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Abstract 

Sialic acids are often found at the terminal positions on the glycan chains that adorn all 

vertebrate cells and glycoproteins. This prominent position confers an essential role to 

sialic acid residues in biology, evolution and disease propagation. The most widespread 

sialic acid family members are N-acetylneuraminic acid, N-glycolylneuraminic acid and 

Kdn, which is an abbreviation for 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid. 

Enzymes that catalyze the removal of carbohydrate linkages from biological molecules 

are called glycoside hydrolases (GHs). These enzymes have been categorized into more 

than 130 different families. Glycoside hydrolase family 33 (GH33) contains exo-sialidases 

(E.C. 3.2.1.18, neuraminidases), from both eukaryotes and prokaryotes, which catalyze 

the hydrolysis of sialic acid from glycoconjugates. Interestingly, subtle differences exist in 

both the structure of the particular sialic acid and its position of attachment to 

glycoconjugate chains between humans and other mammals. These differences are 

indicators of the unique aspects of human evolution, and are relevant to understanding an 

array of human conditions. The present thesis reports on routes that we explored to further 

unravel the importance of sialic acids. We developed tools to probe for various sialic acid 

structures such as Kdn. To this end, we constructed a random mutant library of the 

neuraminidase from the soil bacterium Micromonospora viridifaciens (MvNA) and 

identified a number of recurring mutations in the sialidase gene which lead to a more 

efficient hydrolysis of synthetic natural substrate analogues such as 8FMU α-Kdn-(2→6)-

β-D-Galp. We also using the available structure of wild type MvNA bound to the natural 

inhibitor, DANA, to identify amino acids potentially involved in recognition and binding to 

acetylated sialic acids and generated genetic libraries which we used along with positive 

and negative evolutionary screens to identify several clones capable of hydrolyzing Kdn 

glycosides more efficiently than Neu5Ac substrates. Kinetic studies on these clones 

allowed for determination of enzyme efficiencies and specificities. We also report our study 

of covalent inhibition of α-glucosidase from Saccharomyces cerevisiae (GH13). The 

measured pH-rate profiles for inhibition and reactivation as well as the corresponding 

catalytic and inhibitory proficiencies suggested that inhibition results from the formation of 

carbenium ions in the active site that are trapped rapidly by an enzymatic residue.  

Keywords: Alpha glucosidase; Inhibition; Sialidase; Kinetics; Directed Evolution 
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Chapter 1. Introduction  

1.1. Carbohydrates 

Carbohydrates are the most abundant group of “biogenic substances”, which are 

defined as biomolecules, produced by living organisms. Carbohydrates were historically 

defined as polyhydroxylated aldehydes or ketones because the original molecular formula 

for a carbohydrate was defined as Cn(H2O)m. However, many compounds that are 

recognized as carbohydrates do not possess this formula, for example, acetamido 

containing sugars including N-acetylglucosamine and sialic acid. At present, there are a 

variety of interrelated classification schemes for sugars, which are in common usage, one 

of which is based on the degree of polymerization, that is carbohydrates can be subdivided 

into three major groups; (1) monosaccharides (single sugar molecules); oligosaccharides 

(2-9 monomers joined through glycosidic linkages) and polysaccharides (polymers that 

are made up from more than 10 monosaccharide units). Figure 1.1 depicts an example 

from each subgroup. 
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Figure 1.1 Structural representation of a monosaccharide (Glucose), a trisaccharide 
(Raffinose) and a polysaccharide (Glycogen).  

Within this classification scheme, the monosaccharides can be further classified 

based on criteria such as the ease of the oxidation of the carbonyl carbon (aldose vs. 

ketose), the number of carbons (trioses, tetroses, pentoses, etc.), the absolute 

stereoconfiguration (L or D), the ring size (four ring furan vs. five ring pyran) and the 

diastereomer formed by ring closure to give an anomeric hydroxyl group (α or β). Figure 

1.2 depicts the hexoketose α-D-fructofuranose. 
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Figure 1.2 Modified Haworth projection of the ketose, α-D-fructose. 
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The prevalence of sugars in nature means that interactions between 

carbohydrates and their cognate receptor have evolved to generate  a multitude of roles 

in biological processes. For instance, carbohydrates are used as energy sources (both 

long and short term), major structural components of cells, and as intermediates in 

metabolism. In addition, carbohydrates can be covalently conjugated to proteins 

(glycoproteins) and lipids (glycolipids). The glycan or sugar components of 

glycoconjugates are often comprised of pentoses or hexoses attached by either an α- or 

β-glycosidic bond to the underlying carbohydrate, protein or lipid. These glycoconjugates 

are often displayed on cellular surfaces and are widely implicated in cellular 

communication and signaling events. Components of cellular signaling pathways, namely 

glycoconjugates, are often promising targets for development of therapeutics against a 

wide range of diseases including bacterial and viral infections. To this end, the field of 

glycobiology encompasses the understanding of the various relationships between the 

biologically relevant carbohydrates and their interactions with proteins and other 

biomolecules. 

1.2. Sialic Acids 

Sialic acids or N-acetylneuraminic acids are a family of nine carbon α-keto acids 

predominantly found at the terminal positions on glycan chains that adorn all vertebrate 

cells and glycoproteins1. The two names for this family of sugars stem from their 

independent discovery by two separate groups: Ernest Klenk in 19412 and Gunnar Blix in 

1936 3. The Klenk group isolated a sugar cleavage product from brain lipids (gangliosides) 

and named it “neuraminic acid” while the Blix group identified a sugar component from 

bovine submaxillary mucin and aptly named it “sialic acid”. 

Sialic acids, originally discovered within the Deuterostome lineage of animals and 

associated microbes, are a subset of a family of 9-carbon backbone monosaccharides 

called nonulosonic acids4.  It is thought that sialic acids are invented in the common 

ancestor of protostomes and deuterostomes and while they became essential in 

deuterostomes, they were partially or completely discarded in some protostome lineages.4 
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Figure 1.3 depicts the structure of the most abundant sialic acid, N-

acetylneuraminic acid or Neu5Ac (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-

ulosonic acid). The nine-carbon backbone of a sialic acid incorporates a carboxylic acid 

at C-1 that is deprotonated at physiological pH and thus sialic acids are negatively 

charged.  The numbering of the sialic acid structure begins at the carboxylate carbon and 

continues along the chain. The anomeric centre at C2 is assigned a stereochemistry of α- 

or β- according to the configurational relationship between the C7 carbon and C1 carbonyl 

groups being in trans (α) or cis (β) configuration (Figure 1.3). In nature, sialic acid is found 

only in the α-configuration when it is a component of a glycoconjugate, and in the β-

configuration in the high-energy donor form, CMP-sialic acid. 

O

COOHHO OH
OH

AcHN
HO

OH O

OHHO OH
OH

AcHN
HO

COOH

C

C

C

C

C

C

C

CH2OH

OHH

HAcHN

OH

OHH

OHH

HH

OHHOOC C

C

C

C

HC

C

C

CH2OH

OHH

HAcHN

O

OHH

OHH

HH

COOHHO

1

2
45

6
7

8

3

9

α-Neu5Ac β-Neu5Ac

1 2

3

4

5

6

7

8

9

 
Figure 1.3 Structure of α- and β-Neu5Ac, the most common sialic acid shown in 

Fisher projection and its corresponding pyranose chair conformations.  

In the process of cell apoptosis, degradation or recycling of cell surface glycans that is 

preceded or induced by biological processes such as differentiation or cancer cell 
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metastasis, sialic acids attached to glycoconjugates must first be removed. Desialyation 

of glycoconjugates occurs in both the endosome/lysosomal compartments through the 

action of a group of enzymes called sialidases that catalyze the cleavage of the glycosidic 

linkages between sialic acid residues and the underlying glycan chain 5. 

1.2.1. Diversity of Sialic Acids 

The sialic acid family shows remarkable structural diversity, with the current 

number of members being over 50 that occur naturally 6. The first level of sialic acid 

diversity results from natural modifications at various carbon atoms of the “parent 

molecule” neuraminic acid (Neu). The largest structural variations are at carbon 5, where 

substitution with an acetamido, hydroxyacetamido or hydroxyl moiety leads to the 

following sugars: 5-N-acetylneuraminic acid (Neu5Ac), 5-N-glycolylneuraminic acid 

(Neu5Gc) or deaminoneuraminic acid (Kdn), which along with non-acetylated neuraminic 

acid (Neu) make up the four major core types of sialic acids (Figure 1.4) 
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Figure 1.4 Structures of natural sialic acids with substitutions at C-5 position.  

Further structural diversity is achieved through a combination of the above-mentioned 

variations at carbon 5 with substitution of hydroxyl groups at carbons 4, 7, 8 and 9 with O-
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acetyl – the esterification of hydroxyl groups with acetic acid, O-lactyl, O-methyl, O-sulfate 

or phosphate groups (Figure 1.5)6. 

 

 
Figure 1.5 Structural diversity of sialic acid family. 

Sialic acids can occur in nature as free monosaccharides but they are generally 

covalently linked to glycan chains, and are called sialosides. This introduces a second 

level of diversity as the result of the different α-sialoside linkages formed between C-2 of 

the sialic acid and the underlying sugar by specific sialyltransferases that catalyze the 

reaction. The most common linkages are between C2 of the sialic acid to either the 3- or 

6-hydroxyl group of galactose (Gal) residues, the 6-hydroxyl group of N-

acetylglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc) residues and to the C-8 

hydroxyl of another sialic acid 5,6. There are some less common linkages that occur 

between the C-2 of sialic acid to C-3 of N-acetylgalactosamine, C-6 of N-

acetylglucosamine and glucose, C-4 of galactose and N-acetylgalactosamine, and C-9 

linked to another sialic acid 6. 
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Certain sialoside linkages, which can include the sialic acid modifications noted 

above, typically show tissue-specific and developmentally regulated expression. 

Furthermore, certain modifications such as O-acetylation may be restricted to certain sialic 

acid residues at particular positions within the glycan chain of the glycoconjugate1. Such 

findings suggest specific roles for these linkages and modifications. The tissue and organ 

specificity of sialic acid modifications, is evident in the difficulty of cross transmission of 

avian influenza A to humans and conversely of human influenza A to birds. Unlike the 

human influenza virus A which preferentially recognizes and binds to α-2,6-linked sialic 

acid found on the surfaces of epithelial cells, typically in the nose, throat, and lungs of 

mammals, the avian influenza virus A receptors bind the isomeric α-2,3-linked sialosides 

selectively. On the human’s non-ciliated epithelial cells in the respiratory tract, including 

larynx and trachea, α-2,6-linked sialosides are expressed more abundantly than the α-2,3-

isomers, and this difference is why avian influenza A viruses are less infectious towards 

humans 7. 

The diverse combinations of different glycosidic linkages with the multitude of 

possible natural modifications at various carbons generate a huge diversity of sialic acid 

containing biomolecules. This degree of variety along with their prominent terminal 

positions on glycan chains contributes to the enormous variety of glycan structures on cell 

surfaces and confers an essential role to sialic acid residues in biology, evolution and 

disease propagation. The specificity of sialidases for cleavage of linkage specific 

glycosidic bonds introduces an added layer of complexity to the biological roles of sialic 

acid glycans and this is an area of in depth investigation1. 

Interestingly, subtle differences exist in both the structure of the particular sialic 

acids and its position of attachment to glycoconjugate chains between humans and other 

mammals. These differences are indicators of the unique aspects of human evolution, and 

are relevant to understanding an array of human conditions. 

https://en.wikipedia.org/wiki/Epithelium
https://en.wikipedia.org/wiki/Lung
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1.2.2. Sialic Acid Metabolism 

1.2.2.1 Biosynthesis of Sialic Acid 

The general pathway for the biosynthesis of Neu5Ac in bacteria and vertebrates 

has been well characterized and is depicted in Figure 1.6. 
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Figure 1.6 Biosynthesis pathway of Neu5Ac and Neu5Gc in bacteria and 

vertebrates. The enzymes that are common between bacteria and 
vertebrates are enclosed in parentheses. 
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The epimerase catalyzed conversion of a GlcNAc precursor to ManNAc, which is 

common between vertebrates and bacteria, is unique to the sialic acid synthesis pathway, 

and as such pathways are generally are only shown from this step onwards6. In 

vertebrates, the generated ManNAc is further phosphorylated by ManNAc kinase using 

ATP to give ManNAc-6-phosphate 8. The next step which takes place primarily in the 

cytosol involves the condensation of ManNAc-6-P with phosphoenolpyruvate (PEP) to 

give Neu5Ac-9-phosphatethat is then dephosphorylated to produce Neu5Ac. In bacteria, 

in contrast, the epimerase generated ManNAc-6-phosphate is initially dephosphorylated 

to generate ManNAc which is then condensed with PEP to give Neu5Ac directly 9. The 

activation of Neu5Ac to CMP-β-Neu5Ac by the enzyme CMP-Neu5Ac synthetase, which 

catalyzes the addition of a cytidine 5’-monophosphate (CMP) group from cytidine 5’-

triphosphate (CTP) to Neu5Ac is common between bacteria and vertebrates 10. In 

vertebrates, these steps take place in the nucleus followed by transportation of CMP-β-

Neu5Ac to the Golgi body by a CMP-sialic acid transporter 11. The CMP-β-Neu5Ac donor 

is used to add Neu5Ac onto acceptors by the sialyltransferases in both bacteria and 

vertebrates 12. 

1.2.2.2 Degradation of Sialic acid 

There are multiple enzymatic pathways for the break down and degradation of 

sialic acids and these include: sialidases, esterases, and sialic acid aldolases. Sialidases, 

catalyze the removal of sialic acid from glycoconjugates by hydrolyzing the glycosidic 

bond. This removal however, must often be preceded by the hydrolysis of any acetyl 

groups present on sialoside by esterase action. Following the removal of sialic acid, it is 

transported to the cytosol, where it can be recycled to ManNAc and pyruvate by sialic acid 

aldolase. 

1.2.3. Biological Significance of Sialic Acid 

As the terminal sugar residue on cell surface glycan chains, sialic acids play 

important roles in cellular communication and are indicated in multitude of biologically 

significant roles.  
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The negative charge caused by the carboxylate group is critical for electrostatic 

interactions that are fundamental to cellular surfaces adorned with sialic acid 13. An 

example of this is the observed increase in sialic acid coverage of metastatic tumour cells, 

where the repulsion generated from the close interactions of negatively charged sialic 

acids leads to repulsion of adjacent cells and the release of them from the primary tumour 

to the blood stream, a process that results in establishment of secondary tumour sites 14. 

Sialic acids also serve as recognition moieties for a variety of sialic acid binding 

proteins of intrinsic and extrinsic origin, including antibodies and parasitic enzymes 15. An 

example of this is the influenza virus which possesses a sialic acid-recognizing receptor 

called haemagglutinin that recognizes and binds to host cell surface sialic acids and allows 

for attachment of the virus to the host’s cell surface. This recognition event and the 

subsequent multivalent interactions are crucial for entry of the virus into the host cell, which 

is the initiation event for infection 16. 

Additionally, the terminal location of sialic acid residues contributes to its function 

of masking the penultimate saccharide residue. The classic example involves the 

mammalian regulation of glycoproteins where terminal sialic acids prevent recognition of 

galactose residues by the Ashwell receptors in the liver, an interaction that mediates 

glycoprotein clearance 17. Therefore, sialic acids play a vital role in maintaining the serum 

half-lives of glycoproteins. 

1.2.4. Kdn 

Deaminoneuraminic acid, (Kdn), which has the IUPAC name 3-deoxy-D-glycero-

D-galacto-non-2-ulosonic acid, was first detected and isolated from the cortical alveolar 

polysialoglycoproteins of rainbow trout (Salmo gairdneri) in 1986 by the Yasuo Inoue 

group 18. It was speculated that biosynthesis of Kdn might occur via deacylation and 

deamination of Neu5Ac, however, no evidence exists for this process 19. De novo 

synthesis of Kdn has been hypothesized to involve the condensation of PEP and mannose 

6-phosphate (Man-6-P), giving rise to Kdn 9-phosphate (Kdn-9-P) which is 

dephosphorylated to Kdn, activated to CMP-Kdn, and ultimately transferred to an acceptor 

sugar. While some of the enzymes indicated in this pathway, preferably recognize Kdn, 
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many others are common to the Neu5Ac synthesis 19. Figure 1.7 is a depiction of this 

proposed pathway. 

Although structurally Kdn is very similar to Neu5Ac, as shown in Figure 1.4, this 

substitution of the aminoacyl group on C-5 on Neu5Ac or Neu5Gc by a hydroxyl group 

makes glycoproteins adorned with this sugar nearly completely refractory to bacterial N-

acetylneuraminidases that are commonly used for structure-function studies20,21.  This 

intrinsic resistance to hydrolysis by bacterial enzymes is of biological importance as it may 

be a mechanism of protecting Kdn-containing glycoconjugates from bacterial enzymes. 

Kdn-containing glycoconjugates have been shown to be widely distributed in many cell 

types, including mammalian tissues, human lung and ovarian cancer cells, and human red 

blood cells 22,23. Further research into the metabolism and importance of Kdn is ongoing.  
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Figure 1.7 Proposed pathway for Kdn biosynthesis. 
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1.3. Glycoside Hydrolases 

Glycoside hydrolases (GHs) or glycosidases (E.C.3.2.1.X) are a diverse group of 

enzymes that have been categorized, based on their primary protein sequence, into ~132 

families or GHs. These enzymes are found ubiquitously in nature and are a subgroup of 

glycan degrading enzymes. These GH family enzymes catalyze the hydrolysis of -O, -N 

and -S glycosidic linkages (Figure 1.8) are classified as EC.3.2.1.X in the IUPAC 

nomenclature system and compiled on the CAZy (Carbohydrate-Active enZymes) website 

(www.cazy.org). Glycosidases can be classified into several distinct subgroups based on 

their specific properties and hydrolysis outcome. They are most commonly referred to 

according to their substrate specificity namely, galactosidases, glucosidases and 

sialidases as enzymes that catalyze the hydrolysis of galactosides, glucosides and 

sialosides, respectively. The stereochemistry of their substrate at the anomeric centre 

allows for further grouping of these enzymes into α- and β-glycosidases, with each group 

specifically hydrolyzing substrates that possess the preferred anomeric stereochemistry. 

Of more importance is the stereochemical outcome of the hydrolysis reaction, a distinction 

which allows for division of these enzymes into retaining and inverting subgroups. In 

retaining enzymes, as the name implies, the stereochemistry of the substrate and product 

are the same, while in inverting enzymes, the product has an inverted anomeric 

stereochemistry compared to that of the substrate. 

OO

XR OH

H2O

X = N, S , O

+ + HXR

Glycoside 
Hydrolase

 
Figure 1.8 General scheme of glycoside hydrolysis leading to the formation of a 

hemiacetal and the corresponding free aglycone (RXH). 

Given the widespread presence of glycosidases in nature and their involvement in 

a variety of important biological processes, it is not surprising that they have been targeted 

in many therapeutic efforts for the design of effective treatments for a variety of conditions 

such as pneumococcal infection 24 and Alzheimer’s disease 25. 
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1.3.1. Catalytic mechanism of glycoside hydrolases 

The catalytic mechanism of retaining or inverting glycosidases was first postulated 

by Koshland 26 The categorization of typical inverting and retaining enzymes is shown 

below (Figure 1.9). 
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Figure 1.9 Categorization of stereochemical outcome during hydrolysis of 

glycosidases. 

1.3.2. Mechanism of retaining glycoside hydrolases  

These enzymes hydrolyze the glycosidic bonds with retention of configuration at 

the anomeric centre. For most retaining glycosidases, catalysis involves two active site 

carboxylic acid residues namely aspartate and/or glutamate, one of which acts as a 

general acid/base residue and the other as a catalytic nucleophile. Moreover, these two 

amino acid residues are located 5.5-6.5 Å apart 27,28. This mechanism entails a double 

displacement or “ping pong” and involves glycosylation and deglycosylation steps that 

flank a glycosyl-enzyme intermediate. During glycosylation, nucleophilic attack by one of 

the catalytic carboxylate groups at the anomeric centre leads to the formation of a 

covalently bound glycosyl-enzyme intermediate while the other carboxylate acts as a 

general-acid residue to assist the departure of the aglycone by the way of a pyranosylium 

ion-like transition state. In the second step of the mechanism, the acid/base carboxylate 

residue now acts as a general-base residue to deprotonate a water molecule as it attacks 
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the glycosyl-enzyme intermediate to give the final hydrolyzed product 29 This mechanism 

is depicted in Figure 1.10. 
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Figure 1.10 Double-displacement mechanism of retaining glycosidases. All non-

anomeric substituents are removed for clarity. 

1.3.3. Mechanism of inverting glycoside hydrolases  

In contrast to retaining glycoside hydrolases, catalysis by inverting enzymes 

proceeds via a single nucleophilic displacement of the aglycone by a water molecule that 

occurs directly at the anomeric centre 26. This single step reaction occurs in a similar 

fashion to retaining enzymes. That is, the hydrolysis reaction is catalyzed by two 

carboxylate residues (carboxylic acid side chains of either aspartic acid and/or glutamic 
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acid) acting in unison as a pair of general catalysts, that promote the reaction via a 

pyranosylium ion-like transition state 27 (Figure 1.11). In the generally accepted 

mechanism, the general-base residue deprotonates a water molecule, a process that is 

simultaneous with nucleophilic attack at the anomeric centre and protonation of the 

aglycone by the general-acid catalyst. Consequently, the product has an inverted 

stereocentre at the anomeric centre.  
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Figure 1.11 Single displacement mechanism of inverting glycosidases. All non-

anomeric substituents are removed for clarity. 

1.4. Sialidases 

Sialoside hydrolases which are also known as neuraminidases or more commonly 

as sialidases (EC 3.2.1.18), are a subgroup of glycoside hydrolases that catalyze the 

hydrolysis of sialic acids α-ketosidically linked to glycoproteins, glycolipids or 

oligosaccharides. The rate of cleavage of specific substrates is dependent on the origin of 

the sialidase, the penultimate sugar, the type of linkage as well as the nature of the 

substitutions on the sialic acid itself 30. These enzymes are categorized into two groups 

on the CAZY database: 1) exo-sialidases (EC 3.2.1.18) which include GH families 33, 34 

and 83); and 2) endo-sialidases (EC 3.2.1.129) found in GH 58. Notably, the exo-

sialidases are grouped into a glycoside hydrolase clan (GH-E), which possess a six-fold 

β-propeller as their defining structural fold 31. Of interest to us are the exo-sialidases that 

catalyze the hydrolysis of terminally linked sialic acids from sialoglycoconjugates and will 

be referred to as sialidases throughout this thesis. The general hydrolysis reaction 

catalyzed by sialidases is depicted in Figure 1.12. 
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Figure 1.12 Sialidase catalyzed hydrolysis of α-sialosides gives α-sialic acid as the 

initially formed reaction product. 

1.4.1. Sialidase Sequence Homology and Families 

Sialidases are found in a wide range of organisms including viruses, bacteria and 

mammals. The fist x-ray crystal structure of a sialidase, an influenza type A sialidase was 

published by Varghese, Laver and Colman in 1983 and it is shown in Figure 1.13. This 

tetrameric enzyme has four identical monomers, each composed of six topologically 

identical beta-sheets that are arranged in a propeller formation. Soaking of the crystal 

structure with sialic acid revealed a deep pocket, shown from the top of each monomer, 

that is the catalytic site 32. 

 
Figure 1.13 Crystal structure of influenza sialidase (PDB: 2BAT)33 showing its 

tetrameric structure. Also labelled is an active site pocket. 

Active Site 
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There are literally thousands of sialidase genes and protein sequences cited in 

GenBank and Protein Databases, and there have been numerous solved X-ray diffraction 

experimental structures. These include sialidases, trans-sialidases and dual function 

haemagglutinin-neuraminidases. While these three types possess sialidase activities, 

there are distinct differences between them. Sialidase activity generally refers to transfer 

of a sialic acid residue from a glycoconjugate to a water molecule. Trans-sialidases, which 

are often found in parasites such as Trypanosoma cruzi, have the ability to transfer the 

sialic acid moiety from one carbohydrate to another. The haemagglutinin-neuraminidases 

as the name implies are dual function enzymes with both sialidase and haemagglutinin 

activities. 

