.16

Equation A1.16 can be rearranged in the form of a Michaelis-Menten equation:
𝑘2 𝑘3
[𝐸]0 [𝑆]
𝑘2 + 𝑘3
𝑣0 =
𝑘3 (𝑘−1 + 𝑘2 )
+ [𝑆]
𝑘1 (𝑘2 + 𝑘3 )
Equation A1.17
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The kcat value is actually the overall reaction rate of glycosylation (k2) and deglycosylation (k3)
steps, and is represented by the constant

𝑘2 𝑘3
𝑘2 + 𝑘3

; Km by

𝑘3 (𝑘−1 +𝑘2 )
𝑘1 (𝑘2 + 𝑘3 )

.

When k2 >> k3 (deglycosylation step is the rate-limiting step):

𝑘𝑐𝑎𝑡 =

𝑘2 𝑘3
𝑘2 𝑘3
≈
= 𝑘3
𝑘2 + 𝑘3
𝑘2
Equation A1.17

When k3 >> k2 (glycosylation step is the rate-limiting step):

𝑘𝑐𝑎𝑡 =

𝑘2 𝑘3
𝑘2 𝑘3
≈
= 𝑘2
𝑘2 + 𝑘3
𝑘3
Equation A1.18

Interestingly, from the above equations, specially designed substrates which has either
glycosylation or deglycosylation step rate-limiting can be used for enzyme kinetics. The overall
rates measured experimentally will correspond to the rate of the slower step.

A2 Enzyme kinetics in the presence of a reversible inhibitor

Three modes of reversible enzyme inhibition can be distinguished by their effects on the kinetic
behavior of enzymes, namely, competitive, noncompetitive or uncompetitive inhibition.
i. Competitive Inhibition
A competitive inhibitor competes with a normal substrate for binding to the enzyme. It
therefore reduces the apparent affinity of the enzyme for its substrate (increase Km). A large
excess of substrate can overcome the effect of the inhibitor, so 𝑉𝑚𝑎𝑥 is not affected.

168

Here, Ki is the dissociation constant for the enzyme-inhibitor complex EI.

𝐾𝑖 =

[𝐸][𝐼]
[𝐸𝐼]
Equation A1.19

The total concentration of enzyme is equal to [𝐸]0 = [𝐸] + [𝐸𝑆] + [𝐸𝐼].

Equation A1.20

Under the steady state conditions:
𝑑[𝐸𝑆]
= 𝑘1 [𝐸][𝑆] − 𝑘−1 [𝐸𝑆] − 𝑘𝑐𝑎𝑡 [𝐸𝑆] = 0
𝑑𝑡

Equation A1.21

Solving for [E] using Equation A1.20 and A1.21

[𝐸] =

[𝐸]0
[𝑆] [𝐼]
1+𝐾 + 𝐾
𝑚
𝑖
Equation A1.22

𝑣0 =

𝑉𝑚𝑎𝑥 [𝑆]
[𝐼]
𝐾𝑚 (1 + 𝐾 ) + [𝑆]
𝑖
Equation A1.22

Therefore, the addition of a competitive inhibitor increases the apparent 𝐾𝑚 by a factor of (1
[𝐼]

+𝐾 ). The value of 𝑉𝑚𝑎𝑥 is not affected by the inhibitor, since at high [𝑆], the inhibitor is
𝑖

displaced from the enzyme.
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ii. Noncompetitive inhibition
Noncompetitive inhibition occurs when the inhibitor and the substrate can bind simultaneously
to the enzyme instead of competing for the same binding site.

If we assume that the 𝐾𝑖 does not change upon binding of the inhibitor, then under steady state
conditions, the following equation can be derived:
𝑉𝑚𝑎𝑥
[𝑆]
[𝐼]
1+
𝐾𝑖
𝑣0 =
𝐾𝑚 + [𝑆]
Equation A1.23
As a result, the apparent 𝑉𝑚𝑎𝑥 decreases by a factor of (1 +

[𝐼]
𝐾𝑖

), and the apparent 𝐾𝑚 is not

affected.
iii. Uncompetitive inhibitions
An uncompetitive inhibitor binds only to the enzyme-substrate complex.
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Again, using the steady state approximation of

𝑑[𝐸𝑆]
𝑑𝑡

= 0 and 𝑣0 = kcat[ES], one obtains

𝑉𝑚𝑎𝑥
[𝑆]
[𝐼]
1+ 𝐾
𝑖
𝑣0 =
𝐾𝑚
+ [𝑆]
[𝐼]
1+ 𝐾
𝑖
Equation A1.24
An uncompetitive inhibitor decreases the value of both the 𝐾𝑚 and 𝑉𝑚𝑎𝑥 by a factor (1 +

[𝐼]
𝐾𝑖

).