Viral sialidases are assigned to glycoside hydrolase family 34 (GH34) and due to 

the well-known rapid evolution of many viruses, there is only an estimated 40% sequence 

homology between different influenza strain sialidases, which includes the conserved 

active site residues and key structural component 34. This sequence homology is reduced 

to less than 30% when comparing influenza sialidases to bacterial enzymes 35. Despite 

their low sequence homology, all sialidase share several common features and can be 

grouped into large and small enzymes. Small enzymes have molecular weights in the 

range of 40-50 kDa and contain only the minimal components for activity while large 

sialidases, up to 150 kDa contain additional binding domains such as lectin domains and 

signal sequences 36. 

Non-pathogenic bacterial sialidases commonly contain an 8-12 residue sequence 

called the “Asp box” (Ser/Thr-X-Asp-X-Gly-X-Thr-Trp/Phe) which can be repeated up to 5 

times throughout the structure. The function of this motif remains unknown. Another 

conserved sequence is a RIP motif (Arg-Ile/Leu-Pro) that is located upstream of the Asp-

box and contains one of the arginines that interact directly with sialic acid in the active site. 

Such interactions serve to facilitate binding of the negative charged carboxylate of the 

sialoside hence promoting hydrolysis 37. The structures of several sialidases are shown in 

Figure 1.14. 
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Figure 1.14  Selected protein structures from the sialidase superfamily: (A) 
Micromonspora viridifaciens sialidase (PDB:1EUT)38, (B)  Vibrio cholerae 
sialidase with alpha-2,6-sialyllactose (PDB:1W0P)39 , (C) Trypanosoma 
cruzi trans-sialidase in complex with sialyl-lactose (PDB:1S0I)40 

1.4.2. Conserved Active Site Residues and their Catalytic Role in 
Sialidases 

Detailed sequence analysis of bacterial and viral sialidase in addition to X-ray 

crystallographic studies have allowed the identification of seven conserved active site 

residues across sialidases of various origin (Figure 1.15).  
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Figure 1.15 Conserved active site residues of sialidases. Seven conserved sialidase 

active site residues are shown with the product Neu5Ac bound in the active site.  

A triad of arginine residues binds the anionic carboxylate of the sialoside substrate 

via strong electrostatic interactions. Three other residues are involved in catalysis and 

these are a glutamic acid and tyrosine pair located under the sialic acid ring as well as an 

aspartic acid positioned above the ring. The seventh conserved residue is another 

glutamic acid which forms a salt bridge with an arginine in the above-mentioned arginine 

triad in order to stabilize the triad’s position and aid in the hydrogen bonding of the triad 

with carboxylate group of the sialoside 41. 

To date, numerous kinetics and structural studies on various exo-sialidase have 

shown that all sialidase are retaining glycosidases that give α-sialic acid as product from 

α-sialoside hydrolysis. However, once the α-sialic acid product is released into solution, it 

undergoes mutarotation 42 to the more thermodynamically favoured β-configuration so that 

at equilibrium 95% of the available sialic acid is in the β form 43. 

Unlike glycosidases that hydrolyze aldopyranoside linkages, sialidases contain a 

nucleophilic tyrosine residue in their active site rather than a carboxylate nucleophile, as 

shown by the Withers’ group 44. This study took advantage of Trypanosoma cruzi trans-

sialidase (TcTS), a key component in Chagas’ disease that while belonging to the 

sialidase family (GH38) transfers sialic acid residues from glycoconjugates on the host 

cell to terminal galactose moieties on the cell surface of Trypanosoma cruzi in a α-(2,3) 
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linkage specific manner. Building on their previous work of developing fluorinated sugar 

analogues as trapping agents 45, they used 2,3-difluorosialic acid as a substrate mimic to 

trap the 3-fluorosialoyl-enzyme intermediate. ES/MS analysis of the enzyme bound 

intermediate showed a mass increase of 304±12 Da, which is the expected weight gain in 

the event of covalent attachment of 3-fluorosialyl to the enzyme. LC-MS analysis of 

labelled and unlabelled enzyme, identified the active site tyrosine (Tyr342) to be the 

nucleophilic residue 44. The enzyme-bound intermediate structure also shows that Asp59 

is positioned within hydrogen bonding distance indicating its role as a general-acid catalyst 

for the formation of the glycosyl-enzyme intermediate and a general-base catalyst for the 

transfer reaction of the acceptor. The role of the Asp59 as the general acid/base catalyst 

is further confirmed through chemical rescue studies in which activity is restored to the 

D59A mutant by azide and a sialyl azide product is formed 46. Furthermore, confirmation 

of Tyr as the nucleophile comes from data Bennet and co-workers who have shown that 

mutation of the conserved Tyr370 nucleophile in M. viridifaciens sialidase to an alanine, 

an aspartate or a glycine residue changes the mechanism from retaining to inverting 47. 

This was proposed to be due to a newly created cavity stemming from mutagenesis that 

accommodates a water molecule and allows it to act as the nucleophile. Watson et al 47 

further rationalized that the natural trend of selection of Tyr as a nucleophile in sialidases 

as opposed to the glutamate/aspartate in glycosidases, is in part due to the intrinsic 

reactivity differences between sialosides and glycosides. 

In other words, the presence of a negatively charged carboxylate group at the 

anomeric centre of the substrate in addition to the lack of an electron withdrawing group 

on C3, makes the sialosyl-enzyme bound intermediate more reactive than a 

corresponding glycosyl-bound enzyme intermediate. This increase in intrinsic reactivity is 

countered, by covalent interaction of the intermediate with a less reactive leaving group 

(tyrosine) as opposed to the more reactive leaving groups (glutamate/aspartate). Taken 

together, this data supports the hypothesis that all sialidases facilitate hydrolysis by 

formation of a covalent sialosyl-intermediate between the nucleophilic tyrosine and the 

anomeric centre of the substrate to give hydrolysis with an overall retention of 

configuration. 
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1.4.3. Mechanism of Sialidase-Catalyzed Hydrolysis 

The reaction proceeds through two chemical steps. In the first step, the aspartate 

residue acts as a general-acid to facilitate cleavage of the glycosidic bond by protonation 

of the aglycone oxygen. Simultaneously, the nucleophilic tyrosine is deprotonated by the 

general-base glutamate as it attacks the anomeric centre. This glycosylation steps leads 

to the formation of an enzyme bound intermediate by the way of a pyranosylium ion-like 

transition state. Secondly, the intermediate is then cleaved by a water molecule while 

being deprotonated by the aspartate residue to give α-sialic acid via another pyranosylium 

ion-like transition state. These glycosylation and deglycosylation steps are essentially 

microscopic reverse images of each other. This currently accepted mechanism of 

hydrolysis by sialidases is depicted in Figure 1.16. 
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Figure 1.16 The currently accepted mechanism for retaining sialidase catalyzed 

hydrolysis of α-sialosides. 
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1.4.4. Substrate Specificity  

Depending on the origin and the evolutionary role, sialidases from various species 

exhibit distinct substrate specificities. The probability and the ultimate rate of the cleavage 

of sialosides by a specific sialidase is dependent on the type of substrate, the type of 

linkage to the underlying carbohydrate (2-3, 2-6, 2,8) and the nature of the adjoining 

glycoconjugate. In general, bacterial sialidases are more promiscuous than viral sialidases 

in their linkage specificity. Nevertheless, an assay of the rate of hydrolysis of α(2-3) and 

α(2-6) linked sialoside to galactose residues by sialidases from Vibrio cholerae, 

Arthrobacter ureafaciens, Clostridium perfringens, Newcastle disease virus, fowl plaque 

virus and influenza A N2 revealed that majority of these sialidases hydrolyzed α(2–3) 

glycosidic linkages faster than α(2–6) linkages 48. 

1.4.5. Biological Significance 

Sialidase are found in wide range of organisms in nature including prokaryotes and 

eukaryotes (GH33) and viruses (GH34, GH83). In general, mammalian sialidases play 

essential roles in vital cellular process such a proliferation, differentiation, molecular 

transport and antigen masking 49, while in contrast most bacterial sialidases are indicated 

in nutritional pathways and disease pathogenesis. For example, the secreted sialidase 

from the soil bacterium Micromonospora viridifaciens cleaves sialic acid from 

glycoconjugates so that it can be used as carbon source for bacterial growth 38. Bacterial 

sialidases can be secreted or cell bound depending on their function. Cell wall bound 

enzymes due to their locational advantage play an important role in exterior interactions 

that assist the bacteria in entry into and subsequent infection of the host cells. The 

secreted forms of sialidase, unlike the cell bound type, can vary in size depending on the 

availability of a certain sialic acid substrate as well as the final usage of sialic acid 50. Viral 

sialidase, such as those expressed by influenza virus play an important role in the infection 

cycle of the virus. The role of the viral sialidase in transmission of infection is shown to be 

through cleaving and release of newly replicated and budding virions from the host cell 

membrane allowing for infection to propagate to neighbouring cells 51. 
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1.5. Mechanistic Studies of Glycosidases  

1.5.1. Enzyme Kinetics 

Enzymes by definition are biological catalysts that increase the rate of a reaction 

while retaining the ability to turn over and not be consumed during the catalytic reaction. 

The kinetic basis for this phenomenon was outlined by German Biochemist Leonor 

Michaelis and Canadian Biochemist Maud L. Menten. Their kinetic analysis, aptly termed 

the Michaelis-Menten equation, was based on previous work by French Chemist Victor 

Henry and explains the dependence of the initial rate of the enzyme-catalyzed reaction on 

concentration. Scheme 1.1 shows this relationship in its simplest form. 

E S k1

k-1

ES kcat E P++
 

Scheme 1.1 Michaelis-Menten scheme. (E: enzyme, S: substrate, P: product, ES: 
enzyme-substrate complex, k: rate constants). 

The above scheme can be used to derive a rate expression for enzyme-catalyzed 

reactions (Equation 1.1). To this end a number of assumptions are made, including the 

initial substrate concentration is much larger than the enzyme concentration and thus its 

concentration is not perturbed by formation of the Michaelis-Menten complex (ES), also 

that under initial rate conditions, the ES concentration is constant. This “steady state” 

assumption gives a M-M expression as shown in Equation 1.1. 

kcat
S

Km S
vmax

kcat Ev =
0

E
0

+
Such that,

=

 
Equation 1.1 Michaelis-Menten equation under steady state where [E]0 is << [S] 

Given the complexity and the number of individual reaction steps that occur during 

catalysis by sialosidases (Scheme 1.2) Equation 1.1. has to be modified in order to take 

these additional steps into account 52,53. 
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Scheme 1.2 Glycosidase Michaelis-Menten scheme. The E:SC refers to Michaelis 
complex in which the substrate has a chair conformation while the E:SB 
complex has a boat confirmation.  

The catalytic constant, kcat, or the turnover number for the enzyme, is defined as 

the number of substrate molecules that are converted to product per unit of time when the 

enzyme is fully saturated with substrate. This first order constant, can be expressed as an 

equation that takes into account the possibility of the rate limiting step in the catalysis 

reaction  and is a combination of multiple stages within the catalyzed reaction. Namely, 

the rate limiting step could be the glycosylation (k5), deglycosylation (k7), the 

conformational change of substrate upon binding to the enzyme (k3) or a combination of 

all three. This is expressed in Equation 1.2. 

kcat
k3 k5 k7

k3 k5k7k3 k4k5 k7

=
k7+ + +

 

Equation 1.2 Expression of the kcat or turnover number of glycosidases. 

The Michaelis constant (Km), which is defined as the substrate concentration at 

which the rate of reaction is half the maximal value, varies from one enzyme to another, 

and also with different substrates for the same enzyme. The Km is also referred to as an 

apparent dissociation constant of the enzyme-substrate complex (ES) and can be derived 

and expressed as shown in Equation 1.3. 

+

k2k4k7 k2k5k7 k3k5k7

k1k3k5 k1k3k7 k1k4k7 k1k5k7

Km
=

+

+

+
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Equation 1.3 Expression of Km or apparent dissociation constant of ES complex. 

The catalytic efficiency of an enzyme, which is a second-order constant, is 

expressed as a ratio of kcat/Km and has the units of M-1 s-1. All the reversible rates from the 
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initial introduction of substrate and enzyme until the first irreversible step, which is 

assumed to be glycosylation, play a role in determination of the value of this rate constant 

as shown in Equation 1.4. 

kcat

Km

= k1k3k5

k2k4
 + k

2k5
 + k

3k5  

Equation 1.4 Kinetic expression for an enzyme's efficiency (kcat/Km).  

1.5.2. Brønsted Analysis 

The mechanisms of enzymatic reactions, including those of glycoside hydrolases, 

can be investigated by use of a number of different kinetic based analytical methods. A 

major tool for defining bond making and breaking at the reaction transition state involves 

determination of linear free energy relationships (LFER), or structure-reactivity 

correlations. An example of a LFER is a Brønsted analysis, which involves correlating a 

thermodynamic quantity (pKa) with a kinetic parameter [log10(k)] to give a sensitivity value 

(α or β)54. 

Brønsted acid/base catalysis is one of the most common types of catalysis in 

organic chemistry. For a general catalyzed reaction, a chemical step involving proton 

transfer is part of the rate-limiting step. Thus, variations in the acid/base concentration and 

the acidity/basicity of the catalyst have direct effects on the reaction rate. Classically, this 

correlation is called a Brønsted plot, in which the catalyst is systematically varied and the 

dependence of reaction rate constant, log10(k) is plotted against the pKa of the general 

acid/base catalyst54. 

Similar to general acid/base catalysis, the same correlation can be extended to 

reactions where the departure of a leaving group occurs during the rate-limiting step. 

Plotting the logarithm of the measured values versus the pKa of the conjugate acid of the 

various leaving groups should afford a straight line with the slope being βIg.  For a typical 

retaining glycoside hydrolase, the aglycone (leaving group) is cleaved during the 

glycosylation step and as such the nature of the leaving group has a direct effect on the 
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rate constant for this step. To determine if departure is either fully or partially rate-limiting, 

a series of substrates with varying leaving groups are synthesized and the values of βlg 

on the two kinetic parameters (kcat and kcat/Km) can provide valuable insight with regard to 

the degree of glycosidic bond cleavage at the various enzymatic transition state(s). 

1.5.3. Reversible Inhibition 

Reversible inhibition, as implied by the name, occurs when the enzyme activity is 

reduced through a reversible interaction of the inhibitor with the enzyme. This interaction 

which may not be at the active site of the enzyme, is often achieved through electrostatic 

interactions including hydrogen and ionic bonds 55. Reversible inhibitors can be further 

divided into three major groups: competitive, non-competitive and uncompetitive. 

Competitive Inhibitors 

In this mode of inhibition, the inhibitor essentially competes with the substrate for 

the enzyme in a mutually exclusive manner so that any given time, both enzyme-inhibitor 

(EI) and enzyme-substrate (ES) complexes are present in solution. But no enzyme-

inhibitor-substrate (EIS) complex can be formed. The nature of this competition also 

implies that the degree of inhibition, which is generally thought of as competition for the 

active site, can be lessened in the presence of saturating levels of substrate, thus reducing 

inhibitor access to the enzyme active site. The binding of the inhibitor to the enzyme, 

generates the EI complex, hence reducing the level of free enzyme available for binding 

to the substrate and formation of the ES complex. Hence the inhibitor increases the 

apparent Km of the substrate but has no effect on the maximum rate of the reaction which 

is dependent on the ES complex. The kinetic scheme for competitive inhibition is depicted 

in Scheme 1.3.  
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Scheme 1.3 Schematic representation of competitive inhibition.  

The Michaelis-Menten equation for competitive inhibition has to be modified 

slightly to take into account the dependence of the apparent Km on the concentration of 

the inhibitor and its dissociation constant Ki. This is shown in Equation 1.5. 

v
vmax

S Km 1 I
Ki

+

= S

+
 

Equation 1.5 Michaelis-Menten equation for competitive inhibition. 

Non-competitive Inhibition 

In this type of inhibition, the inhibitor can bind to both the enzyme to form an EI 

complex, and to ES to give an enzyme-substrate-inhibitor complex (ESI). This change in 

the binding capabilities of the inhibitor and its interaction with the ES complex, has the 

overall effect of lowering of the maximum velocity rate (vmax) and increasing the apparent 

dissociation constant (Km) 55. 

Un-competitive Inhibition 

In this type of inhibition, the inhibitor only binds to the enzyme-substrate (ES) 

complex and this results in a lowering of the vmax while the Km remains unchanged. 
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1.5.4. Irreversible Inhibition 

Irreversible inhibition commonly occurs when a covalent bond is formed between 

the inhibitor and enzyme, often within the active site, where loss of enzyme activity is time 

dependent. A general scheme for irreversible inhibition is shown in Scheme 1.4. 

E + S
+
I

ES E + P

E

EI

EI EES0
+ +=

k1

k-1

kcat

ki

EI*
kinact
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Scheme 1.4 General representation of irreversible inhibition.  

In these cases, following binding of the inhibitor to the enzyme and formation of 

the EI complex, the inhibitor can then react, with an associated a first order rate constant 

of kinact (maximal rate of enzyme inactivation), to give the covalently modified EI* complex. 

Irreversible inhibition can, based on their mechanism of action, be conceptually divided 

into two groups that are affinity labeling agents and mechanism-based inactivators. 

Affinity Labeling Agents 

In this class of inhibitors, as depicted in Scheme 1.5, an inhibitor that contains an 

intrinsically reactive group forms a complex with the enzyme and the reactive functional 

group labels the enzyme without the enzyme providing transient state  stabilization of the 

labelling process. Affinity labels are prominently used to tag enzymes. However, due their 

lack of selectivity, these groups of inhibitors are poor choice in terms of therapeutic 

approaches to enzyme inactivation. 

E + I EIki EI*
kinact

 
Scheme 1.5 A representation of affinity labeling inhibition. 
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Mechanism-based Inactivation  

Mechanism-based inactivators often referred to as “suicide inhibitors”, are 

inherently inactive compounds that upon binding to the enzyme are activated by the 

enzyme’s catalytic machinery by either i) irreversibly modify a catalytic group or ii) modify 

an essential cofactor required for enzymatic activity. The consequence of either route is 

enzymatic “death”.  

 In order for a compound to be classified as a mechanism-based inactivator there 

are a number of additional key criteria that need to be met, namely: i) time-dependent 

inactivation of enzyme, ii) saturation kinetics that follow the first order kinetics, iii) 1:1 

stoichiometry of inhibitor and enzyme, and iv) enzyme must catalyze its own inactivation. 

1.5.5. Glycosidase Inhibitors 

The design of potent and specific glycosidase inhibitors is a robust and well 

established field due to the biological importance of these enzymes and the immense 

potential of inhibitors for gaining mechanistic information and as therapeutic agents for 

diseases such as diabetes56, tumour metastasis57 and viral infections58. There has been 

great effort in the design and synthesis of both potent59 and selective inhibitors60. The 

enzymatic proficiency as measured by the rate enhancement of a glycosidase-catalyzed 

reaction compared to the spontaneous hydrolysis reaction61, has targeted the search for 

potent inhibitors toward understanding the details of enzymatic transition state (TS) 

structures.  As shown in Figure 1.10 and 1.11, the majority of glycosidases catalysis 

occurs through stabilizing the enzymatic transition state by a nucleophilic substitution at 

the anomeric centre involving positive charge development on the anomeric carbon, which 

then undergoes delocalization onto the endocyclic oxygen of the sugar ring. To this end, 

tight binding reversible inhibitors that mimic the transition state charge and ring 

conformation are often called transition state analogues. Most designs of TS analogue 

inhibitors include a combination of charge and geometrical distorting to try to mimic the 

presumed transition state structures. In other words, potent inhibitors often possess a 

positive charge (at physiological pH), and/or a distorted glycosyl ring in order to try to 

resemble the pyranosylium ion-like TS conformation. 
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1.6. Directed Evolution  

Natural evolution, which involves changes in DNA and the subsequent selection 

of improved fitness, has resulted in a huge diversity of proteins, both in structure and 

activity. These natural polypeptides can potentially be harnessed for numerous 

applications in biotechnology and pharmaceutical sciences. However, various specific 

applications and uses of protein catalysts require that the natural protein be tailored by 

protein engineering methods. In theory, the intrinsic properties of a protein can be altered 

by rational design, however, in reality this approach is hindered by the complexity of the 

relationship between protein structure and function. Recent advances in molecular biology 

techniques coupled with the ability to isolate proteins with desired catalytic properties have 

shown promising results. That is, the laboratory approach to the natural Darwinian 

evolution of biological macromolecules, is referred to as directed evolution. The aim of 

such methods is to generate a protein with a new activity by either screening or selecting 

for the desired function from a large pool of protein variants. Directed evolution is, in 

theory, a powerful means to engineer proteins to possess various desired properties under 

well-defined conditions and in a practical time frame. As such directed evolution of proteins 

has emerged as one of the most effective and reliable tools to enhance the stability, 

activity, and substrate selectivity of enzymes that ultimately can lead to the production of 

useful new proteins for a given application62. A few examples include: (i) the enhancement 

of thermostability for endoglucanase EngB, one component of the cellulase complex 

(cellulosome) from Clostridium cellulovorans63, (ii) the improved practical usefulness of 

firefly luciferase by increasing its catalytic efficiency64,  and (iii) the generation of the 

Discosoma red fluorescent protein (DsRed) that enables live cell imaging65,66 Of particular 

interest to us in terms of our future goals, is the directed evolution of α-l-fucosidase from 

Thermotoga maritima (TmαFuc) into an efficient transfucosidase67. The same group has 

also been successful in development of semi-rational approaches to design an α-l-

transfucosidase starting with the α-l-fucosidase from commensal bacteria Bifidobacterium 

longum68. 

John Maynard Smith, in his 1970 paper, fittingly described protein evolution as a 

walk from one functional protein to another in the space of all possible protein sequences 
69. Each sequence in protein space can be assigned a ‘fitness’ value that while in natural 
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evolution would be a measure of the survival rate of the host70, in directed evolution it is 

defined as the ability of the protein to satisfy the criteria set by the experimenter and 

imposed through the chosen assay used for screening. A plot of fitness against sequence 

visually depicts the landscape for evolution. The activity level of each protein variant can 

thus be visualized as a measure of the elevation of the fitness value on an x–y coordinate, 

where regions of higher elevation represent desirable function. The goal of directed 

evolution studies is to take mutational steps within this landscape that climb towards peak 

activity levels through accumulation of beneficial mutations over many generations (Figure 

1.17). 

 
Figure 1.17 Protein fitness landscape. 

Much of the appeal of a directed evolution approach for engineering proteins lies 

in the fact that the genetic/coding information is straightforward to amplify and to 

manipulate, while the functional molecule, the translated protein, has a rich chemistry that 

provides a wide range of possible activities. Additionally, as the structural and mechanistic 

information of the resultant protein is not necessary, the process is fundamentally different 

from the classical rational design based on site-specific mutagenesis71. Essentially like 

natural evolution, directed evolution in the laboratory comprises of the following steps: (i) 

the generation of a library of mutated genes, (ii) functional expression of the library to 

generate the proteins for which the library codes, and (iii) design of a sensitive assay to 

identify individuals showing the desired properties, either by selection or by screening. 
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After each round, the genes of improved variants are deciphered and serve as templates 

for the next round of property optimization. Subsequently, multiple iterations of this three-

step process lead to the identification of proteins with desired catalytic, biophysical, and 

molecular recognition properties (Figure 1.18). 

 

 

 
Figure 1.18 General steps of directed enzyme evolution. 
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There are multiple experimental protocols that can be chosen as the basis for each 

round of the directed evolution process. 

1.6.1. Mutagenesis Library Generation  

Screening is often the most difficult and time consuming experimental step, which 

depends on the screening capabilities available, thus the library is frequently generated to 

try to enhance the probability of finding improved proteins. A number of methods have 

been developed for library generation. These can be divided into three broad categories: 

(i) random mutagenesis; (ii) directed or focused mutagenesis, and (iii) diversification by 

recombination. 

Random Mutagenesis 

Random mutagenesis at the nucleotide level is a prevalent strategy which targets 

whole genes with changes being made, at random, along the whole gene. Random 

mutagenesis can be further divided into chemically and non-chemically induced 

mutagenesis depending on the choice of the mutagenesis agent.  

The chemical approach involves treatment of the DNA sequence with various 

chemical and physical agents to damage the DNA in a random fashion. These agents 

include alkylating compounds such as ethyl methanesulfonate (EMS)72, deaminating 

compounds such as nitrous acid73 and ultraviolet irradiation74. While chemical 

mutagenesis introduces random mutations, due to the intrinsic reactivity of the reagents, 

it also deactivates genes at a high frequency and as such is less commonly used in 

directed evolution studies73. 

Non-chemical methods that randomly introduce mutations into the DNA strand 

generally involve enhancement of the natural rate of errors introduced by DNA polymerase 

during DNA replication. In a technique labelled error-prone PCR (epPCR)75 the low fidelity 

of DNA polymerases, under certain conditions, generates point mutations along the gene 

of interest during PCR amplification. Certain conditions such as higher magnesium 

concentrations, increasing the number of cycles of amplification76 or supplementing the 
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reaction with manganese can reduce the base-pairing fidelity of the DNA polymerase and 

increase mutation rates to 10-4~10-3 per replicated base77. 

Directed or Focused Mutagenesis  

With the many recent advances made in the field of protein crystallography, many 

proteins have been structurally characterized at a sufficiently high resolution to allow for 

the identification of residues that are crucial to substrate binding and enzymatic catalysis. 

Though versatile and simple, all known epPCR methods are significantly limited in their 

ability to create a large diversity at the gene level. While random mutagenesis can be used 

to introduce mutations along the entire gene, directed mutagenesis can be utilized to 

target one or more neighboring codons at the same time. Directed mutagenesis can 

divided into site-directed mutagenesis (SDM) and site-saturation mutagenesis (SSM). 

SDM is commonly applied to convert a targeted amino acid to a different chosen amino 

acid in order to study the function of a single amino acid in relation to the rest of the protein. 

SSM is a similar method with an additional dimension of complexity, in which a single 

amino acid can be substituted to become any of the 19 other possible substituents78. 

These experiments are performed by PCR amplification using degenerate synthetic 

oligonucleotides where the targeted codons are replaced with NNN or NNK where N 

represents any nucleotide and K represents G or T79. The simultaneous saturation 

mutagenesis of multiple residues can access combinations of mutations that may exhibit 

epistatic interactions. 

Of particular interest to us is the library generation procedure employed by Vogel 

et. al 80 to modify and study the scope of substrate specificity by a lipase from 

Pseudomonas aeruginosa.  In short, they generated focused mutagenesis libraries of 

mutant enzymes through randomization at several sets of two spatially close amino acids 

around the active site. The choice of amino acids targeted was aided by the available 

crystal structure of the enzyme bound by a substrate. The spatially close proximity of the 

amino acids would potentially allow for occurrence of synergistic conformational effects 

arising from side-chain orientations that due to its unpredictable nature can not be brought 

about by single-site saturation mutagenesis. Complete randomization at selected amino 

acids was then performed in a process, coined as combinatorial active-site saturation test 

(CAST). This elegantly simple procedure allows for systematic creation of relatively small 
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libraries of mutants which could be screened by the currently available screening assays 

leading to positive hits and consequently to the identification of the critical amino acids 

around the active site that are crucial for substrate selectivity. 

Recombination Mutagenesis 

While random and directed mutagenesis methods can result in the generation of 

sequence diversity either along the length of the gene or at specific codons, recombination 

techniques mimicking the natural evolution path of combining beneficial mutations, are 

also valuable tools in the generation of a diversified library. Recombination techniques 

such as DNA shuffling (a procedure that randomly recombines point mutations in vitro 

)81,82 and the staggered extension process83 do not directly create new sequence diversity, 

but rather take portions of existing sequences and combine them in new arrangements 

and this results in enhanced diversity. A pioneering paper by Zhang et. al84 utilized the 

technique of DNA shuffling to evolve an efficient beta-fucosidase from Escherichia coli 

lacZ beta-galactosidase. The mutated enzyme, selected following seven rounds of DNA 

shuffling and screening procedures displayed a tenfold increase in kcat/Km in reactions with 

the novel para-nitrophenyl-beta-d-fucopyranoside substrate while also showing a 39-fold 

decrease in reactivity with the natural substrate analogue para-nitrophenyl-beta-d-

galactopyranoside. This work was of particular importance as it showed that the library 

size necessary for obtaining significant enhancements in specificity and activity by 

reiterative DNA shuffling and screening was within the range of existing high-throughput 

technology at the time.  This work was further enhanced upon by Parikh et. al85 that 

showed a significantly more active enzyme could be evolved by a single round of 

saturation site-directed mutagenesis as opposed to the seven rounds of DNA shuffling. 

This work demonstrated that saturation site-directed mutagenesis provides a faster and 

more effective route for this particular evolutionary pathway. 

1.6.2. Assaying the Mutagenesis Library  

For a successful directed evolution experiment the generation of a large library is 

non-mandatory, but rather being able to recover the targeted progeny is mandatory. The 

development of new and improved methods for library analysis is therefore as important 

as new approaches for creating library diversity. After generating a mutagenesis library, 
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the major task is to develop a suitable assay for identifying the required protein function. 

Locating interesting variants from diversified libraries can be accomplished either by an 

active search of all variants in the library individually (screening) or by applying conditions 

favoring the exclusive survival of individuals containing the desired variants (selection). 

Essentially, the difference between screening and selection is that screening is performed 

on individual genes and as such requires a spatial organization of the screened variants 

on selected screening media such as agar plates, microtiter plates, arrays, or chips, 

whereas selections act simultaneously on the entire pool of genes and favour the 

exclusive growth and survival of clones that contain the intended modified activity. 

The basis of all screening and selection methodologies is the link between the 

gene, the enzyme that it encodes and the activity of the protein. In order to investigate the 

function of the modified proteins, there must be a link between the mutant DNA and its 

corresponding protein, in order words, each protein must be linked to the unique DNA 

sequence that encoded for its production. In addition, there are several criteria that should 

be satisfied before a screen or selection method is chosen. First, ideally the method should 

be designed to measure directly the property of interest, such as a modified enzymatic 

activity. To this end the substrate used in the screen or selection should be identical, or 

as similar as is possible to the targeted substrate. Also, detection of the reaction product(s) 

should be sensitive and ideally analyzed under multiple turnover conditions so as to 

ensure the selection of the best candidates for further property enhancements. Second, 

the assay should be sensitive over the desired dynamic range. The first rounds of directed 

evolution experiments require isolation of all variants with even marginal improvements. 

This would allow for application of more stringent conditions to ensure the isolation of the 

best variants86,87. 

Screening Methods 

Genetic screens have been used by scientist for years to investigate the genes 

associated with a specific phenotype. The same approach can be utilized in directed 

evolution where the individual members of the diversified library can be investigated for 

altered activity or phenotypic changes. There are several well documented screening 

strategies. Below is a brief description of a selected few of these screens. 
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Agar/Microtiter Plate Screening 

Plate screening is by far the simplest format for screening and involves the 

incubation of individual colonies from the mutagenic library with the enzyme substrate that 

has a visualization tag attached to it 88. Individual members of the library are grown on 

either agar plates or in liquid media and the activity of the resultant protein is assessed. 

The crucial factor in such screens is the conversion of substrate by the modified enzymes 

to create a visual signal, such as chemiluminescence, fluorescence or colour that allows 

for the identification of colonies with the preferred enzymatic activity being enhanced 89. 

The draw back to these methods is the number of colonies that can be assayed as well 

as possible limitations in the sensitivity of the assay. On agar plates, soluble products 

diffuse away from the colony and hence only very active variants are detected. In liquid or 

microtiter plate screening without the availability of sophisticated robotics, only103–104 

variants are typically screened88. 

Screening by Flow Cytometry. 

In contrast to the above mentioned screening methods where spatial separation of 

individual mutants is required to preserves the linkage between phenotype and genotype, 

a large library population can be interrogated at the level of individual cells using the cell 

wall or membrane to maintain genotype–phenotype association. Fluorescence-activated 

cell sorting (FACS)90 takes advantage of specially designed non-diffusing fluorescent 

reporters to automate the identification process so as to identify and isolate cells 

containing the desired genetic variants. Recent advances in flow cytometry has led to 

improvements in this method so that now it has one of the highest capacities of any 

screening methods. 

Selection Methods 

Selection techniques in general rely on a direct a relationship between cell 

growth/survival and enzymatic activity. Selection methods can be adapted to be used in 

vivo if a substantial growth advantage is conferred to those clones that harbour a protein 

variant with the desired improvement. This is generally achieved by genetic 

complementation of hosts that are deficient in a certain pathway or activity. Cells from the 

diversified library are generally plated or grown on a selection media that contains a 
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substrate that after reaction by cells that possess an enhanced enzymatic activity gives 

those cells a growth advantage. This protocol is often used in conjunction with a “suicide” 

substrate, which is used as a media supplement, where reaction of such a compound by 

mutant enzymes possessing an “undesired” activity leads to cell death89. An example of 

this selection has been reported where lipase catalyzed hydrolysis of the ‘‘wrong’’ 

enantiomer yields a poison (fluoroacetic acid), whereas hydrolysis of the desirable 

enantiomer yields a carbon source (acetate)91. 

In comparison to screening methods, selective enrichment and selection of only 

those clones that express the particular enzyme function can be very efficient as many 

more library members can be analyzed simultaneously. This is because uninteresting 

variants are not observed. As a consequence, surveying libraries is much faster and can 

be carried out with higher throughput. Additionally, most selection techniques are 

compatible with large libraries and do not require special instrumentation92. 

1.7. Research Objectives 

The focus of the work described in chapter 2 was to generate mutagenic libraries 

and through various screening and selection protocols, identify and characterize enzymes 

capable of capable of hydrolyzing Kdn glycosides more efficiently than Neu5Ac 

substrates. Kinetic studies on these clones would allow for determination of enzyme 

efficiencies and specificities.  

For Chapters 3, 4, the work is focused on study of covalent inhibition of α-

glucosidase from Saccharomyces cerevisiae (GH13). The measured pH-rate profiles for 

inhibition and reactivation as well as the corresponding catalytic and inhibitory 

proficiencies suggested that inhibition results from the formation of carbenium ions in the 

active site that are trapped rapidly by an enzymatic residue. 
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1.8. Contributions of the author to the work presented in 
this thesis 

Chapter 2: Directed Evolution of the Sialidase from Micromonospora 
viridifaciens into a Kdnase 

All the experimental work was done by the candidate except for the following: 

• The initial error prone PCR was performed by Dr. Jacqueline Watson 

• Dr. Fahimeh Shidmoossavee synthesized 8FMU α-Kdn-(2→6)-β-D-Galp and 8FMU α-

Neu5Ac-(2→6)-β-D-Galp. 

• Matthew Deen synthesized O-β-D-galactopyranosyl chloramphenicol and O-β-D-

galactopyranosyl-L-tyrosine. 

Chapter 3: A New Class of Glycoside Hydrolase Mechanism-Based 
Covalent Inhibitors: Glycosylation Transition State Conformations 

This chapter is a reproduction of a paper published in the Journal of the American 

Chemical Society. 

For this contribution, I performed all protein preparations and kinetics studies. The 

acquisition of mass spectral data and Mass Spectrometry experiments were done with the 

help of Ms. Kyung-Mee Moon, Mr. Jason Rogalski, and Dr. Leonard Foster from the UBC 

proteomics facility. The synthesis of chemical compounds were completed by Michael 

Tran, Dr. Anuj Yadav and Dr. Pal John Pal Adabala. Dr. Andrew Bennet supervised the 

project and was involved in the writing and editing of the paper. 

Chapter 4: Characterization of Reaction Coordinates for Covalent Labelling 
of Glycosidase by Cyclohexene Inhibitors 

This chapter is a draft form of a paper that is under preparation for submission to 

the Journal of Angewandte Chemie International. 

For this contribution, I performed all site directed mutant generation, expression, 

protein preparations and kinetics studies. Dr. Weiwu Ren performed all the synthesis. 

Crystal structures were generated in Dr. Gloster’s laboratory. 
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Dr. Andrew Bennet supervised the project and was involved in the writing and 

editing of this draft. 

Chapter 5: A Mechanistic Study on the a-N-acetylgalactosaminidase from 
E. meningosepticum: A Family 109 Glycoside Hydrolase 

This chapter is a reproduction of a paper published in the journal MedChemComm. 

For this contribution, I repeated the cloning, expression and purification of the 

enzyme (initially performed by Dr. Saswati Chakladar) as well as several of the kinetic 

studies with compounds made by Dr. Saswati Chakladar. My involvement was necessary 

to confirm the protein sequence and activity as Dr. Saswati had cloned a different strain 

to that reported in the literature.  Dr. Andrew Bennet supervised the project and was 

involved in the writing and editing of the paper. 

  

http://pubs.rsc.org/en/results?searchtext=Author%3ASaswati%20Chakladar
http://pubs.rsc.org/en/results?searchtext=Author%3ASaswati%20Chakladar
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Chapter 2. Directed Evolution of the Sialidase from 
Micromonospora viridifaciens into a Kdnase 

2.1. Introduction  

Sialic acids are found in a wide range of organisms including higher eukaryotes as 

well as bacteria1,2, fungi3 and protozoans4. Both the pathogenic and non-pathogenic 

bacteria and protozoans, have gained the ability either to synthesize these nine carbon 

negatively charged sugars or to capture them from their environment for various uses 

including as a carbon or nitrogen source. Some pathogenic microorganisms have evolved 

to bind to host sialic acid glycoconjugates and to transfer these sugars to their cell surface 

in order to evade the host’s immune response. Additionally, these cell surface sialic acids 

are utilized specifically to interact with host cell receptors; for example, Campylobacter 

jejuni, the bacterium responsible for both gastroenteritis and Guillain-Barré syndrome, 

interacts with host macrophages by binding to sialic-binding lectins (Siglec-1)5. 

Replacement of the aminoacyl groups of sialic acid at C5 with a hydroxyl group generates 

Kdn. While Kdn is structurally very similar to Neu5Ac, this seemingly minute change leads 

to near complete abolishment of the hydrolytic activity of bacterial exo-sialidases that are 

commonly used for the identification and structure-function studies of 

sialoglycoconjugates6,7. 

This intrinsic inhibitory property of Kdn glycosides towards many sialidases may 

have a potential role in the protection of cells and organs, adorned with Kdn-conjugated 

glycoproteins, from bacterial and viral attacks6,8,9. Of note, Kdn-containing 

glycoconjugates are widely distributed, in a variety of biological sources including in 

mammalian tissues10, human lung and ovarian cancer cells11, rainbow trout (Salmo 

gairdneri) eggs12, as well as bacterial sources.13. However, this resistance to cleavage by 

cellular exo-sialidases poses a problem for the elucidation of the exact biological roles of 

Kdn-conjugates. As a result, the availability of a sialidase, “Kdnase” that could selectively 

and quantitatively cleave the α-ketosidic linkages in Kdn-glycoconjugates would be an 

important chemical biology tool for studies that seek to determine the structure, 

biosynthesis, localization, and function of Kdn-glycoconjugates. 
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To this end, we constructed a genetic library, using the technique of error prone 

PCR to introduce random mutations in the gene that encodes the wild-type sialidase from 

the soil bacterium (MvNA). We identified a number of recurring DNA mutations in the 

sialidase gene Micromonospora viridifaciens that gave rise to a more efficient hydrolysis 

of synthetic Kdn natural substrate analogues, such as 8FMU α-Kdn-(2→6)-β-D-Galp. In 

the interest of time, we used the available 3D structure of wild type MvNA bound to the 

natural inhibitor, DANA (Neu2en5Ac) and identified amino acids potentially involved in 

recognition and binding to the N-acetyl group in sialoside substrates. Next, we performed 

site directed saturation mutagenesis of these amino acids to generate a mutagenesis 

library. After an additional round of random mutagenesis, by subjecting the library to 

multiple screen and selection assays, we were able to isolate modified sialidases with 

enhanced Kdnase cleavage activity. 

2.2. Methods and Materials 

2.2.1. Chemicals and Reagents 

N-acetylneuraminic acid was purchased from Rose Scientific. Dithiothreitol, 

bactotryptone, yeast extract and urea were purchased from Bioshop. Glycerol was 

purchased from VWR. Cytidine 5′-triphosphate disodium salt (CTP) was purchased from 

3B Scientific Corporation. Potassium phosphate, dibasic and monobasic, sodium acetate 

and magnesium chloride were purchased from Caledon Laboratories Ltd. Imidazole was 

purchased from AK Scientific, Inc. and IPTG was purchased from Invitrogen. All other 

chemicals and reagents were purchased from Sigma-Aldrich Canada, Ltd. 

2.2.2. Enzymes 

Micromonospora viridifaciens sialidase was expressed and purified as previously 

reported 14. Phusion DNA polymerase and T4 DNA ligase were purchased from New 

England Biolabs. All restriction endonucleases were purchased from Thermo Scientific. 

Escherichia coli N-acetylneuraminic acid (Neu5Ac) aldolase was purchased from Codexis. 

Neisseria meningitidis CMP-Neu5Ac synthase15 and Photobacterium sp. JT-ISH-224 α-
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2,6-sialyltransferase 16 were expressed as reported. GeneMorph II Random Mutagenesis 

kit was purchased from Agilent Technologies. 

2.2.3. Substrate synthesis  

8FMU α-Kdn-(2→6)-β-D-Galp and 8FMU α-Neu5Ac-(2→6)-β-D-Galp were 

synthesized by Dr. Fahimeh Shidmoossavee. O-β-D-galactopyranosyl chloramphenicol 

and O-β-D-galactopyranosyl-L-tyrosine were synthesized by Matthew Deen. These 

compounds were used for the enzymatic synthesis Kdn and Neu5Ac conjugates using the 

enzymes CMP-sialic acid synthetase and α-2,6-sialyltransferase. 

Enzymatic synthesis of α-Kdn-(2→6)-β-D-Gal-Tyrosine, α-Neu5Ac -(2→6)-β-
D-Gal-Tyrosine and α-Neu5Ac-(2→6)-β-D-galactopyranosyl chloramphenicol 

We used a published protocol for the enzyme-catalyzed synthesis of Kdn and 

Neu5Ac conjugates with minor modifications17. Specifically, we added fresh supernatant 

(500 μL) from an expression of CMP-sialic acid synthetase15  to a 50 mL falcon tube 

containing a reaction medium of N-acetylneuraminic acid (0.372 mmol) or Kdn (0.410 

mmol), cytidine 5′-triphosphate disodium salt (1.12 mmol), MgCl2 (200 mM) and 

dithiothreitol (4 mM) in Tris buffer (500 mM; pH 8.01) for a total volume of 10 mL. The 

reaction was incubated for 3 hr at 37 0C and centrifuged at 4000 rpm for 30 min. The 

supernatant was separated from the pellet and transferred to a new 50 mL falcon tube, 

after which O-β-D-galactopyranosyl chloramphenicol (0.95 mmol) or O-β-D-

galactopyranosyl-L-tyrosine (0.82 mmol) and fresh supernatant (500 μL) from a α-2,6-

sialyl transferase expression16 were added to the solution, and the resultant mixture was 

incubated at 37 °C for 5 hours. The progress of the enzymatic reaction was monitored by 
1H NMR spectroscopy. 

Purification of α-Kdn-(2→6)-β-D-Gal-Tyrosine and α-Neu5Ac -(2→6)-β-D-Gal-
Tyrosine 

The reaction mixture was centrifuged at 4000 rpm for 30 min and the supernatant 

was loaded onto a column packed with Sephadex G-10 media (GE Healthcare Life 

Sciences). The column was eluted using water under low pressure. Fractions containing 

product were identified by Thin-layer chromatography (TLC), pooled and lyophilized to 
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afford the product as a white solid. The presence of the desired product was further 

confirmed through 1H NMR spectroscopy. 

Purification of α-Neu5Ac-(2→6)-β-D-Gal-chloramphenicol 

The reaction mixture was centrifuged at 4000 rpm for 30 min and the supernatant 

was loaded onto a reversed-phased C18 sep-pak cartridge (20 cc, 5 g), and the cartridge 

was eluted successively with H2O (∼50 mL) and 1:19 v/v MeCN/H2O (∼150 mL). The 

fractions containing product were identified by Thin-layer chromatography (TLC), pooled 

and lyophilized to afford the product as a white solid. The presence of the desired product 

was further confirmed through 1H NMR spectroscopy. 

2.2.4. Random Mutant Library Construction and Expression 

The pJWβ-OHS plasmid was used as the template for the sialidase gene 14. A 

library of random mutants of the sialidase gene was generated via error prone PCR using 

the GeneMorph II Random Mutagenesis kit according to manufacturer’s instructions. The 

conditions were set such that an approximate frequency of 1 mutation per 10 base pairs 

was achieved. The 5’-end of the gene was amplified using the Eco* primer and the 3’-end 

of the gene was amplified using the ggHindR reverse primer to produce a 1.2 kb fragment 

(Table 2.1). 

Table 2.1 DNA oligonucleotide sequences 

Primer                                                      Nucleotide Sequence  

Eco*                                         5’-CCGGAATTCACTGCGAATCCGTACCTCCGC-3’  

ggHindR                                   5’-CCCAAGCTTCAGCCAGGCGAGGTTG-3’  

The full 1.24 kb gene and pJWβ plasmid were digested with Eco RI and Hind III. 

The digested insert gene and plasmid vector were separated on 1% agarose gel and the 

insert was excised and purified. The purified restriction enzyme-digested insert was ligated 

into purified digested vector with 2:1 ratio using T4 DNA ligase. The ligation reaction was 

incubated at 16 °C overnight. 
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20-40 ng of DNA from the ligation mixture was transformed into E. coli BL21-Gold 

(DE3) competent cells (Agilent Technologies) and plated on Luria broth (LB) agar media 

supplemented with 30 µg/mL Kanamycin antibiotic. Five thousand (5000) individual clones 

were picked into in 96 well plates containing M9 minimal media supplemented with 30 

µg/mL Kanamycin, using Molecular Devices Qpix-2-xt colony picker. Following a 4-hour 

incubation at 37 °C to allow for growth, protein production from the transformed plasmids 

was induced by adding IPTG to a final 1.5 mM concentration in each well. The plates were 

incubated for 5 hours at room temperature, 120 RPM to allow for ample protein production. 

The plates were then centrifuged (3500 rmp, 20 min at 4 °C) to pellet the cells as the 

protein of interest is exported into the media. 

2.2.5. Random Mutagenesis Library Screening  

The rationale behind library screening protocol is shown in Scheme 2.1.  

A cocktail containing the buffer MOPS (100 mM, pH 7.0), β-galactosidase (final 

percent solution of 0.1%) and 8FMU α-Kdn-(2→6)-β-D-Galp (final concentration 1 µM) was 

added to each well and the plates were incubated overnight. These 96 well plates were 

mounted into a Cary Eclipse fluorescence plate reader and the fluorescence emission was 

measured (excitation wavelength = 355 nm and emission wavelength = 485 nm). Each 

plate contained two (2) reference wells; one well with all the components except for the 

expressed enzyme, which served to identify the background fluorescence, and one well 

containing wild type sialidase incubated with 8FMU α-Kdn-(2→6)-β-D-Galp (1 µM). The 

measured data was then used to identify clones with at least 2.5 times the fluorescence 

intensity of the background and those clones were mini-prepped using QIAprep Spin 

Miniprep Kit (Qiagen) and sent for sequencing. 
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Scheme 2.1 The fluorescent reading of individual clones from the random mutant 

library – protocol 1. Clones expressing modified enzyme capable of 
cleaving Kdn linkages will hydrolyze the Kdn-gal linkage, releasing the 8 
FMU-gal moiety which is then hydrolyzed by β-galactosidase, producing 
fluorescence at significantly higher levels than the background.  

2.2.6. Sequencing Analysis  

Sequencing of clones were performed by Eurofins MWG Operon. The sequencing 

results were analyzed using BioEdit Sequence Alignment Editor and Multiple Sequence 

Alignment tool, Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). 

2.2.7. Site Directed Mutagenesis Library Construction 

A specific mutation that was noted in 3 individual clones, Leu135His, from the 

random mutagenesis library was incorporated into the wild-type MvNA using the 

QuikChange™ Site-Directed Mutagenesis System developed by Stratagene. The primer 
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set used are labelled Leu135For and Leu135Rev with the intended mutation underlined 

(Table 2.2) 

Table 2.2 DNA oligonucleotide sequences.  
N refers to any four nucleotides, 25 % of A, T, C, or G. K refers to 50 % of 
either T or G nucleotide and M refers to 50 % of either A or C nucleotide. 