The three types of reversible inhibition can be distinguished from each other by observing their
corresponding Lineweaver-Burke plot (1/𝑣 vs. 1/[S]) or a single reciprocal Dixon plot (1/V vs. [I]).
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Figure A-1 Graphical representation for the determination of the modes of inhibition with a Lineweaver-Burke plot.
(a) Competitive inhibition, (b) noncompetitive inhibition and (c) uncompetitive inhibiton.
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Figure A-2 Graphical representation for the determination of the modes of inhibition with a Dixon plot. (a)
Competitive inhibition, (b) noncompetitive inhibition and (c) uncompetitive inhibiton.
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A3 Enzyme kinetics in the presence of a mechanism-based inhibitor

In the presence of a covalent mechanism-based inhibitor I, a retaining glycosidase E reversibly
reacts with it with a dissociation constant k-1/k1, also known as Ki. The chemical glycosylation
step forms a covalent glycosyl-enzyme intermediate E-I, with an inactivation rate constant ki.
The intermediate can be subsequently hydrolysed to form E and product I-OH.

If the reactivation rate constant k3 is negligible compared to k2, this scheme can be simplified
into:

In most of the cases, [I] >> [E], the time-dependent inactivation is very similar to MichaelisMenten kinetics, and the initial rate of inactivation 𝑣0 can be deduced as

𝑣0 =

𝑑[𝐸 − 𝐼] 𝑘𝑖 [𝐸]0 [𝐼]
=
= 𝑘𝑜𝑏𝑠 [𝐸]0
𝑑𝑡
𝐾𝑖 + [𝐼]
Equation A1.19

𝑘𝑜𝑏𝑠 =

𝑘𝑖 [𝐼]
𝐾𝑖 + [𝐼]
Equation A1.20

Since the apparent rate constant of inactivation 𝑘𝑜𝑏𝑠 is dependent on the inactivation rate
constant (ki), the apparent dissociation constant (Ki) and the inactivator concentration ([I]), the
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above process can be regarded as a pseudo first-order reaction for the enzyme. Therefore,
exponential decay of enzymatic activity can be observed, when enzyme is incubated with
mechanism-based inactivators. By plotting the 𝑘obs against different inactivator concentrations
[I], the values of ki and Ki can also be extrapolated, which are important indicators of how good
an inactivator is.
In these case when Ki >> [I], [I] becomes negligible with respect to Ki, and 𝑘obs becomes directly
proportional to inactivator concentration:

𝑘𝑜𝑏𝑠 =

𝑘𝑖 [𝐼]
𝐾𝑖
Equation A1.21

Instead of obtaining individual values of ki and Ki, only the second-order inactivation constant
ki/Ki can be accurately determined.
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Appendix B: Lineweaver-Burk plots of HPA inhibition by MbA derivatives
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Figure A-3: Lineweaver-Burk plot of inhibition of HPA by MbA-G (Ki = 9.1 ± 0.8 nM).
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Figure A-4 Lineweaver-Burk plot of inhibition of HPA by MbA-R (Ki =21.3 ± 2.2 nM).
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Figure A-5 Lineweaver-Burk plot of inhibition of HPA by MbA-RX (Ki = 42.4 ± 5.3 nM).
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Figure A-6: Lineweaver -Burk plot of inhibition of HPA by MbA-GR (Ki = 79.3 ± 9.5 nM)
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Figure A-7 Lineweaver-Burk plot of inhibition of HPA by MbA-GRX (Ki = 93.3 ± 7.6 nM)
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Figure A-8 Lineweaver-Burk plot of inhibition of HPA by MbA-C (Ki = 0.73 ± 0.09 µM).
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Figure A-9 Lineweaver-Burk plot of inhibition of HPA by MbA-CG (Ki = 2.2 ± 0.2 µM).
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Figure A-10 Lineweaver-Burk plot of inhibition of HPA by MbA-CR (Ki = 46.8 + 3.9 µM)
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Figure A-11 Lineweaver-Burk plot of inhibition of HPA by MbA-CGR (Ki = 128 ± 15 µM)
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