Primer                                                      Nucleotide Sequence  

Leu135For   5'-CGACCCCAGCTACCATGTCGACCGGGAAAC-3' 

Leu135Rev    5'-GTTTCCCGGTCGACATGGTAGCTGGGGTCG-3' 

KDN-Sat(3)-F                         5’-TACTCCCAGCGGCAGNNKTTCNNKGGCAGC-3’  

KDN-Sat(3)-R                         5’-CTGCCGCTGGGAGTAMNNGTGGAAGTTGAA-3’ 

NcoI.pSF                             5’TATGCCATGGGAACTGCGAATCCGTACCTCCGCC-3’ 

XbaI.pSR                                 5’-TATCTCTAGACCAGCCAGGCGAGGTTGAAGTT-3’ 

Additionally, taking advantage of the available structure of wild type MvNA bound 

to the natural inhibitor, DANA,( Figure 2.2) we identified three amino acids potentially 

involved in recognition and binding to the N-acetyl group in sialosides and we proceeded 

to include saturation mutations to these selected amino acids.  

Saturation site-directed mutations were made to the following three amino acids, 

Val148, Gly154 and Ala156 using the MvNA containing the Leu135His mutation as the 

template.  Two mutagenic primers as well as two plasmid specific primers were designed 

to produce a library of mutants using the strand-overlap extension method18. 

Mutagenesis was ensured by making the mutations in each strand in separate 

PCR experiments. The 5’-end (front) of the gene was amplified using the NcoI.pSF primer 

with the reverse mutagenic primer KDN-Sat(3)-R to give a 0.46 kb product. The 3’-end 

(back) of the gene was amplified using the forward mutagenic primer KDN-Sat(3)-F with 
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the XbaI.pSR reverse primer to produce a 0.78 kb fragment. All PCR reactions used 

Phusion polymerase (ThermoFisher Scientific) with HF buffer in 10% DMSO and 0.25 mM 

dNTPs. The front and back fragment portion of PCR reactions were performed at a 

denaturing temperature of 98 °C for 30 secs (1 cycle) followed by denaturing at 98 °C for 

10 sec, annealing at 55 °C for 30 sec, elongation at 72 °C for 1 min (30 cycles), the final 

elongation at 72 °C was allowed to react for 2 min (1 cycle).  The fragments were 

separated on a 1% agarose gel, sliced and purified using GeneJET Gel Extraction kit 

(ThermoFisher Scientific). The concentration of the purified samples was determined 

using NanoDrop Microvolume Spectrophotometer (ThermoFisher Scientific) and stored at 

-20°C freezer. 

The full fragment amplification PCR was set up by using equal amounts of the 

above purified fragments as the templates. One complete run (98 °C for 40 sec, 50 °C for 

1 min, 72 °C for 1:10 min) was allowed to run without addition of primers to allow the 

fragments to anneal at the overlapping region. Following this step, by addition of primers, 

NcoI.pSF and XbaI.pSR primers (0.5 µM), the full 1.24 kb fragment was amplified and 

purified using GeneJET PCR Purification Kit (ThermoFisher Scientific). 

The full 1.24 kb gene and pSF-OXB19 (Oxford Genetics) plasmid were digested 

with NcoI and XbaI. The digested insert gene and plasmid vector were separated on 1% 

agarose gel and were then sliced and purified. The purified restriction enzyme-digested 

insert was ligated into purified digested vector with 2:1 ratio using T4 DNA ligase. The 

ligation reaction was incubated at 16 °C overnight followed by the addition of 1 μL fresh 

ligase and the incubation was continued for another 3 hours at room temperature. The 

ligation mixture was then transformed into E. coli BL21-Gold(DE3) competent cells 

(Agilent Technologies). Twenty clones were picked to perform restriction and sequence 

diversity check. Following confirmation of the saturation mutagenesis at selected amino 

acids, the library was subjected to another round of error prone PCR as previously 

described and cloned back into pSF-OXB19 vector. 

https://www.thermofisher.com/order/catalog/product/K0701
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2.2.8. Site Directed Mutagenesis Library Screening and Selection 
Process 

Tyrosine Auxotroph Cell Line 

For expression and screening purposes, we took advantage of an E. coli Tyrosine 

auxotroph cell line, JW2581-119 that contains a deletion of the gene tyrA, part of the 

subpathway for biosynthesis of L-tyrosine in E. coli. The cell line was ordered from E. coli 

Genetic Stock Center (CGSC) at Yale University. Competent cells were prepared from 

this stock according to a published protocol from the Untergasser Laboratory20. 

Initial Parameters of Positive and Negative Evolutionary Forces Directed 
Screening 

To determine the initial amounts of α-Kdn-(2→6)-β-D-Gal-Tyrosine and of α-

Neu5Ac-(2→6)-β-D-Gal-chloramphenicol needed for the screen, we inoculated MOPS 

minimal media21 in a 48 well plate, supplemented with an increasing concentration of α- 

Neu5Ac -(2→6)-β-D-Gal-chloramphenicol ( 0.25 – 2.5 µg/ mL)  with an overnight culture 

of wildtype MvNA cloned into pSF-OXB19 vector and transformed into the Tyr auxotroph 

line.  Following a 7-hour incubation at 37 0C, the absorbance of each well was measured 

at 600 nm and used as an indication of relative growth.  A parallel plate, supplemented 

with increasing concentration of α-Neu5Ac-(2→6)-β-D-Gal-Tyrosine (50 – 250 µg/mL) was 

inoculated with MvNA in a similar manner. Additionally, a third plate of MOPS minimal 

media supplemented with increasing concentration of α-Kdn-(2→6)-β-D-Gal-Tyrosine 

(200 – 500 µg/ mL) was inoculated with MvNA.  

Screening Process 

For the screening purposes, 30-40 ng of ligation mix was transformed into 100 µL 

of Tyrosine auxotroph line and plated on MOPS minimal media supplemented with 2 

µg/mL of  α-Neu5Ac-(2→6)-β-D-Gal-chloramphenicol and 350 µg/mL of α-Kdn-(2→6)-β-

D-Gal-Tyrosine. 150 colonies growing on this media, were then individually picked using 

Molecular Devices Qpix-2-xt colony picker and inoculated into 200 µL of MOPS media 

supplemented with 50 µg/mL L-Tyrosine and 2 µg/mL of chloramphenicol and allowed to 

grow for 7 hours at 37 0C to be used as cultures for further selection steps. The growth 

rate of each well was estimated by measuring the absorbance at 600 nm. The culture 
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containing these colonies then used to inoculate wells of MOPS minimal media 

supplemented with increasing concentrations of α-Neu5Ac-(2→6)-β-D-Gal-

chloramphenicol until the number of colonies were reduced to 12 colonies. These clones 

have reduced sialidase activity. The selected 12 colonies were then grown on decreasing 

concentration of α-Kdn-(2→6)-β-D-Gal-Tyrosine to identify clones with enhanced KDNase 

activity.  

2.2.9. Purification and Kinetics Analysis  

Selected colonies from the selection process were then grown in Terrific Broth (TB) 

media supplemented with 50 µg/mL spectinomycin antibiotic and mini-prepped. The 

plasmids were used as template to amplify the 1.24 kb gene using Eco* and HindR primers 

and cloned into pET28a vector. This would ensure the presence of a Histidine tag at the 

C-terminus and purification of the protein of interest by Ni-NTA column. All purifications 

were performed using the published protocol22. 

Calibration curves were constructed by incubating 8FMU in the range of 0.2 to 2.0 

µM in MES (100 µM) at pH value of 5.5 and MOPS (100 µM) at pH value of 6.2, 6.9 and 

7.4. To determine the enzymatic efficiency of selected clones in hydrolysis of Neu5Ac vs. 

Kdn glycosides, following purification and quantification of each individual enzyme, equal 

volumes were added to a 200 µL mix of MOPS (100 µM), 8FMU α-Kdn-(2→6)-β-D-Galp 

or 8FMU α-Neu5Ac-(2→6)-β-D-Galp (10 µM) and β-galactosidase (0.1%). The reaction 

was monitored at 5-minute intervals for 800 mins at an excitation and emission wavelength 

of 365 nm and 465 nm respectively.   

2.3. Results 

Random Mutagenesis Library Screen 

A total of fifty (50) 96-well plates were screened using screening protocol 1. The 

background control reactions were performed in parallel. 155 clones with a fluorescent 

reading at least 2 times larger than the background control were identified. These clones 
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were individually grown, the corresponding plasmid was mini-prepped and sent for 

sequencing. Table 2.3 outlines these findings.  

Table 2.3 Fluorescent readings based on protocol 1 

Fluorescent Controls Fluorescent Intensity                     
(Arbitrary Value) 

Number of Clones 
Identified 

Background  55 4874 

Background X 2 110 152 

The sequencing results for each clone were aligned with the wildtype sequence to 

identify potential mutations favoring increased Kdnase activity. Figure 2.1 is a 

representation of the sequencing results.  As is evident from the sequencing results, there 

are regions within the gene sequences where mutations are not tolerated while certain 

regions contain multitude of mutations.  

In the interest of time, based on the 3D structure of the DANA bound MvNA (PDB 

code 1EUS), we looked at the structural loops close to the active site which theoretically 

would play an important role in the selectivity of the active site. Through this approach, we 

identified three separate clones where a Leu135His mutation was observed. We deduced 

this mutation likely increases the Kdnase activity. 

2.3.1. Site Directed and Random Mutagenesis Library Generation  

Taking advantage of the 3D structure of the DANA bound MvNA (PDB code 

1EUS)23, we identified the amino acid residues Val148, Gly154 and Ala156 as residues 

that would potentially be crucial in conferring the ability of recognizing Kdn over Neu5Ac 

selection and hydrolysis to the modified enzymes (Figure 2.2).  A saturation mutagenesis 

protocol on these amino acids as well as introduction of the Leu135His mutation identified 

in the random mutagenesis library screen into wildtype MvNA allowed for generation of a 

library that would be used for further mutagenesis and screening/selection protocols. 

Figure 2.3 is a depiction of the range of mutations that were introduced in the DNA 

sequences coding for these three amino acids. 



 

65  



 

66 

 



 

67 
 



 

68 

  
Figure 2.1  Alignment of sequences from colonies selected from the random 

mutagenesis library.  
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Figure 2.2 3D structure of the DANA bound MvNA (PDB code 1EUS)23, with amino 
acids residues Leu135, Val148, Gly154 and Ala156 labelled.  
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Figure 2.3 Depiction of the range of mutations in the DNA coding for selected amino 

acids.   

Based on analysis of the sequences there is only a 15% retention of the WT 

sequences in these amino acids, hence we feel confident the range of mutations is 

sufficient for selections in the next steps. A few clones were sent for sequencing to ensure 

accurate cloning and presence of various amino acids variations. Figure 2.4 is depiction 

of the sequencing results and the corresponding amino acid substitutions. 
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Figure 2.4 Amino acid substitutions at the sites of interest. 

2.3.2. Positive and Negative Evolutionary Selection  

In order to determine the concentration of chloramphenicol antibiotic that would be 

lethal to the tyrosine auxotroph line expressing the wildtype MvNA, we inoculated MOPS 

minimal media21 in a 48 well plate, supplemented with an increasing concentration of α-

Neu5Ac-(2→6)-β-D-Gal-chloramphenicol with an overnight culture of the cell line with 

gene encoding the wildtype MvNA, nedA, cloned into pSF-OXB19 vector and transformed 

into the Tyr auxotroph line.  Following a 5-hour incubation at 37 0C, the absorbance of 

each well was measured at 600 nm and used as in indication of relative growth. Figure 

2.5 shows the absorbance values corresponding to growth of the above cell line on an 

increasing α-Neu5Ac-(2→6)-β-D-Gal-chloramphenicol gradient. Based on this data, we 

concluded that 1.75 – 2.00 µg/mL of antibiotic would be lethal to our cell line carrying wild 

type copy the gene.  
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Figure 2.5 Absorbance values corresponding to growth of tyrosine auxotroph line 

expressing MvNA on an α- Neu5Ac -(2→6)-β-D-Gal-chloramphenicol 
gradient. 

The recommended minimal amount for the addition of tyrosine to MOPS minimal 

media that is essential for growth of a tyrosine auxotroph line is 50 µg/mL19,21. However, 

similar to the above gradient, inoculating MOPS minimal media supplemented with an 

increasing range of α-Neu5Ac-(2→6)-β-D-Gal-Tyrosine following a 5-hour incubation at 

37 0C showed that the minimal amount needed for significant growth is 150 µg/mL. Figure 

2.6 shows the absorbance values corresponding to growth of cell expressing wild type 

MvNA on an increasing α-Neu5Ac-(2→6)-β-D-Gal-Tyrosine gradient. 
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Figure 2.6 Absorbance values corresponding to growth of tyrosine auxotroph line 

expressing MvNA on an α-Neu5Ac -(2→6)-β-D-Gal-Tyrosine gradient. 

In a parallel experiment, MOPS minimal media was supplemented with α-Kdn-

(2→6)-β-D-Gal-Tyrosine and inoculated with MvNA to determine the level of Kdnase 

activity of the wildtype enzyme and as evident in data presented Figure 2.7, there was no 

growth seen in concentrations as high as 500 µg/mL. 

 
Figure 2.7 Absorbance values corresponding to growth of tyrosine auxotroph line 

expressing MvNA on an α-Kdn-(2→6)-β-D-Gal-Tyrosine gradient. 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300

O
pt

ic
al

 D
en

si
ty

 o
f M

ed
ia

 a
t 6

00
 n

m

α- Neu5Ac-(2→6)-β-d-Gal-Tyrosine concentration (µg/mL)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500 600

O
pt

ic
al

 D
en

si
ty

 o
f M

ed
ia

 a
t 6

00
 n

m

α-Kdn-(2→6)-β-D-Gal-Tyrosine concentration (µg/mL)



 

74 

Based on these data, following the transformation of the mutagenesis library into 

Tyr auxotroph line, the library was plated on a selection media that contained 500 µg/mL 

of α-Kdn-(2→6)-β-D-Gal-Tyrosine and 2.0 µg/mL α-Neu5Ac-(2→6)-β-D-Gal-

chloramphenicol. Colonies capable of growth on this media were then grown in liquid 

MOPS media supplemented with increasing concentration of α-Neu5Ac-(2→6)-β-D-Gal-

chloramphenicol (up to 4 µg/mL) and reduced the number of colonies expressing an 

enzyme with reduced sialidase activity to 12.  

The corresponding DNA sequence for each clone expressing a modified enzyme 

capable of hydrolyzing Kdn linkages was amplified and sent for sequencing. Figure 2.8 

depicts the amino acid changes observed in the 12 clones compared to the gene coding 

for the wildtype MvNA. 

These 12 selected colonies were then grown on a decreasing concentration of α-

Kdn-(2→6)-β-D-Gal-Tyrosine and 3 colonies, namely KDN-A11, KDN-C12 and KDN-H12 

capable of growing on 350 µg/mL of α-Kdn-(2→6)-β-D-Gal-Tyrosine which indicates their 

increased Kdnase activity were selected.  
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Figure 2.8  Amino acid substitutions seen in the 12 selected clones.  

  Additionally, the DNA sequence for each clone was cloned into a pET28a vector 

and subsequently the desired protein was purified and quantified. Figure 2.9 is an SDS-

PAGE depiction of the purified proteins, of which KDN-C12, KDN-A11 and KDN-H12 were 

selected for further kinetics studies. 
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Figure 2.9 SDS-PAGE gel of the purified enzymes from selected clones.  

To measure the kinetic parameters of each purified protein, initially a calibration 

curve of 8-FMU in MOPS buffer was constructed and this is shown in Figure 2.10.  
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Figure 2.10 Calibration curve of 8-FMU in the range of 0.8 µM to 2.0 µM. The various 

pH conditions are color coded. The data was collected at λex = 360 nm 
and λem = 465 nm.  

The slope of each calibration curve calculated by fitting the data to a linear 

regression equation using the computer program prism. The unit of the calculated slopes 

are Fluorescence/µM. Fitted slopes are shown in Table 2.4. 

Table 2.4 Slope values determined from calibration curves at various pH 
values. 

 MES, pH 5.5 MOPS, pH 6.2 MOPS, pH 6.9 MOPS, pH 7.6 
10–7 × Slope 

(Fluorescence /µM) 6.49 ± 0.40 8.22 ± 0.25 9.61 ± 0.18 10.64 ± 0.25 

For each purified protein of interest, as well as the Kdnase from Aspergillus 

fumigatus (AfKdnase). hydrolysis curves were constructed by plotting the Fluorescence 

arbitrary units, which gives an indication of the rate hydrolysis of 8FMU α-Kdn-(2→6)-β-

D-Galp or 8FMU α-Neu5Ac-(2→6)-β-D-Galp by the mutant enzyme vs. time. The data 

was fit to a linear regression line and the slope was calculated which has the units of 

Fluorescence/min. An example of this data for clone KDN-C12 at pH 7.4 is shown in Figure 

2.11. Dividing these values for each individual enzyme by the slope of the calibration curve 
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at that pH followed by division by the product of enzyme and substrate concentration, 

allowed for generation of kcat/Km for hydrolysis of 8FMU α-Kdn-(2→6)-β-D-Galp or 8FMU 

α-Neu5Ac-(2→6)-β-D-Galp by each individual enzyme. The data is summarized in Table 

2.5. 
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Figure 2.11 Hydrolysis curve of 8FMU α-Kdn-(2→6)-β-D-Galp and 8FMU α-Neu5Ac-

(2→6)-β-D-Galp by clone KD-C12. 

In order to determine the relative Kdnase activity of an individual enzyme against 

its sialidase activity, the kcat/Km (M-1 s-1) values for the enzyme’s Kdn linkage hydrolysis 

activity are divided by kcat/Km (M-1 s-1) value for its sialidase activity. These values are 

shown in Table 2.6. 

To determine the specificity of the purified enzymes to catalyze hydrolysis of 

natural Kdn glycosides linkages vs. Neu5Ac analogues relative to the WT MvNA, we 

divided the kcat/Km (Kdn) / kcat/Km (Neu5Ac) ratio for each enzyme from Table 2.6 by the 

corresponding kcat/Km (Kdn) / kcat/Km (Neu5Ac) of WT enzyme at each pH. The data is 

summarized in Table 2.7. 
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Table 2.5 kcat/Km (M-1 s-1) for each purified enzyme.  

 10–5 × kcat/Km (M-1 s-1) 
WT MvNA AfKdnase KD-C12 KD-A11 KD-H12 

 Neu5A
c Kdn Neu5A

c Kdn Neu5A
c Kdn Neu5A

c Kdn Neu5A
c Kdn 

pH 
5.5 

9.14 ± 
0.58 

0.62 ± 
0.05 

0.42 ± 
0.04 

0.64 ± 
0.05 

0.53 ± 
0.04 

0.87 ± 
0.07 

6.07 ± 
0.46 

0.80 ± 
0.06 

3.36 ± 
0.26 

0.58 ± 
0.05 

pH 
6.2 

16.0 ± 
0.9 

0.54 ± 
0.03 

0.54 ± 
0.03 

1.94 ± 
0.10 

7.53 ± 
0.04 

10.6 ± 
0.6 

9.39 ± 
0.51 

1.13 ± 
0.06 

8.16 ± 
0.44 

0.95 ± 
0.05 

pH 
6.9 

11.2 ± 
0.5 

0.48 ± 
0.02 

0.36 ± 
0.02 

0.99 ± 
0.05 

2.88 ± 
0.14 

7.21 ± 
0.34 

6.88 ± 
0.33 

1.16 ± 
0.06 

5.70 ± 
0.27 

1.24 ± 
0.06 

pH 
7.4 

8.86 ± 
0.45 

0.48 ± 
0.02 

0.34 ± 
0.02 

0.94 ± 
0.05 

4.62 ± 
0.24 

5.72 ± 
0.28 

7.18 ± 
0.37 

1.20 ± 
0.06 

4.98 ± 
0.25 

0.95 ± 
0.05 

To further probe the evolution of enzymatic activity for each enzyme, the kcat/Km 

value of respective Neu5c and Kdn of each enzyme is divided by the corresponding WT 

MvNA kcat/Km values at each pH. The data is shown in Table 2.8.  

Table 2.6 The ratio of the Kdnase vs. sialidase activity of each individual 
enzyme is calculated by taking the ratio of the kcat/Km (Kdn) / kcat/Km 
(Neu5Ac). 

 kcat/Km (Kdn) / kcat/Km (Neu5Ac) 
WT MvNA AfKdnase KD-C12 KD-A11 KD-H12 

pH 5.5 0.067 ± 0.007 1.53 ± 0.19 0.17 ± 0.02 0.13 ± 0.01 0.17 ± 0.02 
pH 6.2 0.034 ± 0.003 3.57 ± 0.29 1.41 ± 0.11 0.12 ± 0.01 0.12 ± 0.01 
pH 6.9 0.043 ± 0.003 2.75 ± 0.23 2.51 ± 0.17 0.17 ± 0.01 0.22 ± 0.01 
pH 7.4 0.055 ± 0.004 2.78 ± 0.24 1.24 ± 0.09 0.17 ± 0.01 0.19 ± 0.01 
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Table 2.7 Specificity Values: The kcat/Km (Kdn) / kcat/Km (Neu5Ac) ratio for each 
enzyme is divided by the the corresponding kcat/Km (Kdn) / kcat/Km 
(Neu5Ac) of WT enzyme at each pH to determine the specificity of 
each enzyme in hydrolysis of Kdn linkages in comparison to the WT 
MvNA. 

 Ratio of kcat/Km (Kdn) / kcat/Km (Neu5Ac) for each 
enzyme over kcat/Km (Kdn) / kcat/Km (Neu5Ac) of 

WT MvNA 
KD-C12 KD-A11 KD-H12 

pH 5.5   2.48 ± 0.37 1.97 ± 0.29 2.57 ± 0.39 
pH 6.2 41.9 ± 4.5 3.57 ± 0.39 3.44 ± 0.37 
pH 6.9 58.5 ± 5.6 3.92 ± 0.38 5.08 ± 0.49 
pH 7.4 22.6 ± 2.3 3.06 ± 0.31 3.48 ± 0.35 

 
 

Table 2.8 Evolution of enzymatic activity. The kcat/Km value of respective 
Neu5c and Kdn of each enzyme is divided by the corresponding WT 
MvNA kcat/Km values at each pH. 

 Ratio of kcat/Km (Individual enzyme) / kcat/Km (WT MvNA) 
KD-C12 KD-A11 KD-H12 

 Neu5Ac Kdn Neu5Ac Kdn Neu5Ac Kdn 
pH 5.5 0.57 ± 0.06 1.42 ± 0.16 0.66 ± 0.07 1.30 ± 0.14 0.37 ± 0.04 0.94 ± 0.11 
pH 6.2 0.47 ± 0.04 19.7 ± 1.5 0.59 ± 0.04 2.09 ± 0.16 0.51 ± 0.04 1.75 ± 0.13 
pH 6.9 0.26 ± 0.02 15.2 ± 1.0 0.61 ± 0.04 2.41 ± 0.16 0.51 ± 0.03 2.58 ± 0.18 
pH 7.4 0.52 ± 0.04 11.8 ± 0.8 0.81 ± 0.06 2.48 ± 0.18 0.56 ± 0.04 1.96 ± 0.14 

2.4. Discussion 

Sialic acids, with over 50 naturally occurring derivatives, comprise the most 

chemically and structurally diverse carbohydrate family. Neu5Ac and Kdn, two major 

members of this family, differ only in the C5 position with Kdn and Neu5Ac having OH and 

NH groups respectively. Sialidases, or neuraminidases are enzymes that cleave the 

terminal sialic acid from a variety of glycoconjugates and as such, play an important and 

often essential role in pathogenesis, bacterial nutrition, and cellular interactions24.  
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Given the variety of sialic acids present in nature and their importance, evolution 

of sialidases, that would recognize and cleave specific types of sialic acid family members 

would be beneficial in elucidating the role of specific sialic acids and allow for further probe 

into the effect of various substitutions on their role and function in cellular pathways. 

We aimed to evolve a Kdnase, or a sialidase that would recognize and cleave Kdn 

glycosidic linkages from the Micromonospora viridifaciens’s sialidase (MvNA) which is a 

catalytically efficient sialidase. That is, we choose this enzyme because we expected a 

drastic decrease in activity during early evolution steps and we reasoned that a robust 

enzyme would be more suitable for our downstream purposes which is reduction of 

neuraminidase activity and enhancement of Kdnase activity. This enzyme also has very 

poor affinity in hydrolysing Kdn linkages and more importantly is remarkably tolerant of 

mutagenesis in the active site residues. To this end, we generated a random mutagenesis 

library that allowed for identification of a Leu135His mutation that likely plays a role in 

affording MvNA, Kdnase activity. Taking advantage of the crystal structure of MvNA, we 

identified three amino acids, namely Val148, Gly154 and Ala156 that would likely play a 

role in recognition of Kdn vs. Neu5Ac.  We generated saturation site directed mutagenesis 

library of these amino acids and through positive and negative evolutionary selection 

protocols were able to identify and purify 3 independent modified MvNAs that possess 

Kdnase activity.  

From the sequencing data it is clear that there is a bias retained in the genetic 

library toward WT retention of the targeted amino acids with Val148 and Gly154 and 

Ala156 being approximately 48%, 61% and 37% respectively. The sequence analysis is 

shown in Table 2.9 and 2.10. Despite this observed bias, there is only an 18% retention 

of the WT amino acids in the sequenced reads. From these 69622 sequence reads, we 

identified over 3000 different combination of the three amino acids that were targeted. Of 

note, no read contained either a Cys or Trp.  

Deep sequencing data gives an idea of the range of mutations present in the 

library, however given that one of the active clones has both a cysteine and tryptophan 

means that the deep sequencing hasn’t picked up all low abundance sequences. In the 

next round of selection procedures, we would like to explore the replacement of the 
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targeted residues to ensure a better coverage of cysteine and tryptophan as the presence 

of these amino acids seems to be conducive to reduction of sialidase activity. 

Table 2.9 The percentage of each amino acid from the deep sequencing data 
is shown. The amino acid replacements observed in 3 selected 
clones are color coded. WT MvNA(underlined), KDN-C12(purple), 
KDN-A11(green) and KDN-H12(blue).  

 Amino Acid percentage (%) present in deep sequencing data 

WT Ala Cys Asp Glu Phe Gly His Iso Lys Leu Met 

V148 2.26 0.00 1.76 2.07 0.73 2.54 1.57 1.55 6.98 3.03 1.63 

G154 3.80 0.00 1.13 2.08 5.49 61.07 0.31 0.59 0.38 2.63 0.48 

A156 36.76 0.00 1.82 2.15 7.34 17.48 0.37 0.94 0.42 4.30 0.77 

 

 

Table 2.10 The percentage of each amino acid from the deep sequencing data 
is shown. The amino acid replacements observed in 3 selected 
clones are color coded. WT MvNA(underlined), KDN-C12(purple), 
KDN-A11(green) and KDN-H12(blue). 

 Amino Acid percentage (%) present in deep sequencing data 

WT 
As
n 

Pro Gln Arg Ser Thr Val Trp Tyr 
STO

P 
Total 

V148 
5.2
0 

5.1
7 

1.9
2 

3.2
7 

4.6
4 

4.8
0 

47.5
4 

0.0
0 

1.2
7 

2.06 
6962

2 
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G15
4 

0.2
7 

0.6
1 

0.6
1 

4.0
9 

3.0
4 

0.8
7 

5.92 
0.0
0 

0.8
9 

5.73 
6962

2 

A15
6 

0.3
1 

1.5
7 

0.4
8 

4.3
5 

3.4
7 

1.3
8 

12.1
1 

0.0
0 

0.6
0 

3.37 
6962

2 

From the positive and negative evolutionary screens, we were able to identify 12 

clones that possessed both a decreased sialidase activity and an increased Kdnase 

activity. All twelve clones were expressed and purified, except for clone B7 which resisted 

purification effort, with the expected size of ~44 kD as shown in Figure 2.9.  

In order to measure the kinetics parameters of the modified proteins, we set up an 

assay using natural substrate analogues, namely 8FMU α-Kdn-(2→6)-β-D-Galp and 

8FMU α-Neu5Ac-(2→6)-β-D-Galp. Using data from the modified protein assays and the 

calibration curves shown in Figure 2.10, we calculated the second-order rate constant 

(kcat/Km) and the respective Kdn/Neu5Ac ratios, so as to further analyze the specificity and 

selectivity of the purified proteins. The Km for WT MvNA with a natural sialoside analogue 

containing a α-2,6 sialyl–galactosyl linkages, as well as an attached 4-

methylumbelliferone was reported to be 240 µM25. Given the difficulty of synthesizing our 

analogues, we were unable to measure the Km for each of our selected clones. However, 

given that we performed the continues assay at a substrate concentration far below the 

Km, the calculated values are indeed second-order rate constants.  

As shown in Table 2.5, the measured kcat/Km values for WT MvNA are similar to 

those reported in literature25 for hydrolysis of MU α-Neu5Ac-(2→6)-β-D-Galp. This in turn 

lends credibility to our protocol and as a result, we conclude that we have a sensitive and 

accurate assay to measure the kinetics parameters of the modified enzymes. 

As shown in Table 2.6, WT MvNA has a 15 to 30-fold higher selectivity for the 

acetamido group at C5 position present in Neu5Ac relative to C5-OH of Kdn.  
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The selectivity of the Aspergillus fumigatus (AfKdnase) for hydrolyzing Kdn 

glycoside linkages over Neu5Ac glycoside linkages that we measured in our assays, is 

lower than the reported values from the literature26. However, it should be noted that the 

literature values report on activated substrates, MU-Kdn and MU-Neu5Ac were used while 

in our study we take advantage of compounds containing natural glycoside linkages.  

Additionally, the natural substrate for AfKdnase, based on the available crystal structure 

and the presence of two Kdn binding sites, has been proposed to be poly-Kdn which could 

potentially translate to lower selectivity of this enzyme when cleaving our natural substrate 

analogues.  

Based on the sequencing and kinetic data, the three (3) selected mutants, fall into 

two categories. First, where in clones KDN-A11 and KDN-H12 there is a significant 

reduction in the sialidase activity with a small increase in the Kdnase activity. Second, in 

clone KDN-C12, there is a marked increase in the Kdnase activity especially at a pH of 

6.2 and higher as shown in Tables 2.6 and 2.7. While the Kdnase activity of clone KDN-

C12 is increased by 20 fold at higher pH, unfortunately, the decrease in sialidase activity 

is not as great as we had hoped. Thus, the next round of mutagenesis and selection 

protocols should be with the aim of reducing the sialidase activity. The dependency KDN-

C12 enzyme’s kcat/Km on pH is unexpected considering the WT MvNA’s kcat/Km values 

shows no dependency on pH in the range of 5.2 to 7.4. This observed pH dependency of 

modified enzymes is likely a consequence of the selection conditions where the clones 

were grown and selected for in media with a pH of close to 7.  

Surprisingly, the highest level of Kdnase activity occurs in the instance where a 

G154A and A156V replacement along with the WT V148 results in presence of three 

hydrophobic amino acids which creates a smaller binding pocket more suited for the 

smaller OH group of Kdn as opposed to bulkier acetamido group of Neu5Ac.  

The KDN-A11 mutant, remarkably retains high sialidase activity even though 

modification of V148P, G154C and A156W would suggest a drastic reduction in the size 

of the C5 pocket. This retention of sialidase activity likely is due to the side chains of the 

modified amino acids, namely A156W pointing outward of the C5 pocket, similar to A156 

methyl group facing away from the binding pocket as seen in the crystal structure of WT 
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MvNA bound to DANA shown in Figure 2.12. Confirmation of this awaits the crystal 

structure of the modified enzyme. Additionally, next round of mutations should be targeting 

the amino acids between G154 and A156 to see the effect of replacement of these amino 

acids and their respective sidechains orientation relative to the binding pocket. 

 

 

Figure 2.12 Crystal structure of MvNA bound by DANA ( PDB code 1EUS)23. The 
amino acids targeted in saturation mutagenesis library are labelled.  A) 
top view b) side view 

It should also be noted that all our kinetic studies are done with α2-6 linked sialic 

acids and we would like to like to also test our mutagenesis library against α2-3 linked 

sialic acid natural analogues. 
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3.1. Abstract  

The design of covalent inhibitors in glycoscience research remains an important 

challenge for the development of chemical tools. Here we report the synthesis of a new 

carbocyclic mechanism-based covalent inhibitor of an α-glucosidase (glycoside hydrolase 

family 13). The enzyme efficiently catalyzes its alkylation via either an allylic cation or a 

cationic TS. We show that this allylic covalent inhibitor has very different catalytic 

proficiencies for pseudo-glycosylation and deglycosylations. Our carbasugar analogues 

have the potential to be useful chemical biology tools. 

3.2. Body 

The catalytic transfer of carbohydrate moieties frequently involves anomeric 

positive charge delocalization by the endocyclic oxygen atom at the enzymatic transition 

state(s); we show for the first time that an alkene can perform the same task. Of note, 

such enzymes, which catalyze either addition or removal of carbohydrate residues, are 

often critical components of cellular regulation involving complex interactions between 

glycoconjugates and various biological receptors.1-3 The enzymes that hydrolytically 

remove sugar residues by cleavage of glycosidic bonds are called glycoside hydrolases 

(GHs).4 Nature has evolved several catalytic strategies for the modes of action for GHs. 

That being said, most GHs catalyze hydrolysis by using a pair of active site aspartic and/or 

glutamic acid (Asp/Glu) residues,5,6 with the distance between the two carboxylic acids 

being a determining factor in whether the reaction occurs with retention or inversion of 

anomeric configuration.7,8 

Retaining glycoside hydrolases that have two catalytic Asp/Glu residues operate 

via two sequential inversions of configuration at the anomeric center. The first results in 

the formation of a covalent glycosyl-enzyme intermediate (Figure 1) and the second, not 

shown, involves hydrolysis of this intermediate. Both the glycosylation and deglycosylation 

transition states (TSs) for pyranoside hydrolysis possess pyranosylium ion-like character, 
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and the six-membered ring adopts one of several allowed conformations.6,9 In the current 

example, retaining α-glucoside hydrolases (α-glucosidases from GH13)10 react via 

pyranosylium ion-like TSs that are traversed during the catalytic cycle. Moreover, the 

pyran ring conformation at the TSs is postulated to be close to a 4H3 half-chair.11 Also, for 

GH13 enzymes the structure of the enzyme bound intermediate is a 4C1 chair (Figure 1).12 

Kinetic isotope effect data suggests that the productive Michaelis complex is not a ground 

state chair conformation, but is likely a 1S3 skew boat (Figure 1).13,14 

O
O

O O
O O

H

O
δ

-

δ+

nucleophile

general acid

4C1
 enzyme

intermediate

4H3
 glucosylation

transition state

O
R

δ
-

O O

O O

OO

OH H
O

HO
OH

HO

HOO
OR

OHHO
HO

OH H
1S3 Michaelis

complex

 
Figure 1.  Proposed mechanism of glucosylation for a GH13 family retaining α-

glucosidase; for clarity, some hydroxyl groups are not shown for the 
transition state. Conformations are shown for the Michaelis complex (1S3), 
the glucopyranosylium ion-like transition state (4H3) and the glucosylated 
enzyme-bound intermediate (4C1). 
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Figure 2.  Structures of the mechanism-based covalent inhibitor (1) for a GH36 

family α-D-galactosidase from Thermotoga maritima, and the GH13 
inhibitors (2 and 3) that were evaluated as covalent inhibitors in the 
current study. 

Previously, we have utilized the requirement for transition state positive charge 

delocalization that is a fundamental factor in catalysis by most GHs in our design of a 

cyclopropyl-containing mechanism-based covalent inhibitor (1) of an α-D-galactosidase 

from Thermotoga maritima, a GH36 retaining enzyme.15,16 Here we describe the synthesis 

of two carbocyclic analogues of D-glucose (2 and 3) that are covalent inhibitors of a GH13 
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retaining α-glucosidase. We show that these compounds lead to a single covalent labeling 

of the enzyme, and importantly the rate constants for 'pseudo'-glycosylation and 

deglycosylation for these two covalent inhibitors are distinct and provide insight into the 

conformational itinerary for this family of GH enzymes. 

We synthesized 2 and 3 (Scheme 1) from 4, which we made in four steps (42% 

yield) from commercially available 2,3,4,6-tetra-O-benzyl-D-glucopyranose according to 

the method of Kapferer et al.17 First, we acetylated the tertiary alcohol in 4 to give 5, which 

smoothly underwent a palladium-catalyzed [3,3]-sigmatropic rearrangement to give the 

pseudo anomeric acetate 6.18 Standard deacetylation conditions gave allylic alcohol 7, 

which was subjected to a Furukawa modified Simmons-Smith cyclopropanation to give 8. 

Both 7 and 8 underwent facile SNAr reactions followed by global debenzylation with BCl3 

to give covalent inhibitors 2 and 3, respectively. 
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Scheme 1.  Synthesis of carbocyclic inhibitors 2 and 3. 

We then tested carbasugar analogues 2 and 3 for their activity against 

commercially available yeast α-glucosidase. Shown in Figure 3 are the measured pseudo-

first-order rate constants for the loss of enzyme activity as a function of the concentration 

of the carbasugar analogue. Notably, the allylic 
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 inhibitor 2 (red circles) is less active that the bicyclo[4.1.0]heptyl inactivator 3 (blue 

circles). 

 
Figure 3.  Inactivation kinetics for covalent inhibition of yeast GH13 α-glucosidase. 

Shown in red circles are the data for covalent labeling by the allylic 
inhibitor 2, while the blue circles represent labeling by the bicyclic inhibitor 
3. Error bars that are not visible are encompassed within the symbol. 
Dashed lines represent the best non-linear fits to a standard Michaelis–
Menten equation. Conditions for all experiments were T=25 °C in sodium 
phosphate buffer (50 mM, pH 6.84, [BSA] = 1 mg/ mL). 

We then measured the rate constants for the reactivation of the covalently-

modified α-glucosidase after removal of excess inactivator (Figure 4). Remarkably, the 

measured first-order rate constant for regaining of enzyme activity following inhibition by 

allylic inhibitor 2 (red circles) is more rapid than that for bicyclo[4.1.0]heptyl inactivated 

enzyme (blue circles). The kinetic data were fit to the standard kinetic scheme for covalent 

inhibition (Scheme 2) and the derived rate and equilibrium constants are tabulated in Table 

1. 
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Figure 4.  Reactivation kinetics for covalently inhibited yeast GH13 α-glucosidase. 

Shown in red circles are the data for the dealkylation of enzyme that had 
been labeled by allylic inhibitor 2, while the blue circles represent α-
glucosidase reactivation previously treated with the bicyclic inhibitor 3. 
The solid lines represent the best non-linear fits to a standard first-order 
rate equation. Conditions for all experiments were T=25 °C in sodium 
phosphate buffer (50 mM, pH 6.84, [BSA] = 1 mg/ mL). 

E + I
Ki

E:I E-I
kinact

E + P
kreact

 

Scheme 2.  Kinetic scheme for the covalent inhibition of GH13 yeast α-glucosidase 
by carbasugar analogues 2 and 3. 

We next tried to identify the sites of labeling. Specifically, we incubated the yeast 

enzyme with excess inactivators and tried to analyze, by ESI tandem mass spectrometry 

(MS/MS), the tryptic (and peptic) peptides obtained by digestion of both the inactivated 

and the untreated enzymes. Unfortunately, we were unable to obtain satisfactory peptide 

fragmentation that remained covalently modified after tryptic digestion. However, we 

successfully demonstrated that yeast GH13 α-glucosidase is singly labeled by the 

expected mass addition of the carbon skeleton portions of 2 and 3 to the molecular weight 

of the enzyme (Figure S1 Supporting Information). That is, the mass spectrum of intact 

enzyme shows a single peak for the native enzyme at 67275.7, while that after reaction 

with 2 shows the intact enzyme and a mono-alkylated species (C7H10O4 = 158.1) at 

67433.9, and the corresponding mass spectrum for the enzyme covalently-modified by 3 
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displays a single peak at 67448.8, which corresponds to addition of the carbocyclic 

skeleton of 3 (C8H12O4 = 172.1 + H). 

Table 1.  Kinetic parameters for the covalent inhibition and reactivation of 
yeast α-glucosidase by the allylic and bicyclo[4.1.0]heptyl 
compounds 2 and 3. Conditions for all experiments were T=25 °C in 
sodium phosphate buffer (50 mM, pH 6.84, [BSA] = 1 mg/ml). 

Inactivator KI (µM) kinact (s–1) t½ 
(mins) 

kinact/KI (M–

1 s–1) 
kreact (s–1) t½ 

(hrs) 
2 570 ± 90 (9.05 ± 0.63) × 10–4 12.8 1.59 ± 0.27 (1.19 ± 0.07) × 

10–5 
16.3 

3 285 ± 45 (1.82 ± 0.14) × 10–3 6.3 6.4 ± 1.1 (2.17 ± 0.14) × 
10–6 

88.7 

 

The kinetic data listed in Table 1 show two remarkable features: (i) both the first- 

(kinact) and second-order (kinact/Ki) rate constants for inactivation of yeast α-glucosidase are 

larger for the bicyclic inhibitor; and (ii) the reactivation rate constant of labeled enzyme 

(kreact) is larger for the allylic covalent adduct. 

Both allylic19 and cyclopropylcarbinyl compounds20-22 undergo SN1-like reactions 

at accelerated rates via allylic and non-classical bicyclobutonium cationic 

intermediates,23,24 respectively. Of note, distinct conformations are required for formation 

of delocalized carbocations for carbasugar covalent inhibitors 2 and 3. Specifically, 

enzyme-catalyzed covalent labeling within the enzymatic active site requires a 

conformation in which a π-type molecular orbital can participate in glycosidic C–O bond 

cleavage, a process that occurs from an oxygen n-type lone pair for natural glycoside 

substrates. In the current study, the cyclopropyl-containing inhibitor 3 requires a pseudo-

equatorial aglycone for effective σ-bond participation (Fig. 5, Panel A),25-27 while allylic 

participation from the double bond in carbocyclic inhibitor 2 entails a pseudo-axial 

aglycone (Fig. 5, Panel B). 
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Figure 5.  Conformations for π-type orbital participation (blue atoms at back) into the 

σ* of the glycosidic C–O bond; the C6 hydroxyl group is omitted for 
clarity. Panel A) α-cyclopropyl inhibitor 3; B) α-allylic compound 2; C) 
Mercator projection of six-membered ring conformations. The currently 
accepted reaction coordinate for a GH13 enzyme is indicated by the 
orange box. Possible conformations for a pyranosylium ion-like transition 
state are shown in red. The bisected conformations for cyclopropyl 
assisted ionization of 3 are shown in teal, and the closest to the proposed 
enzymatic reaction coordinate is circled. The two lowest energy 
conformations for an allylic cation (between C5–C6–C1) are labeled in 
rose (bold font) and the proposed reaction coordinate for ionization of 2 is 
indicated by the rose box. 

Based on current theories,5,6 we assume that the GH13 yeast α-glucosidase has 

evolved to stabilize pyranosylium ion-like 4H3 TSs from a bound 1S3 Michaelis complex 

and we propose that our bicyclo[4.1.0]carbasugar 3 reacts with the bisected geometry 

required for bicyclobutonium ion formation that is closest on the six-membered ring 

conformational itinerary (Figure 5, panel A, a 1,4B boat) to that for the catalyzed-hydrolysis 

reactions of GH13 enzymes. That is, the evolved reaction coordinate for α-

glucopyranoside hydrolysis, which involves a rate-determining non-chemical step that is 

likely a conformational change,13 exhibits a second-order rate constant (kcat/Km = 6.7 × 104 

M–1 s–1) for 4-nitrophenyl α-glucopyranoside.13 However, in order to assess the efficiency 

of covalent labeling it is important to calculate the relative enzymatic proficiencies for 
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formation of the covalent glycosyl-enzyme intermediate (kcat/Km × 1/kuncat or kinact/Ki × 

1/kuncat).15,28,29 

O

NO2O

O

109

O

NO2

11

NO2

 
Figure 6.  Structures of the model compounds (9–11) used to estimate relative 

catalytic proficiencies. 

Due to the extremely slow hydrolysis rates for the spontaneous reaction of 

glycosides30 we used our previous kinetic data for the unsubstituted model compounds 9 

and 1115 and we made 10 (Figure 6), by following standard procedures (Supporting 

Information). To evaluate the spontaneous rate constant for the pH-independent 

hydrolysis of 10 at 25 °C we used the Eyring equation to extrapolate kinetic data acquired 

at higher temperatures (Supporting Information Table S1). We then calculated the relative 

rate constants for covalent labeling of the enzyme (pseudo-glycosylation) and for cleavage 

of the glycosidic bond in the enzyme intermediate (pseudo-deglycosylation). Listed in 

Table 2 are the second-order rate constants (kcat/Km and kinact/Ki) for the reactions of yeast 

α-glucosidase with 4-nitrophenyl α-D-glucopyranoside13 and our two covalent inhibitors 2 

and 3, the first-order rate constants for spontaneous hydrolyses of the model compounds, 

and the relative catalytic proficiencies (CP), with a value of 1.0 being set for the 4-

nitrophenyl glucoside (kcat/Km × 1/kuncat)rel. 

Table 2.  Relative enzymatic proficiencies for glycoside hydrolysis and 
covalent-labeling by 2 and 3. 

core structure kcat/Km or kinact/Ki  
(M–1 s–1) 

kspont (s–1)a  CPrel 

pyranosyl 67,000b 4.61 × 10–5 1.0 

cyclohexenyl 1.59 4.20 × 10–8 0.028 

bicyclo[4.1.0] 6.4 1.49 × 10–6 0.0033 

aRate constant extrapolated to 25 °C, Supporting Information (Table S2). bData taken from reference 13. 
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Notably, the catalytic proficiency for covalent labeling by 2 is higher than the 

corresponding value for reaction with 3, despite the cyclopropyl inhibitor exhibiting a larger 

second-order constant (kinact/Ki) for enzyme labeling. 

Even though the ground state conformations that permit π-bond participation in 2 

(2H3 half-chair or a B1,4 boat) are removed from the GH13 α-glucosidase reaction 

coordinate (orange box, Figure 5, panel C) it is clear that the enzyme stabilizes formation 

of an allylic cation-like transition state, which should have five coplanar ring carbon atoms. 

Thus, we reason that the yeast α-glucosidases binds 2 in a 2H3 half-chair and this results 

in the catalyzed formation of an E3 allylic cation (rose box, Figure 5), a species that is 

structurally close to the evolved TS for glycosylation (4H3). In the case of our 

bicyclo[4.1.0]heptyl covalent inhibitor 3, σ-bond participation requires a bisected 

geometry; however, in this case the resultant cation likely remains in the original bisected 

geometry due to the high rotational barrier to conformational changes in bicyclobutonium 

ions.31 We conclude that covalent labeling by 2, relative to 3, involves a reaction coordinate 

that more closely matches that of the natural substrates. 

Table 3.  Relative proficiencies for dealkylation of the yeast α-glucosidase 
covalent intermediates. 

core structure kdeglyc or kreact (s–1) kspont (s–1)a CPrel 

pyranosyl >29 s–1 b 4.61 × 10–5 1.0 

cyclohexenyl 1.19 × 10–5 4.20 × 10–8 <4.6 × 10–4 

bicyclo[4.1.0] 2.17 × 10–6 1.49 × 10–6 <2.4 × 10–6 

aSupporting Information (Table S2) bData for most reactive pyridinium glycoside for which kcat reports on the 

glycosylation step.13 

Interestingly, the relative catalytic proficiencies for the pseudo-deglycosylation 

reactions are markedly different (Table 3) than those for the initial covalent labeling event 

(Table 2). That is, the natural β-glucopyranosyl enzyme intermediate is hydrolyzed much 

more efficiently relative to the allylic and bicyclic covalent intermediates. We reason that 

the enzymatic motions that evolved to promote the distortion of the 4C1 glycosyl unit in the 

covalent intermediate so that it undergoes hydrolysis to form the α-glucopyranose product 
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in a 1S3 skew boat conformation are much less effective at promoting the formation of 

allylic and bicyclobutonium ion-like TSs from the corresponding covalent enzyme-

intermediates. 

Finally, we envision that these two classes of carbasugar analogue covalent 

inhibitors will be useful research tools for biological studies. Our covalent inhibitors, unlike 

other covalent inactivators, such as cyclophellitol and cyclophellitol aziridine32-34 that 

irreversibly inactivate glycoside hydrolases, show a time dependent loss and return of 

enzymatic activity. Moreover, we should be able to customize the rates of covalent-

labeling (by changing the leaving group) and reactivation (by choosing either the 

cyclohexenyl or the bicyclo[4.1.0]heptyl carbon skeletons). That is, our two classes of 

reversible covalent inhibitors could be used to monitor cellular responses to time-

dependent changes in glycoside hydrolase activity. Also, assuming that the rates for each 

process (pseudo-glycosylation and deglycosylation) depend on the evolutionary derived 

pyranosylium ion-like TS structure (4H3, 3H4, B2,5, or 2,5B, Figure 5)5,6,11 and the geometric 

requirements for π-type orbital participation we suggest that a simple analysis using Figure 

5 will allow researchers to target the optimal carbasugar analogue for their particular 

glycoside hydrolase. 

3.3. Associated Content 

Supporting Information 
Full experimental procedures, spectroscopic data, and rate constants for hydrolysis of 10. 

Supporting Information is available free of charge on the ACS Publications website at DOI:  

Material and Methods 

General. All reactions described were performed under an atmosphere of dry nitrogen 

using oven dried glassware unless otherwise specified. Normal-phase flash 

chromatography was carried out with 230–400 mesh silica gel and reverse-phase 

chromatography was carried out using a C18-cartridge on an automated system. All 

reagents, solvents and starting materials were purchased from Sigma Aldrich, Alfa Aesar, 

TCI America, Strem, EMD, Anachemia, Caledon, Fisher or ACP and were used without 
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further purification unless otherwise specified. Benzene was freshly distilled from Na 

metal. Cold temperatures were maintained by use of the following conditions: 0 °C, ice-

water bath; −78 °C, acetone-dry ice bath; temperatures between −78 °C and 20 °C that 

were required for longer reaction times were maintained with a Neslab Cryocool 

Immersion Cooler (CC-100 II) in a EtOH/propan-2-ol bath. Optical rotations were 

measured using a Perkin-Elmer 341 polarimeter and are reported in units of deg cm2 g –1 

(concentrations reported in units of g/100 cm3 ). NMR spectra were recorded on either a 

Bruker Avance 600 equipped with a QNP or TCI cryoprobe (600 MHz) or a Bruker 400 

(400 MHz) instrument. Chemical shifts (δ) are listed in ppm downfield from TMS using 

either the residual solvent peak as internal reference or 4,4- dimethyl-4-silapentane-1-

sulfonic acid as external reference in D2O. 1H and 13C NMR peak assignments are made 

based on 1H-1H COSY, 1H-13C HMQC and 1H-13C HMBC experiments. Coupling constants 

are reported in Hertz (Hz) and are reported to the nearest 0.1 Hz. Infrared (IR) spectra 

were recorded on a Perkin Elmer Spectrum Two Fourier transform spectrometer with neat 

samples. Only selected, characteristic absorption data are provided for each compound. 

High resolution mass spectra were performed on an Agilent 6210 TOF LC/MS using ESI-

MS or were carried out by the Notre Dame University Mass Spectrometry Department 

using 3 EI techniques. (1S,4S,5R,6S)-4,5,6-tris(benzyloxy)-1-

((benzyloxy)methyl)cyclohex-2-en-1-ol (4) was prepared from 2,3,4,6-tetra-O-benzyl-D-

glucopyranose in four steps (42% overall yield) according to the method of Kapferer et al.1  

(1S,4S,5R,6S)-4,5,6-tris(benzyloxy)-1-((benzyloxy)methyl)cyclohex-2-en-1-yl 
acetate (5): To a solution of 4 (1.11 g, 2 mmol) in dry THF (30 mL) was added a solution 

of LiHMDS (1.0 M, 4 mL) in THF at 0 °C. This mixture was stirred at this temperature for 

30 min, followed by the addition of acetyl chloride (0.19 mL, 2.7 mmol). The mixture was 

stirred at rt for 24 h under a nitrogen atmosphere. The mixture was then diluted with EtOAc 

(100 mL), and the solution was washed with sat. aq. NaHCO3 (60 mL), followed by brine 

(60 mL). The organic layer was dried with Na2SO4 and concentrated under reduced 

pressure. The resulting residue was purified by flash chromatography (Hexane:EtOAc, 

5:1) to afford 5 (623 mg, 52%) as a colorless oil.  

(1S,4R,5S,6S)-4,5,6-tris(benzyloxy)-3-((benzyloxy)methyl)cyclohex-2-en-1-yl 
acetate (6): To 5 (32 mg, 0.055 mmol) in EtOAc (2 mL) was added 
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bis(benzonitrile)dichloropalladium (2.2 mg). This mixture was refluxed for 26 h under a 

nitrogen atmosphere. The mixture was then filtered through a silica pad, and washed with 

EtOAc and the filtrate was concentrated to afford 32 mg of compound 6, which was used 

without further purification.  

(1S,4R,5S,6S)-4,5,6-tris(benzyloxy)-3-((benzyloxy)methyl)cyclohex-2-enol (7): To a 

solution of 6 (150 mg, 0.26 mmol) in dry MeOH (3 mL) was added a solution of 1.0 M 

NaOMe in MeOH (3 mL). The mixture was then refluxed for 45 min under a nitrogen 

atmosphere. The volatiles were evaporated, and the mixture was diluted with EtOAc (50 

mL). The mixture was quenched with 10% HCl, and the organic layer was washed with 

sat. aq. NaHCO3 (20 mL), brine (20 mL), and dried with Na2SO4. The organic layer was 

concentrated, and the resulting residue was purified by flash chromatography (Hexanes: 

EtOAc, 5:1- 2:1) to afford compound 7 (111 mg, 4 77%) as a colorless oil. This material 

exhibited identical 1H and 13C NMR data to those reported in the literature.2  

(1S,2S,3S,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-
((benzyloxy)methyl)bicyclo[4.1.0]heptan-2-ol (8): Under a nitrogen atmosphere, a 

diethyl zinc solution in hexane (1 M, 3.5 mL) was added to cooled dry toluene (10 mL; –

15°C). This mixture was stirred at –15°C for 10 min and then CH2I2 (0.38 mL, 4.7 mmol) 

was added dropwise to the reaction mixture. After 10 min, trifluoroacetic acid (30 µL, 0.4 

mmol) was added dropwise to the cooled solution following which the cooling bath was 

removed and the reaction mixture was stirred at room temperature for 5 min. To the 

resultant mixture, a solution of 7 (124 mg, 0.23 mmol) in dry toluene (5 mL) was added 

and the reaction mixture was stirred for 15 h at room temperature. The reaction was 

quenched by the addition of aqueous HCl (10%), and then diluted by adding EtOAc (30 

mL). After separation, the organic layer was washed with saturated aqueous NaHCO3 (25 

mL), and brine (25 mL), dried over Na2SO4, and the resulting solution was concentrated. 

The residue was purified by flash chromatography (Hexane:EtOAc, 5:1–2:1) to afford 8 

(103 mg, 81%) as a colorless oil. This material exhibited identical 1H and 13C NMR data to 

those reported in the literature.2  

(3S,4S,5S,6R)-4,5,6-tris(benzyloxy)-1-((benzyloxy)methyl)-3-(4-
nitrophenoxy)cyclohexene (12): A suspension of NaH in mineral oil (60%, 62 mg, 1.6 
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mmol) was washed with hexane (2  × 5 mL) before being transferred in dry DMSO (25 mL) 

to a 100 mL flask at rt. To this mixture a solution of 7 (124 mg, 0.23 mmol) in dry DMSO 

(15 mL) was added dropwise under nitrogen atmosphere. The mixture was left for 30 min 

at rt before potassium benzoate (63 mg, 0.39 mmol) was added. After a further 30 min, 1-

fluoro-4-nitrobenzene (110 µL, 1.5 mmol) was added. The reaction was stirred overnight 

at room temperature under nitrogen atmosphere, and it 5 was then quenched by the 

addition of a saturated NH4Cl solution (20 mL). After the addition of brine (75 mL) the 

resulting mixture was extracted with ether (3 × 100 mL) and the combined organic layers 

were washed with saturated aqueous NaHCO3 (6 × 100 mL). The organic layer was dried 

(Na2SO4) and concentrated under reduced pressure. The residue was purified by flash 

column chromatography (Hexane:EtOAc, 16:1–2:1) to give 12 as a colorless syrup (128 

mg, 84%). 

(1R,2R,3S,4S,5S,6S)-2,3,4-tris(benzyloxy)-1-((benzyloxy)methyl)-5-(4- 
nitrophenoxy)bicyclo[4.1.0]heptane (13): A suspension of NaH in mineral oil (60%, 90 

mg, 2.25 mmol) was washed with hexane (2 × 5 mL) before being transferred in dry DMSO 

(25 mL) to a 100 mL flask at rt. To this mixture a solution of 8 (186 mg, 0.338 mmol) in dry 

DMSO (18 mL) was added dropwise under nitrogen atmosphere. The mixture was left for 

30 min at rt before potassium benzoate (92 mg, 0.57 mmol) was added. After a further 30 

min, 1-fluoro-4- nitrobenzene (160 µL, 1.52 mmol) was added and the reaction was stirred 

overnight at rt under a nitrogen atmosphere. The resulting mixture was quenched by the 

addition of saturated NH4Cl solution (20 mL). Addition of brine (75 mL) was followed by 

extraction with ether (3 × 100 mL) and the combined organic layers were washed with 

saturated aqueous NaHCO3 (6 × 100 mL). The organic layer was dried (Na2SO4) and 

concentrated under reduced pressure. The residue was purified by flash column 

chromatography (Hexane:EtOAc, 16:1–2:1) to give 13 as a colorless syrup (144 mg, 64%).  

(1R,2S,3R,6S)-4-(hydroxymethyl)-6-(4-nitrophenoxy)cyclohex-4-ene-1,2,3-triol (2): 

To a solution of 12 (4 mg) in anhydrous CH2Cl2 (0.4 mL) that had been cooled to –78 °C 

was added a solution of BCl3 in CH2Cl2 (1 M; 40 µL) dropwise, and the resulting mixture 

was stirred for 1 h at –78 °C. After which the reaction was allowed to warm slowly to room 

temperature over 2 h, 6 when it was quenched by the addition of 1:1 v/v MeOH/DCM and 

the volatiles were removed under reduced pressure. The residue was purified by silica gel 
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column chromatography to give a viscous oil (1 mg, 58%). 1H NMR (600 MHz, CD3OD) δ 

3.75 (dd, J = 10.2, 3.9 Hz, 1H), 3.98 (dd, J = 10.1, 7.3 Hz, 1H), 4.04 (d, J = 7.3 Hz, 1H), 

4.23–4.17 (m, 2H), 5.11 (t, J = 4.5 Hz, 1H), 6.04–6.00 (m, 1H), 7.18 (d, J = 9.3 Hz, 2H), 

8.19 (d, J = 9.3 Hz, 2H); 13C NMR (151 MHz, CD3OD) δ 165.35, 147.73, 142.69, 126.71, 

118.04, 116.84, 75.22, 74.50, 74.09, 72.00, 62.74, 49.00. HRMS (ESI)+ m/z 320.0741 

[C13H15NO7 (M + Na)+ requires 320.0746].  

(1R,2R,3S,4R,5S,6S)-1-(hydroxymethyl)-5-(4-nitrophenoxy)bicyclo[4.1.0]heptane-
2,3,4-triol (3): A solution of 13 (30 mg) in anhydrous CH2Cl2 (0.7 mL) was cooled to –78 

°C. To this mixture a solution of BCl3 in CH2Cl2 (1 M; 0.29 mL) was added dropwise and 

the reaction mixture was stirred for 1 h. Then it was slowly warmed to room temperature 

over 2 h, when it was quenched by the addition of 1:1 v/v MeOH/DCM and the volatiles 

were removed under reduced pressure. The resulting solid was purified by silica gel 

column chromatography to obtain pure crystalline 3 (9 mg, 65%); mpt. = 160–162 °C; 1H 

NMR (600 MHz, CD3OD) δ 0.42 (dd, J = 9.9, 5.4 Hz, 1H), 0.71 (t, J = 5.5 Hz, 1H), 1.64 

(ddd, J = 9.4, 7.8, 5.6 Hz, 1H), 2.89 (d, J = 11.4 Hz, 1H), 3.51 (dd, J = 5.0, 1.6 Hz, 2H), 

3.98 (d, J = 11.4 Hz, 1H), 4.10 – 4.06 (m, 1H), 5.06 – 5.02 (m, 1H), 7.17 (d, J = 9.3 Hz, 

2H), 8.21 (d, J = 9.3 Hz, 2H); 13C NMR (151 MHz, CD3OD) δ 164.79, 142.75, 126.71, 

116.93, 75.63, 73.92, 72.96, 71.41, 67.18, 32.77, 22.31, 9.86. HRMS (ESI)+ m/z 334.0897 

[C14H17NO7 (M + Na)+ requires 334.0903].  

3-(4-Nitrophenoxy)cyclohex-1-ene (10): In a round-bottom flask charged with cyclohex-

2-en- 1-one (2 g, 20 mmol) and CeCl3.7H2O (2 g, 5 mmol) were dissolved in methanol 

(20 mL). To this stirred solution was added NaBH4 (700 mg, 20 mmol) in small portions. 

After the vigorous evolution of gas had subsided the reaction mixture was carefully 

neutralized with dilute aqueous 7 HCl (15 mL). The resultant solution was extracted with 

ether (3 × 30 mL) and the combined organic layers were washed with brine (2 × 20 mL) 

and dried (Na2SO4). The volatiles were removed under reduced pressure to afford the 

crude allylic alcohol (1.6 g, 82% yield) in >98% purity as determined by 1H NMR 

spectroscopy. This material was carried forward to the next step without further 

purification. The resultant allylic alcohol was dissolved in dimethoxyethane (100 mL) and 

4-nitrofluorobenzene (2.3 g, 16 mmol) was added with cooling to 0 °C. At this point, NaH 

(700 mg, 29 mmol, 60% dispersion in oil) was added portion wise with continuous stirring. 
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Following which, the reaction mixture was warmed to 60 °C and stirring was continued at 

this temperature for another 12 h. Upon quenching the reaction by addition of water (40 

mL), the product was extracted from the aqueous layer with CHCl3 (3 × 50 mL). The 

organic layers were combined and washed with brine (2 × 20 mL) and dried (Na2SO4). 

This was followed by removal of the volatiles under reduced pressure to afford a yellow 

syrup. The crude residue was purified via flash column chromatography (5% EtOAC-

Hexane, 50% Hexane-Toluene) to obtain pure product as a yellow syrup (2.2 g, 62% 

yield); 1H NMR (400 MHz, CDCl3) δ 8.27–8.17 (m, 2H), 7.04–6.92 (m, 2H), 6.06–6.01 (m, 

1H), 5.85–5.81 (m, 1H), 4.93 (dt, J = 7.2, 3.4, 1H), 2.20– 2.01 (m, 2H), 2.00–1.93 (m, 1H), 

1.92–1.79 (m, 2H), 1.72–1.62 (m, 1H); 13C NMR (101 MHz, CDC13) δ 163.14, 141.09, 

133.44, 125.92, 124.72, 115.22, 71.65, 28.05, 24.94, 18.68; HRMS (ESI)+ m/z 242.0780 

[C12H13NO3 (M + Na)+ requires 242.0793].  

Intact Native and Inactivated Protein Mass Spectrometry: 1mg/mL protein samples 

were diluted 250x in 95:5 water:acetonitrile in 0.1% formic acid. An aliquot of this sample 

(5 µL) was then injected onto a 5 mm C4 column connected to a Waters Xevo GS-2 QTof 

mass spectrometer via a NanoAquity UPLC system, and through a Waters Z-spray 

electrospray ion 8 source. Samples were eluted in a 2 minute gradient from 5–100% 

acetonitrile at 20 µL/min. Mass spectra were summed and deconvoluted using Waters' 

MaxEnt algorithm.  

Enzyme kinetics: Yeast α-glucosidase (G5003) was purchased from Sigma Aldrich. A 

stock was made by dissolving the lyophilized powder in sodium phosphate buffer (50 mM, 

pH 6.84) containing a BSA concentration of 1 mg/ml. To determine the kinetic parameters 

for inactivation, we used a classical dilution assay method that involved incubating enzyme 

with various concentrations of covalent inhibitor (2 or 3) in 50 mM sodium phosphate 

buffer, pH 6.84 and periodically measuring the activity of the enzyme by removing an 

aliquot (20 μL) of the inactivation stock solution and adding it to a pre-equilibrated solution 

(25 °C) containing 4-nitrophenyl α-D-glucopyranoside (50 µM) in sodium phosphate buffer 

(50 mM, pH = 6.84, [BSA] = 1 mg/ml). We determined the pseudo first-order rate constants 

for inhibition (kobs) at each inactivator concentration by fitting the absorbance versus time 

data to a standard first-order rate equation. The first- and second-order rate constants 

(kinact and kinact/KI) for the inactivation process were determined by fitting the pseudo-first 
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order rate constants for inactivation (kobs) versus inactivator concentration data to a 

standard Michaelis–Menten equation.  

Reactivation kinetics: In a typical enzyme reactivation assay, we incubated yeast α-

glucosidase (10 µL, 44.03 µM) in sodium phosphate buffer (50 mM, pH = 6.84, [BSA] = 1 

mg/ml) with each inactivator (5 µL, 10 mM) for 1 hour at 25 °C. Following the incubation, 

the excess inactivator was removed and the inactivation buffer was exchanged by filtering 

the solutions using a 5-K molecular weight cutoff centrifugal filter and washing three times 

with reactivation buffer (3 × 500 μL) at 4 °C to give a final sample volume of 200 μL. Each 

sample was incubated at 25 °C and the activity of the 9 enzyme was measured by 

removing an aliquot (20 μL) of the reactivation stock solution at various time points and 

adding it to a pre-equilibrated solution of 50 µM of 4-nitrophenyl α-Dglucopyranoside in 

sodium phosphate buffer (50 mM, pH = 6.84, [BSA] = 1 mg/ml). The measured initial rates 

were fit to a standard first-order rate equation to give estimates of the rate constant of 

reactivation (kreact).  

Measurement of Spontaneous Hydrolysis Kinetics: A portion of a stock solution of 

allylic pNP 10 in dioxane (final concentration 50 µM, dioxane content <5%) was added to 

a preequilibrated, at various temperatures (60–80 °C), HEPES buffer solution (40 mM, pH 

7.5). The rate of production of 4-nitrophenolate was monitored at 400 nm. First-order rate 

constants were obtained by fitting the time–absorbance data (for at least three half-lives) 

to a standard first-order rate equation. These spontaneous hydrolysis reactions were 

monitored at pH values of 7.5 and 8.3 in order to show that the rate constants for hydrolysis 

were independent of pH under these conditions. 
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Supplementary Table 1:  Rate constants for the spontaneous hydrolysis of 3-
(4-nitrophenyl)cyclohex-1-ene (10) in HEPES buffer (40 
mM, pH 7.5). 

T ( °C) kobs s–1 

25.0 4.20 × 10–8 a 

60.0 (4.29 ± 0.14) × 10–6 

70.0 (1.39 ± 0.04) × 10–5 

80.0 (4.03 ± 0.15) × 10–5 

a Value calculated using the Eyring equation. 

Supplementary Table 2:  Extrapolated first-order rate constants (kobs) for the 
hydrolyses of 2-(4-nitrophenoxy)tetrahydro-2H-pyran, 
cis-2-(4-nitrophenoxy)bicyclo[4.1.0]heptane, and 3-(4-
nitrophenyl)cyclohex-1-ene in HEPES buffer (40 mM, 
pH 7.5) at 25 °C, and the relative rates of hydrolyses. 

Compound 9 10 11 

Structure O
O

NO2  

O

NO2  

O

NO2  

kobs 4.61 × 10–5 s–1 a 4.20 × 10–8 s–1 1.49 × 10–6 s–1 b 

krel 1100 1.0 35 

a Value interpolated from kinetic data in Chakladar et al.3  b Value extrapolated from kinetic 

data in Chakladar et al.3 
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(3) Chakladar, S.; Wang, Y.; Clark, T.; Cheng, L.; Ko, S.; Vocadlo, D. J.; Bennet, A. J. 
Nat. Commun. 2014, 5, 5590. 

Figure S1: Reconstructed MS of intact yeast α-glucosidase; Panel A) native enzyme; B) 

enzyme after inhibition with 2; and C) enzyme after inactivation with 3. 
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Figure S2: 1H NMR spectrum for 2 in CD3OD. 
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Figure S3: 13C NMR spectrum for 2 in CD3OD. 
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Figure S4: 1H NMR spectrum for 3 in CD3OD. 

 

Figure S5: 13C NMR spectrum for 3 in CD3OD. 
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4.1. Introduction 

Of the three main biological polymeric building blocks carbohydrates are the most 

structurally diverse. Enzymes that catalyze their transfer from a biomolecule to water 

(glycoside hydrolases; GHs)1 are often critical for biological processes including digestion 

of carbohydrates, degradation of plant biomass, and pathogen infection mechanisms. 

We show for the first time the conformational itinerary of an allylic carbohydrate 

mimic as it undergoes pseudo-glycosylation and deglycosylation with a GH. Insights into 

the structure of such mimics throughout the catalytic cycle enables a greater 

understanding of the subtleties of GH mechanism. 

It is critical for the design of small molecule transition state analogues (TSAs), 

which have potential as therapeutics,,2-4 that we understand how GHs stabilize the 

positively charged transition states (TSs) of natural substrates (pyranosides). Also, an 

important component of reaction coordinate stabilization for GH enzymes involves the 

changes in the pyran ring  conformation12 from that in the Michaelis complexes to that of 

the glycosyl-enzyme intermediate.. Indeed, GHs have evolved to hydrolyze unactivated 

glycosides efficiently and these enzymes exhibit catalytically proficiencies of up to 1017 M–

1.9-11 Recently several carbasugar mimics that react with GH enzymes via cationic TSs 

have been reported.5-8 

There are several mechanisms used by GHs to catalyze hydrolysis of the 

glycosidic bond. Most GHs that catalyze hydrolysis with overall retention of 

stereochemistry rely on a pair of active site aspartic and/or glutamic acid (Asp/Glu) 

residues, in which one functions as a general acid/base while the second acts a 

nucleophile/leaving group.13-15 That is, these enzymes employ two sequential SN2-like 

reactions each of which involves an inversion of configuration. The first SN2-like reaction 

generates a covalent glycosyl-enzyme intermediate while the second results in hydrolysis 

of this intermediate. The TSs for both chemical steps incorporate positive charge 

delocalization from the anomeric carbon onto the ring oxygen (pyranosylium ion-like 

character) with the ring adopting one of several low energy conformations12 that include 

half-chairs (4H3/3H4), boats (2,5B/B2,5) or envelopes (4E/3E).13,16-18 
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For enzyme catalyzed reactions non-chemical steps are often kinetically 

significant, which for GHs can be probed by measuring the effect of leaving group ability 

on the catalytic rate constants. Of note, the retaining α-galactosidases from Thermotoga 

maritima (TmGalA) was shown to exhibit both kcat and kcat/Km values for the hydrolysis of 

aryl α-D-galactopyranosides that were independent of leaving group ability,19 thus, 

suggesting that, a kinetically significant non-chemical step precedes glycosidic bond 

cleavage.19,20 

Previously, we exploited the ability of most retaining GHs to stabilize positive 

charge at both the glycosylation and the deglycosylation transition states in the design of 

cyclopropylmethyl6,7 and allylic mechanism-based covalent inhibitors (e.g., 1) of retaining 

GHs. It is likely that both of these inhibitors undergo a pseudo-glucosylation reaction as 

shown in Figure 1.7 Recently, Danby and Withers reported that the allylic carbaglucose 

analogue 2 was a substrate for several β-glucosidases.8 have also designed and 

synthesized inhibitors in which the C2 hydroxyl group is replaced by a fluorine atom, which 

decreases the rate of hydrolysis of the corresponding enzyme-bound intermediate21-23 

during our study of the conformational itinerary for a cyclopropyl-containing covalent 

inhibitor.5 

Herein, we describe the first conformational itinerary for an allylic mechanism-

based covalent inhibitor of a glycoside hydrolase. That is, we present the de novo 

synthesis of allylic carbasugar mimics of galactose (3) and 2-deoxy-2-fluorogalactose (4) 

and the kinetic characterization of the reaction of these two covalent inhibitors with 

TmGalA. We also present the structural characterization of 4 with TmGalA in the form of 

a Michaelis complex (with an active site mutant), a covalent adduct after loss of the 2,4-

dinitrophenyl leaving group, and as the resulting complex with the hydrolyzed product 6. 
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Figure 1.  (a) Proposed mechanism of pseudo-glucosylation for the allylic α-

glucoside mimic 1; for clarity, most hydroxyl groups are not shown for the 
transition state or intermediate. (b) Structures of mechanism-based 
covalent inhibitor 1, β-glucoside analogue 2, the α-galactose analogue 
inhibitor 3, the 2-deoxy-2-fluoro covalent inhibitor 4, and 5 and 6, the 
hydrolyzed products for the α-galactose analogue inhibitors 3 and 4, 
respectively. 
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4.2. Experimental Section 

4.2.1. Materials and Methods 

All anhydrous reactions described were performed under an atmosphere of 

nitrogen using flamedried glassware. Normal phase column chromatography was carried 

out with 230-400 mesh silica gel (Silicycle, SiliaFlash® P60). Concentration and removal 

of trace solvents was done with a Büchi rotary evaporator using a dry ice/acetone 

condenser and vacuum applied from a Büchi V-500 pump. All reagents and starting 

materials were purchased from Sigma Aldrich, Alfa Aesar, TCI America or Arcos and were 

used without further purification. All solvents were purchased from Sigma Aldrich, EMD, 

Anachemia, Caledon, Fisher or ACP and used without further purification unless otherwise 

specified. CH2Cl2 was freshly distilled over CaH2; Tetrahydrofuran (THF) was freshly 

distilled over Na metal/benzophenone. Cold temperatures were maintained by use of the 

following conditions: 0 °C, ice-water bath; −78 °C, acetone-dry ice bath; temperatures 

between −78 °C and 0 °C required for longer reaction times were maintained with a Neslab 

Cryocool Immersion Cooler (CC-100 II) in a 2-propanol bath.  

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 

600 equipped with a QNP or TCI cryoprobe (600 MHz), Bruker 500 (500 MHz), or Bruker 

400 (400 MHz) using CDCl3 or CD3OD as solvent. Signal positions (δ) are given in parts 

per million from tetramethylsilane (δ 0) and were measured relative to the signal of the 

solvent (1H NMR: CDCl3: δ 7.26, CD3OD: δ 3.31; 13C NMR: CDCl3: δ 77.16, CD3OD: δ 

49.00). Coupling constants (J values) are given in Hertz (Hz) and are reported to the 

nearest 0.1 Hz. 1H NMR spectral data are tabulated in the order: multiplicity (s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet; br., broad), coupling constants, number of 

protons. NMR spectra were recorded. Infrared (IR) spectra were recorded on a Perkin 

Elmer Spectrum Two™ Fourier transform spectrometer with neat samples. Only selected, 

characteristic absorption data are provided for each compound.  High resolution mass 

spectra were performed on an Agilent 6210 TOF LC/MS using ESI-MS or were carried out 

by the Notre Dame University Mass Spectrometry Department using EI technique. Optical 

rotation was measured on a Perkin Elmer 341 Polarimeter at 589 nm. 
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(R)-3-((triisopropylsilyl)oxy)pent-4-enal (11): To a solution of (2R,3R)-2-

iodomethyl-5-methoxytetrahydrofuran-3-ol24 (5.00 g, 19.4 mmol) in DMF (32 mL) was 

added imidazole (2.90 g, 42.6 mmol), 4-dimethylaminopyridine (23 mg, 0.194 mmol), and 

TIPS-Cl (4.56 mL, 21.3 mmol). The mixture was stirred for 16 h and then was quenched 

with H2O and the mixture was extracted with Et2O. The combined organic layers were 

washed with brine and then were dried over Na2SO4. The solvents were removed in vacuo 

and the residue was then purified by flash column chromatography (CH2Cl2:pentane, 3:2) 

to yield acetal as a colorless oil (6.42 g, 80%). To the above acetal in THF/H2O (4/1, 70 

mL) was added Zn dust (10.14 g, 15.5 mmol). The resulting cloudy suspension was 

refluxed for 2 h, cooled to room temperature, and filtered through a Celite® pad (diethyl 

ether rinse). The solution was further diluted with diethyl ether and was washed with brine 

and then were dried over Na2SO4. The solvents were removed in vacuo to yield 11 as a 

colorless oil without further purification (3.97 g, 100%). 

IR (neat): 2945, 2868, 1727, 1466, 1099 cm–1; 1H NMR (500 MHz, CDCl3): δ 9.81 

(t, J = 2.5 Hz, 1H), 5.92 (ddd, J = 17.1, 10.4, 6.1 Hz, 1H), 5.28 (apparent dt, J = 17.1, 1.2 

Hz, 1H), 5.14 (apparent dt, J = 10.2, 1.2 Hz, 1H), 4.78-4.74 (m, 1H), 2.62 (dd, J = 5.6, 2.5 

Hz, 2H), 1.08-1.04 (m, 21H); 13C NMR (151 MHz, CDCl3) δ 201.9, 140.3, 115.2, 70.0, 51.7, 

18.17, 18.15, 12.4; HRMS (ESI): m/z [M + H]+ calcd for C14H29O2Si: 257.1931; found: 

257.1928; [α]D20 (CHCl3, c = 0.22): –13.9. 

(R)-4-((1S,2R,3S)-2-chloro-1-hydroxy-3-((triisopropylsilyl)oxy)pent-4-en-1-
yl)-2,2-dimethyl-1,3-dioxan-5-one (9): To a solution of 11 (4.66 g, 18.2 mmol) in CH2Cl2 

(90 mL) were added (R)-proline (1.62 g, 14.0 mmol), N-chlorosuccinimide (2.12 g, 15.9 

mmol), and 2,2-dimethyl-1,3-dioxan-5-one (2.20 mL, 18.7 mmol). The mixture was stirred 

at ambient temperature for 24 h and then was quenched with H2O. The mixture was 

extracted with Et2O and the combined organic layers were washed with brine and then 

were dried over Na2SO4. The solvents were removed in vacuo and the residue was then 

purified by flash column chromatography (pentane:diethyl ether, 8:1) to yield 9 as a 

colorless oil (4.59 g, 60%). 

IR (neat): 3538, 2944, 2868, 1738, 1223, 1086 cm–1; 1H NMR (600 MHz, CDCl3) 

δ: 5.87 (ddd, J = 17.2, 10.3, 7.8 Hz, 1H), 5.34 (apparent dt, J = 17.2, 1.0 Hz, 1H), 5.28 
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(apparent dt, J = 10.3, 0.9 Hz, 1H), 4.57 (apparent t, J = 7.7 Hz, 1H), 4.46 (ddd, J = 8.9, 

2.5, 1.5 Hz, 1H), 4.37 (dd, J = 8.9, 1.3 Hz, 1H), 4.29 (dd J = 17.6, 1.4 Hz, 1H), 4.08 (d, J 

= 17.6 Hz, 1H), 3.99 (dd, J = 7.5, 1.0 Hz, 1H), 3.48 (dd, J = 2.5, 0.9 Hz, 1H), 1.50 (s, 3H), 

1.42 (s, 3H), 1.08-1.05 (m, 21H); 13C NMR (151 MHz, CDCl3) δ: 211.4, 138.4, 118.6, 101.7, 

75.6, 72.8, 67.9, 66.6, 63.5, 24.0, 23.5, 18.15, 18.13, 12.6; HRMS (ESI): m/z [M + H]+ 

calcd for C20H38ClO5Si: 421.2172; found: 421.2188; [α]D20 (CHCl3, c = 0.89): +88.5. 

(1S,2R,3S)-2-chloro-1-((S)-2,2-dimethyl-5-methylene-1,3-dioxan-4-yl)-3-
((triisopropylsilyl)oxy)pent-4-en-1-ol (7): To a cooled (–78 oC) solution of 5-

(methanesulfonyl)-1-phenyl-1H-tetrazole (4.62 g, 20. 8 mmol) in THF (60 mL) was added 

dropwise LiHMDS (20.8 mL, 1.0 M in THF, 20.8 mmol) and stirred at –78 oC for 30 min. 

To this yellow solution 9 (4.40 g, 10.4 mmol) in THF (20 mL) was added dropwise at –78 
oC and stirred for another 1 h before quenching with H2O. The mixture was extracted with 

Et2O and the combined organic layers were washed with brine and then were dried over 

Na2SO4. The solvents were removed in vacuo and the residue was then purified by flash 

column chromatography (pentane:diethyl ether, 12:1) to yield 7 as a colorless oil (3.24 g, 

74%). 

IR (neat): 3485, 2968, 1380, 1228, 1067 cm–1; 1H NMR (600 MHz, CDCl3) δ: 5.95 

(ddd, J = 17.3, 10.4, 7.1 Hz, 1H), 5.36 (m, 1H), 5.35 (apparent dt, J = 17.3, 1.0 Hz, 1H), 

5.29 (apparent dt, J = 10.4, 1.0 Hz, 1H), 5.02 (brs, 1H), 4.70 (ddt, 7.1, 4.1, 1.0 Hz, 1H), 

4.36–4.30 (m, 4H), 4.25 (d, J = 13.5 Hz, 1H) 3.54 (d, 2.9 Hz, 1H), 1.48 (s, 3H), 1.34 (s, 

3H), 1.14–1.08 (m, 21H); 13C NMR (151 MHz, CDCl3) δ: 142.0, 138.1, 118.3, 109.9, 99.7, 

79.1, 71.3, 70.8, 65.1, 64.1, 28.3, 21.8, 18.2(0), 18.1(8), 12.6; HRMS (ESI): m/z [M + H]+ 

calcd for C21H40ClO4Si: 419.2367; found: 419.2379; [α]D20 (CHCl3, c = 0.45): +22.2. 

(S)-1-((2R,3S)-3-((S)-2,2-dimethyl-5-methylene-1,3-dioxan-4-yl)oxiran-2-
yl)prop-2-en-1-ol (15): To a solution of 7 (9.11 g, 21.7 mmol) in EtOH/H2O (5/1, 150 mL) 

was added CsOH (50% w/w in H2O, 21.0 mL, 109 mmol). The resulting mixture was 

heated to 80 oC and was stirred for 3 h, then cooled to room temperature. The mixture 

was extracted with Et2O and the combined organic layers were washed with NaHCO3 (aq.) 

and brine, dried over Na2SO4. The solvents were removed in vacuo and the residue was 

then purified by flash column chromatography (pentane:diethyl ether, 10:1) to yield the 
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TIPS protected epoxide as a colorless oil (5.91 g, 71%). To a solution of this epoxide in 

THF (30 mL) was added tetrabutylammonium fluoride (19.1 mL, 1.0 M in THF, 19.1 mmol). 

The reaction was stirred at ambient temperature for 1 h and was then purified by flash 

column chromatography (pentane:ethyl acetate, 2:1) to yield 15 as a white solid (3.43 g, 

98%). 

IR (neat): 3445, 2991, 1372, 1222, 1199, 1158, 1084, 1002 cm–1; 1H NMR (400 

MHz, CDCl3) δ: 6.00 (ddd, J = 17.4, 10.7, 4.5 Hz, 1H), 5.48 (dt, J = 17.4, 1.5 Hz, 1H), 5.28 

(dt, J = 10.7, 1.5 Hz, 1H), 5.21–5.19 (m, 1H), 5.04–5.02 (m, 1H), 4.39 (d, J = 14.0 Hz, 1H), 

4.29 (d, J = 14.0 Hz, 1H), 4.26 (d, J = 7.8 Hz, 1H), 4.18–4.16 (m, 1H), 3.26 (dd, J = 7.8, 

4.2 Hz, 1H), 3.03 (dd, J = 7.8, 4.2 Hz, 1H), 2.24 (d, J = 3.8 Hz, 1H), 1.44 (s, 3H), 1.40 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ: 142.4, 135.9, 116.6, 109.1, 99.4, 70.9, 69.8, 64.0, 

58.8, 57.3, 27.6, 21.4; HRMS (ESI): m/z [M + Na]+ calcd for C12H18O4Na: 249.1097; found: 

249.1111; m.p. = 60–61 oC; [α]D20 (CHCl3, c = 0.68): –15.0. 

(6S,6aR,7aS,7bS)-2,2-dimethyl-6,6a,7a,7b-tetrahydro-4H-
oxireno[2',3':5,6]benzo[1,2-d][1,3]dioxin-6-ol (16): To a solution of 15 (300 mg, 1.33 

mmol) in CH2Cl2 (40 mL) was added Stewart-Grubbs' catalyst (30 mg, 0.053 mmol). The 

mixture was refluxed under argon for 72 h. The reaction was cooled to room temperature 

and concentrated in vacuo. The residue was then purified by flash column 

chromatography (pentane:ethyl acetate, 1:1) to yield 16 as a white solid (240 mg, 91%). 

IR (neat): 3424, 2989, 1382, 1223, 1198, 1072, 1013 cm–1; 1H NMR (600 MHz, 

CDCl3) δ: 5.47–5.46 (m, 1H), 4.82 (brs, 1H), 4.53 (brs, 1H), 4.37 (d, J = 14.4 Hz, 1H), 4.17 

(d, J = 14.4 Hz, 1H), 3.44-3.43 (m, 1H), 3.39–3.37 (m, 1H), 2.28 (br. d, J = 4.4 Hz, 1H), 

1.51 (s, 3H), 1.43 (s, 3H); 13C NMR (151 MHz, CDCl3) δ: 134.1, 118.0, 100.4, 65.4, 63.5, 

62.5, 53.6, 51.9, 27.0, 21.3; HRMS (ESI): m/z [M + H]+ calcd for C10H15O4: 199.0965; 

found: 199.0973; m.p. = 81–82 oC; [α]D20 (CHCl3, c = 0.78): +95.0. 

(3aR,4S,4aS,9aS)-4-hydroxy-6,6-dimethyl-3a,4,4a,9a-tetrahydro-8H-
[1,3]dioxolo[4',5':4,5]benzo[1,2-d][1,3]dioxin-2-one (18): A mixture of Cs2CO3 (326 mg, 

1.0 mmol) and 3Å molecular sieves powder (160 mg) was heated under vaccum for 5 min, 

then blanketed with CO2 (g) and cooled to room temperature. A solution of 16 (198 mg, 

1.0 mmol) in DMF (2 mL) was then added. The resulting light brown solution was heated 
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to 45 oC and was stirred for 18 h and was then quenched with NH4Cl (aq.). The mixture 

was extracted with Et2O and the combined organic layers were washed with brine and 

then were dried over Na2SO4. The solvents were removed in vacuo and the residue was 

then purified by flash column chromatography (pentane:ethyl acetate, 3:1) to yield 18 as 

a white solid (230 mg, 95%). 

IR (neat): 3479, 2942, 1803, 1383, 1163, 1043 cm–1; 1H NMR (400 MHz, CDCl3) 

δ: 5.60-5.57 (m, 1H), 5.20-5.18 (m, 1H), 4.98 (dd, J = 6.8, 3.8 Hz, 1H), 4.66–4.65 (m, 1H), 

4.52–4.79 (m, 1H), 4.43 (t, J = 3.8 Hz, 1H), 4.21 (dd, J = 14.8, 0.8 Hz, 1H), 2.69 (brs, 1H), 

1.55 (s, 3H), 1.44 (s, 3H); 13C NMR (101 MHz, CDCl3) δ: 153.9, 136.8, 114.7, 100.2, 74.4, 

72.1, 65.9, 64.7, 62.5, 27.6, 21.0; HRMS (ESI): m/z [M + H]+ calcd for C11H15O6: 243.0863; 

found: 243.0863; m.p. = 156–157 oC; [α]D20 (CHCl3, c = 0.19): +35.0.  

(1R,2S,3S,6S)-6-(2,4-dinitrophenoxy)-4-(hydroxymethyl)cyclohex-4-ene-
1,2,3-triol (3): To a solution of 18 (48.5 mg, 0.2 mmol) in THF/methanol (1/1, 2 mL) at 0 

oC was added K2CO3 (27.6 mg, 0.2 mmol). The resulting mixture was stirred at 0 oC for 1 

h and then filtered through a pad of silica gel. The solvents were removed in vacuo and 

the residue was dissolved in DMF (0.8 mL). Quinuclidine (111 mg, 1.0 mmol) and 4Å 

molecular sieves (10 beads) were added and the resulting solution was stirred at ambient 

temperature for 30 min. Then a solution of 2,4-dinitrofluorobenzene (37.2 mg, 0.2 mmol) 

in DMF (0.2 mL) was added dropwise. The reaction was stirred at ambient temperature 

for 12 h and then cooled to 0 oC. Methanol (2 mL) was added, followed by aqueous HCl 

(1.0 M) to pH~3. The reaction was stirred at 0 oC for 20 min and was quickly neutralized 

by adding trimethylamine, and then purified by flash column chromatography (CH2Cl2: 

methanol, 12:1) to yield 3 as a white foam (12.3 mg, 18%). 

IR (neat): 3361, 2930, 1611, 1520, 1348, 1076 cm–1; 1H NMR (600 MHz, CD3OD) 

δ: 8.70 (d, J = 2.8 Hz, 1H), 8.45 (dd, J = 9.4, 2.8 Hz, 1H), 7.69 (d, J = 9.4 Hz, 1H), 5.99–

5.98 (m, 1H), 5.42 (t, J = 4.2 Hz, 1H), 4.29 (d, J = 4.2 Hz, 1H), 4.22 (d, J = 15.0 Hz, 1H), 

4.19 (dd, J = 9.7, 3.8 Hz, 1H), 4.16 (d, J = 15.0 Hz, 1H), 4.05 (dd, J = 9.7, 4.2 Hz, 1H); 13C 

NMR (151 MHz, CD3OD) δ: 158.1, 147.0, 141.3, 140.9, 129.7, 122.5, 118.8, 117.9, 77.8, 

70.4, 69.6, 68.1, 63.5; HRMS (ESI): m/z [M + Na]+ calcd for C13H14N2NaO9: 365.0592; 

found: 365.0583; [α]D20 (CH3OH, c = 0.31): +121.7. 
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(1S,2R,3S)-1-((S)-2,2-dimethyl-5-methylene-1,3-dioxan-4-yl)-2-fluoro-3-
((triisopropylsilyl)oxy)pent-4-en-1-ol (8): To a solution of 11 (260 mg, 1.0 mmol) in DMF 

(10 mL) at 5 oC were added Selectfluor® (350 mg, 1.0 mmol) and (R)-proline (115 mg, 1.0 

mmol). The mixture was stirred at 5 oC for 1 h and then was quenched with H2O and the 

mixture was extracted with Et2O. The combined organic layers were washed with brine 

and then were dried over Na2SO4. The solvents were removed in vacuo and the residue 

was redissolved in CH2Cl2 (5 mL). (R)-proline (92 mg, 0.8 mmol) and 2,2-dimethyl-1,3-

dioxan-5-one (156 mg, 1.2 mmol) were added at 0 oC. The mixture was warmed up to 

room temperature and stirred for 48 h. The reaction was then quenched with H2O and was 

extracted with Et2O. The combined organic layers were washed with brine and then were 

dried over Na2SO4. The solvents were removed in vacuo and the residue was dissolved 

in THF (3 mL). In another flask LiHMDS (2.0 mL, 1.0 M in THF, 2.0 mmol) was added 

dropwise to a cooled (–78 oC) solution of 5-(methanesulfonyl)-1-phenyl-1H-tetrazole (444 

mg, 2.0 mmol) in THF (7 mL) and stirred at –78 oC for 30 min. Then the above solution (3 

mL) was added dropwise at –78 oC and stirred for another 1 h before quenching with H2O. 

The mixture was extracted with Et2O and the combined organic layers were washed with 

brine and then were dried over Na2SO4. The solvents were removed in vacuo and the 

residue was then purified by flash column chromatography (pentane:diethyl ether, 15:1) 

to yield 8 as a colorless oil (161 mg, 40%). 

IR (neat): 3478, 2944, 2868, 1464, 1381, 1096, 1071 cm–1; 1H NMR (500 MHz, 

CDCl3): δ 5.88 (ddd, J = 17.2, 10.5, 6.3 Hz, 1H), 5.42 (apparent d, J = 17.2 Hz, 1H), 5.33–

5.31 (m, 2H), 5.04 (brs, 1H), 4.86–4.83 (m, 1H), 4.67 (dd, J = 44.2, 3.7 Hz, 1H), 4.43 (d, 

J = 8.5 Hz, 1H), 4.36 (d, J = 13.0 Hz, 1H), 4.26 (d, J = 13.2 Hz, 1H), 4.14 (ddd, J = 29.0, 

8.7, 2.0 Hz, 1H), 4.11-4.09 (m, 1H), 1.49 (s, 3H), 1.34 (s, 3H), 1.11–1.05 (m, 21H); 13C 

NMR (101 MHz, CDCl3) δ 142.1, 136.4 (d, JC-F = 7.8 Hz), 118.2 (d, JC-F = 1.5 Hz), 109.9, 

99.6, 90.1 (d, JC-F = 185.1 Hz), 76.6 (d, JC-F = 22.8 Hz), 70.8 (d, JC-F = 18.3 Hz), 70.5(d, JC-

F = 3.8 Hz), 65.1, 28.3, 22.0, 18.03, 18.02, 12.4; HRMS (ESI): m/z [M + Na]+ calcd for 

C21H39FNaO4Si: 425.2494; found: 425.2495; [α]D20 (CHCl3, c = 0.45): +19.8. 

(1S,2R,3S)-1-((S)-2,2-dimethyl-5-methylene-1,3-dioxan-4-yl)-2-fluoro-3-
((triisopropylsilyl)oxy)pent-4-en-1-yl acetate (19): To a solution of 8 (201 mg, 0.5 

mmol) in CH2Cl2 (5 mL) at ambient temperature were added triethylamine (139 µL, 1.0 
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mmol), acetic anhydride (71 µL, 0.75 mmol), and 4-dimethylaminopyridine (6.1 mg, 0.05 

mmol). The reaction was stirred at ambient temperature for 48 h and then was quenched 

with NH4Cl (aq.). The mixture was extracted with Et2O and the combined organic layers 

were washed with brine and then were dried over Na2SO4. The solvents were removed in 

vacuo and the residue was then purified by flash column chromatography (pentane:diethyl 

ether, 8:1) to yield 19 as a colorless oil (186 mg, 84%). 

IR (neat): 2944, 2868, 1749, 1464, 1371, 1232, 1094, 1040 cm–1; 1H NMR (500 

MHz, CDCl3): δ 5.88 (ddd, J = 17.2, 10.1, 7.9 Hz, 1H), 5.44 (ddd, J = 27.1, 9.0, 1.0 Hz, 

1H), 5.28 (d, J = 17.2 Hz, 1H), 5.26 (d, J = 10.1 Hz, 1H), 4.99 (brs, 1H), 4.97 (brs, 1H), 

4.81 (ddd, J = 44.9, 6.0, 1.0 Hz, 1H), 4.55-4.52 (m, 1H), 4.45 (d, J = 8.9 Hz, 1H), 4.37-

4.32 (m, 1H), 4.27 (d, J = 13.8 Hz, 1H), 2.02 (s, 3H), 1.45 (s, 3H), 1.38 (s, 3H), 1.05 (brs, 

21H); 13C NMR (101 MHz, CDCl3) δ 169.8, 141.1, 137.2 (d, JC-F = 4.0 Hz), 118.5 (d, JC-F = 

1.6 Hz), 111.5, 99.6, 91.5 (d, JC-F = 184.5 Hz), 74.0 (d, JC-F = 25.4 Hz), 72.1(d, JC-F = 4.0 

Hz), 70.4 (d, JC-F = 16.3 Hz), 64.0, 28.8, 24.9, 21.1, 18.2, 12.7; HRMS (ESI): m/z [M + Na]+ 

calcd for C23H41FNaO5Si: 467.2600; found: 467.2595; [α]D20 (CHCl3, c = 0.9): +43.2. 

(6S,7S,8S,8aS)-7-fluoro-6-hydroxy-2,2-dimethyl-6,7,8,8a-tetrahydro-4H-
benzo[d][1,3]dioxin-8-yl acetate (20): To a solution of 19 (160 mg, 0.36 mmol) in THF 

(3.6 mL) at 0 oC was added a solution of tetrabutylammonium fluoride (0.72 mL, 1.0 M in 

THF, 0.72 mmol) and acetic acid (43 µL, 0.72 mmol). The reaction was stirred at ambient 

temperature for 48 h and was then purified by flash column chromatography 

(pentane:ethyl acetate, 3:1) to yield a 10:1 mixture of the desired deprotection product and 

acyl migration compound. The mixture was redissolved in DCM (18 mL) and Grubbs' II 

catalyst (31 mg, 0.036 mmol) was then added. The mixture was heated to 40 oC under 

argon for 1 h. The reaction was cooled to room temperature and concentrated in vacuo. 

The residue was then purified by flash column chromatography (pentane:ethyl acetate, 

1:1.5) to yield 20 as a yellow oil (82 mg, 88%). 

IR (neat): 3449, 2992, 2926, 1749, 1377, 1234, 1097, 1064 cm–1; 1H NMR (400 

MHz, CDCl3): δ 5.59 (ddd, J = 6.0, 4.2, 1.8 Hz, 1H), 5.53 (brs, 1H), 4.89 (dddd, J = 48.9, 

5.8, 3.4, 1.1 Hz, 1H), 4.71 (brs, 1H), 4.51–4.47 (m, 1H), 4.45-4.37 (m, 1H), 4.15 (d, J = 

14.4 Hz, 1H), 2.09 (brs, 1H), 2.09 (s, 3H), 1.51 (s, 3H), 1.37 (s, 3H); 13C NMR (101 MHz, 
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CDCl3) δ 170.1, 133.1, 120.3 (d, JC-F = 2.1 Hz), 99.7, 88.1 (d, JC-F = 174.9 Hz), 68.0 (d, JC-

F = 26.3 Hz), 65.3 (d, JC-F = 18.5 Hz), 64.4 (d, JC-F = 3.5 Hz), 63.3, 28.3, 20.9, 20.1; HRMS 

(ESI): m/z [M + Na]+ calcd for C12H17FNaO5: 283.0952; found: 283.0954; [α]D20 (CHCl3, c 

= 0.78): +104.3. 

(1S,2S,5S,6R)-5-(2,4-dinitrophenoxy)-6-fluoro-3-(hydroxymethyl)cyclohex-3-
ene-1,2-diol (4): To a solution of 20 (9.4 mg, 0.036 mmol) in DMF (0.18 mL) was added 

quinuclidine (20 mg, 0.18 mmol) and 4Å molecular sieves (2 beads). The resulting solution 

was stirred at ambient temperature for 30 min. Then a solution of 2,4-dinitrofluorobenzene 

(7.4 mg, 0.040 mmol) in DMF (0.1 mL) was added dropwise. The reaction was stirred at 

ambient temperature for 12 h and then methanol (0.4 mL) was added, followed by K2CO3 

(7.5 mg, 0.054 mmol). The reaction was stirred at ambient temperature for another 1 h 

and was cooled to 0 oC, acidified with aqueous HCl (1.0 M) to pH~3. The reaction was 

stirred at 0 oC for 15 min and was quickly neutralized by adding trimethylamine, and then 

was purified by flash column chromatography (CH2Cl2: methanol, 20:1) to yield 4 as a 

white solid (8.2 mg, 66%). 

IR (neat): 3363, 2926, 1605, 1532, 1347, 1279, 1068 cm–1; 1H NMR (600 MHz, 

CD3OD): δ 8.69 (d, J = 1.5 Hz, 1H), 8.46 (dd, J = 9.4, 1.5 Hz, 1H), 7.69 (d, J = 9.6 Hz, 1H), 

5.98 (brs, 1H), 5.64 (dd, J = 4.1, 3.6 Hz, 1H), 5.01 (ddd, J = 49.0, 10.2, 3.6 Hz, 1H), 4.31 

(apparent t, J = 4.0 Hz, 1H), 4.28-4.24 (m, 1H), 4.24 (d, J = 15.3 Hz, 1H), 4.15 (d, J = 15.3 

Hz, 1H); 13C NMR (151 MHz, CD3OD) δ 157.4, 148.2, 141.7, 141.0, 129.7, 122.3, 117.7, 

117.5 (d, JC-F = 4.4 Hz), 90.4 (d, JC-F = 185.3 Hz), 76.3 (d, JC-F = 16.5 Hz), 68.5 (d, JC-F = 

10.3 Hz), 68.4, 63.4; HRMS (ESI): m/z [M + Na]+ calcd for C13H13FN2NaO2: 367.0548; 

found: 367.0550; m.p. = 158–159 oC; [α]D20 (CH3OH, c = 0.17): +190.0. 

4.2.2. Protein expression and purification 

A mutation was introduced into the plasmid that encoded TmGalA harbouring a 

D387A mutation, using the QuikChange site-directed mutagenesis kit (Stratagene, La 

Jolla, CA) with primers, ForD387A, 5′-

GATGAGGATAGGACCTGCTACTGCGCCGTTCTGGG-3′ and RevD387A, 5′-

CCCAGAACGGCGCAGTAGCAGGTCCTATCCTCATC-3′). The plasmid encoding either 
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α-galactosidase TmGalA or TmGalA with the D387A mutation were transformed into E. 

coli BL-21(DE3) cells. TmGalA and the D387A mutant were recombinantly expressed and 

purified as described previously.5 

4.2.3. Enzyme kinetics 

T. maritima α-galactosidase was recombinantly expressed and purified as 

described previously.5 Michaelis–Menten kinetic parameter for the hydrolysis of the allylic 

carbasugar mimics of galactose (3) and 2-deoxy-2-fluorogalactose (4) were determined 

from a minimum of six initial rate measurements using a concentration range of at least 

Km/4 to 4 × Km. The progress of each reaction was continuously monitored for 5 min at 

400 nm using a Cary Eclipse Fluorescence Spectrometer equipped with a temperature 

controller. Each 500 μL reaction mixture was prepared by addition of the appropriate 

volume of buffer (50 mM HEPES buffer, pH 7.4, T = 37 °C), substrate and enzyme. The 

rate versus substrate concentration data were fit to a standard Michaelis-Menten equation 

using a standard nonlinear least-squares computer program (Prizm 7.0). 

All inactivation experiments were performed at 37 °C in 50 mM HEPES buffer, pH 

7.4 using an Applied Photophysics SX20 stopped-flow spectrophotometer, equipped with 

an external temperature controller. The stopped-flow spectrometer was used in the 

sequential double mixing mode, in which rapidly mixed enzyme and inhibitor 4 were 

incubated for variable time intervals prior to rapid mixing of the enzyme/inhibitor solution 

with a buffered solution of 4-nitrophenyl α-D-galactopyranoside. The remaining enzyme 

activity was monitored at a wavelength of 400 nm. Pseudo first-order rate constants for 

inactivation (kobs) at each inhibitor concentration were calculated by fitting the absorbance 

versus time data to a standard first-order rate equation using a nonlinear least squares 

routine in a computer program (Prizm 7.0). 

4.2.4. Crystallization 

TmGalA (10 mg/ml) was crystallised from 0.2 M MgSO4 and 20% (w/v) 

poly(ethylene glycol) (PEG) 3350, and crystals were soaked in 0.2 M MgSO4 and 30% 

(w/v) PEG 3350 containing a minute amount of 4 added as powder for either 2 minutes or 
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1 hour. The TmGalA mutant D387A (10 mg/ml) was incubated with ~1 mM 4 and co-

crystallised from 0.2 M MgSO4 and 20% (w/v) PEG 3350. All crystals were cryo-protected 

in 0.2 M MgSO4 and 30% (w/v) PEG 3350 prior to vitrification in liquid nitrogen. 

4.2.5. Data collection and processing 

X-ray diffraction data were collected at Diamond Light Source (DLS) or the 

European Synchrotron Radiation Facility (ESRF) beamlines and the experimental details 

are listed in Table S1 (Supporting Information). Diffraction data were processed using the 

Xia225 pipeline to run DIALS or XDS26 with Aimless27 from the CCP4 suite28. Molecular 

replacement was performed using MOLREP29 or Phaser30 with Protein Data Bank (PDB) 

entry 5M0X as the search model. Refinement was performed using REFMAC531 and 

manual model building was done using Coot.32 Structures were validated using 

PDB_REDO.33 Models for the inhibitors were built in JSME34 and the library generated 

with PRODRG.35 

4.3. Results and Discussion 

4.3.1. Synthesis of Dinitrophenyl Allylic Galactose Analogues 3 
and 4.  

We have previously reported that the allylic carbasugar 1 is a covalent inhibitor of 

yeast α-glucosidase (GH13 family), and that its reaction coordinate likely passes through 

a 4H3 glucopyranosylium ion-like TS.13,14,36 As a result, we hypothesized that a galacto-

configured analogue would covalently label a GH36 -galactosidase in which the TS for 

glycosylation has a presumed 4H3 conformation (based on a homology with GH27).14,19 

Although members from families GH13, GH27, and GH36 bind bicyclo[4.1.0]heptyl amines 

(with the appropriate stereochemistry) tightly,37,38 these retaining families are reported to 

have different pyranosyl ring conformations of the covalent glycosyl-enzyme intermediate. 

That is, for GH13 enzymes the structure of the enzyme bound intermediate is a 4C1 chair,39 

while that for GH27 enzymes (member of GH clan-D, as is the GH36 family) is a 1S3 skew-

boat.40 The kinetic scheme for this type of covalent inhibitor is shown in Scheme 1. 
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Scheme 1.  Kinetic scheme for the covalent inhibition of α-glycosidases by allylic 
carbasugar analogues. 

Previously, we were unable to identify the amino acid that was covalently labeled 

during the reaction of yeast α-glucosidase with 1 (the ratio of the two first-order rate 

constants kinact/kreact ~ 75) using mass spectroscopic techniques.7 In an effort to structurally 

characterize the covalent intermediate, here we aimed to enhance the leaving group ability 

of the pseudo aglycone. That is, we targeted the galacto configured 2,4-dinitrophenyl ether 

3, and the corresponding 2-fluorinated analogue 4, with the expectation of an increased 

lifetime for the fluorine-containing covalent intermediate.21,23 

Unfortunately, our previous synthesis of allylic D-gluco-carbasugar analogues 17 

and that of Danby and Withers to make 2,8 which used glucose or gluconolactone as 

starting materials, could not be readily modified to provide access to the parent or 

fluorinated D-galacto-analogues 3 and 4. We therefore initiated separate de novo 

syntheses of the D-galacto-configured 2-hydroxy and 2-fluoro carabasugar analogues 3 

and 4, respectively. As depicted in Scheme 2, we expected that both compounds could 

be accessed through the arylation of a suitably protected allylic alcohol (e.g., 5 or 6) 

derived from the ring closing metathesis of halohydrins 7 or 8, respectively. 
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Scheme 2.  A concise synthetic plan for carbasugars 3 and 4 relies on ring closing 

metathesis reactions to access the carbocyclic core and an α-
halogenation/aldol reaction to introduce the correct absolute 
stereochemistry of the functional groups 

The 2-hydroxy function in carbasugar 3 could then be installed through a double 

inversion process involving epoxide formation followed by regioselective hydroxy-directed 

epoxide opening. Notably, synthesis of both the fluorohydrin 10 and chlorohydrin 9 would 

take advantage of one-pot organocatalytic α-halogenation/dynamic kinetic asymmetric 

aldol reactions to establish three of the required stereocenters and introduce the 

necessary halide in a single operation (e.g., 11 + 12 → 9). The precursor for the common 

aldehyde starting material 11 can be prepared from 2-deoxy-L-ribose following an 

established process.24 

Synthesis of the 2-hydroxycarbasugar 3 started with 2-deoxy-L-ribose-derived 

aldehyde 11, which was subjected to a proline-catalyzed α-chlorination-aldol reaction 

(Scheme 3). Here, the diastereomeric α-chloroaldehydes 13 and 14 are formed in situ 

through the proline-catalyzed α-chlorination of 11. Importantly, proline also catalyzes the 

epimerization of the chloromethine center (i.e., equilibration of 13 and 14) and 
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consequently, the subsequent proline catalyzed aldol reaction with dioxanone 12 effects 

a dynamic kinetic resolution that delivers the anti-aldol-syn-chlorohydrin 9 in good yield 

and excellent diastereoselectivity (dr >20:1). 
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Scheme 3.  Synthesis of the carbagalactose analogue 3. 
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Here, we found that it was critical to employ the bulky TIPS group to protect the 

secondary alcohol in 11, as we noted that equivalent reactions involving para-

methoxybenzyl, benzyl or TBS protected alcohols were complicated by elimination of the 

alkoxy or silyloxy group from the starting material to give an α,β-unsaturated aldehyde. 

With chlorohydrin 9 in hand, several olefination methods were examined from which we 

found that optimally a Julia-Kocienski reaction using the lithium anion derived from 

methylsulfonyl phenyltetrazole delivered the diene 7 in excellent yield without requiring 

protection of the newly-formed secondary alcohol function. Unfortunately, attempts to 

effect a ring closing metathesis (RCM) on this material using various catalysts returned 

only starting material. Also, removal of the TIPS protecting group (TBAF) followed by 

treatment with Grubb's first or second-generation catalyst resulted primarily in 

isomerization to ethyl ketone 17. In an effort to circumvent these problems and facilitate 

the desired RCM reaction, we converted chlorohydrin 7 into the corresponding syn-

epoxide 15 by treatment with CsOH in hot EtOH-H2O. While the TIPS-protected 

epoxyalcohol was not a productive substrate for a RCM, following the removal of the silyl 

protecting group the corresponding alcohol 15 was readily transformed into cyclohexene 

16 using either Stewart-Grubb's or Grubb's second generation catalyst. From here, 

conversion into the protected carbasugar simply involved reaction of the epoxy alcohol 16 

with CO2 and CsCO3 in warm DMF, which afforded the carbonate 18 in excellent yield. 

Notably, following this optimized route, the densely functionalized carbasugar 18 was 

accessed in only 6 steps (~25% overall yield) from the readily available aldehyde 11. 

Finally, removal of the carbonate and reaction of the resulting triol with 2,4-

dinitrofluorobenzene afforded a mixture of arylated carbasugars from which the targeted 

dinitrophenyl adduct 3 could be isolated by preparative thin layer chromatography. 

The corresponding 2-fluorocarbasugar 4 was accessed following a similar route to 

that described above (Scheme 4). Here, however, we modified our previously reported α-

chlorination aldol reaction by first effecting a proline-catalyzed α-fluorination of aldehyde 

11 using Selectfluor in DMF [RB-ref] followed directly by reaction of the resulting unstable 

α-fluoroaldehyde (not shown) with dioxanone 12 in CH2Cl2. This subsequent proline-

catalyzed aldol reaction proceeded smoothly in affording fluorohydrin 10 as a single 

diastereomer. A full discussion of the scope and utility of this potentially powerful 

transformation will be presented elsewhere. 
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Scheme 4.  Synthesis of the 2-deoxy-2-fluorocarbagalactose analogue 4. 

Surprisingly, while the chlorohydrin 9 could be isolated and stored indefinitely, the 

analogous fluorohydrin 10 decomposed readily during purification by flash column 

chromatography and upon storage in a freezer. Analysis of the degradation products from 

10 suggested that decomposition occurred primarily via a retro aldol reaction that was 

followed by subsequent reactions of the α-fluoroaldehyde. To mitigate degradation, the 

crude fluorohydrin was subjected directly to the optimized Julia-Kocienski olefination 

conditions, which afforded the diene 8 as a stable and isolable intermediate. The yield for 

the fluorohydrin 8 (40%) over these two steps was comparable to that of the chlorohydrin 

7 (44%) following the sequence described above. From here, acetylation of the free 

alcohol and subsequent removal of the TIPS protecting group provided the allylic alcohol 

19, which smoothly underwent RCM using Grubb's second-generation catalyst to afford 

protected 2-fluorocarbasugar 20 in excellent overall yield. Finally, arylation of the free 
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alcohol function and global deprotection afforded the target 2-fluorocarbasugar 4 in good 

yield. Notably, this robust 7-step sequence proceeds in good overall yield (~20%). 

4.3.2. Evaluation of 3 and 4 as Covalent Inhibitors of a GH36 α-
Galactosidase.  

With the target molecules in hand, we assayed the GH36 family α-galactosidase from T. 

maritima (TmGalA) with activated allylic carbasugar 3. In contrast to the 4-nitrophenyl 

allylic glucoside analogue 1, galacto analogue 3 is turned over within 10 minutes and 

therefore maybe better considered as a poor substrate for TmGalA (Table 1). 

Unfortunately, we also observed, by 1H NMR spectroscopy in D2O, that compound 3 

undergoes an isomerization reaction to give the isomeric allylic alcohol 21 (Scheme 5). 

This reaction reached an equilibrium (in D2O) of ~2:1 in favor of 3 (Supporting Information 

Figures S23 and S24). We also noted that the rate of equilibration increased in buffered 

solutions (HEPES-d18, data not shown), thus suggesting that this isomerization reaction is 

general-base catalyzed and that the rate constant for equilibration will be larger in H2O 

than it is in D2O. As a result, our measured kinetic parameters for the hydrolysis of 3 by 

TmGalA (kcat and kcat/Km Table 1) are presumed to be lower limits if, as expected, the 

enzyme does not bind isomer 21. 

Table 1.  Kinetic Parameters for the TmGalA-Catalyzed Reactions with 3 and 
4. Conditions for all experiments are T = 37 °C in 50 mM HEPES 
buffer, pH 7.4. 

Experiment kcat (s–1) kcat/Km or kinact/Ki (M–1 s–1) Km or Ki (µM) 

Hydrolysis of 3 (3.78 ± 0.06) × 10–2 a    (2.25 ± 0.19)× 104 1.68 ± 0.14 

Hydrolysis of 4 (2.29 ± 0.11) × 10–4 b     56 ± 13  4.1 ± 0.9 

Covalent Inhibition by4 idc     143 ± 5 idc 

a kcat = (9.7 ± 2.3) × 10–2 s–1 corrected value based on the inactivation data for 4, 

which does not assume 100% activity. b kcat = (5.9 ± 1.3) × 10–4 s–1 calculated from the 

inactivation data for 4. c id = indeterminable. 
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Scheme 5.  Equilibration observed by NMR spectroscopy for the intramolecular 

migration of the 2,4-dinitrophenyl group in 3. 

We subsequently measured the kinetic parameters for turnover of 4 by TmGalA 

(Table 1) and Figure 2a shows a standard Michaelis–Menten plot for this hydrolysis 

reaction. The simplest kinetic scheme for covalent labeling of TmGalA by 4 involves rapid 

formation of the covalent intermediate (k3), from the Michaelis complex (E:I), and that this 

is slowly hydrolyzed (k5) to regenerate active enzyme (Scheme 1). The appropriate 

equations for the enzyme-catalyzed turnover of 4 are: 
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Figure 2.  Kinetics for the inactivation of TmGalA by compound 4. a) Michaelis-

Menten plot for the TmGalA-catalyzed hydrolysis of 4. b) A plot of the 
first-order rate constants for loss of TmGalA activity as a function of 
concentration for the covalent inhibitor 4. Conditions for all experiments 
are T = 37 °C in 50 mm HEPES buffer, pH 7.4. 

We noted that the apparent binding constant (Km) is in the low µM range, 

suggesting that pseudo-deglycosylation of 4 is rate-limiting.8 Consequently, we undertook 

a sequential mixing stopped-flow experiment to measure the rate constants for the 

pseudo-glycosylation reaction.41 The appropriate equations for the covalent-labeling of 

TmGalA by 4 are: 
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Figure S25 (Supporting Information) shows plots of α-galactosidase activity 

against incubation time for four concentrations of 4. Unfortunately, we were unable to 

measure rate constants for inactivation at higher concentrations of 4 than 0.25 mM due to 

the large quantities of inhibitor needed for these sequential mixing stopped-flow 

experiments. Nevertheless, it is clear from the data shown in Figure 2b that we can only 

calculate the second-order rate constant kinact/Ki from these covalent labeling experiments. 

Gratifyingly, our two calculated second-order rate constants kcat/Km and kinact/Ki, which in 
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theory should be identical, are similar (Table 1). It must be remembered that the value of 

kcat/Km is calculated based on an assumption that the enzyme is 100% active. Given that 

no curvature is discernible in Figure 2b we are forced to conclude that kcat ≈ k5 (Scheme 

1) for the turnover of 4, and likely 3. Thus, once we correct kcat values using the second-

order stopped-flow rate constant for covalent labeling and the active TmGalA 

concentration (based on the stopped-flow and hydrolysis kinetic data), the approximate 

half-lives of the two covalent intermediates formed during the reactions of 3 and 4 with 

TmGalA are approximately 7 seconds and 20 minutes, respectively. 

Introduction of the 2-fluoro group retards hydrolysis of the covalent intermediate 

by a factor of about 165, whereas the second-order rate constant for covalent labelling by 

3 is 400-fold larger than that for 4. That is, the fluorine substitution shows a 2-fold larger 

rate reducing effect on pseudo-glycosylation than on dealkylation. 

4.3.3. Structural insights into the conformational itinerary adopted 
by TmGalA during hydrolysis of 4.  

We undertook structural studies of TmGalA in complex with 4 to trap different 

points in the conformational itinerary. Given the rapid formation of the covalent 

intermediate of 4 with TmGalA observed in the kinetic experiments, we chose to use a 

mutated form of TmGalA, where Asp387, the acid/base residue, is mutated to alanine, in 

an effort to obtain a complex with intact 4. Co-crystallisation of mutant TmGalA D387A 

with 4 produced crystals that diffracted to 1.72 Å resolution and the structure was solved 

using molecular replacement with apo TmGalA (PDB 5M0X) as the search model. The 

active site contained electron density consistent with an intact molecule of 4 bound (Figure 

3a), which provides insights into interactions made at the substrate Michaelis complex. 

The carbasugar moiety displays a 2H3 half chair conformation, as observed in the 

Michaelis complex with a bicyclo[4.1.0]heptyl carbasugar analogue5. The active site 

interactions are also largely unchanged; the C6-OH interacts with Asp221, the C4-OH with 

Trp257, Asp220 and Lys325, the C3-OH with Lys325, Arg383 and Tyr191. Due to the 

absence of Asp387, the hydrogen bonds formed with the C2-OH (which is a fluoro group 

in 4) and with the glycosidic oxygen, which were reported previously, are not possible. The 

dinitrophenyl leaving group of 4 interacts only with water molecules. Superimposition of 

the carbasugar moiety from 4 with the bicyclo[4.1.0]heptyl compound from shows a small 
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downward displacement of 4 at C1 and C2; the pseudo-anomeric carbon atoms are 0.37 

Å apart.  

To obtain structural information on the interactions made between 4 and wild type 

TmGalA, crystals were grown and then soaked with the compound for different lengths of 

time. Following a 1 h soak with 4, the structure, solved using data to 1.42 Å resolution, 

revealed electron density in the active site of TmGalA consistent with only the carbasugar 

6 (Figure 3b). This demonstrated that within this timeframe 4 had been turned over, with 

retention of stereochemistry, and thus was essentially mimicking a product complex. 

Crystals that were soaked for a short amount of time with 4 (around 2 min) led to a 

structure, solved using data to 1.77 Å resolution, where the electron density showed the 

covalent adduct of the carbasugar with the nucleophile of TmGalA (Figure 3c). The 

hydrolyzed carbasugar 6 binds in a similar position and same conformation (2H3) as that 

observed for the pseudo-glycone of 4. There is, however, an upward displacement of 6 

compared to the carbasugar moiety of 4 at C1, C2, and the carbon in place of the 

endocyclic oxygen, which at its greatest is 0.39 Å apart. Identical interactions are made 

with active site residues as described for the complex with 4, except for the addition of 

interactions between the C2 fluoro group and the acid/base residue Asp387 and C1-OH 

with Asp387 and a water molecule. Other water molecules fill the void left by the 

dinitrophenyl leaving group. Comparison of the structure of TmGalA in complex with 6 

compared with the cyclopropyl inhibitor5 shows there is a significant deviation at C5 (0.40 

Å) and the carbon atom in place of the endocyclic oxygen (0.60 Å), while C1, C2, C3, and 

C4 atoms overlap. A difference in this region of the compounds is perhaps not surprising 

given the restraints imposed in this part of the molecule by either the double bond or 

cyclopropyl moiety, but such a difference was not evident in the superposition between 

the equivalent intact molecules. 
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Figure 3.  Structure of TmGalA in complex with 4. (A) Structure of TmGalA mutant 

D387A in complex with intact 4. (B) Structure of TmGalA in complex with 
hydrolyzed inhibitor 6. (C) Structure of TmGalA in complex with 2-deoxy-
2-fluorocarbagalactose fragment of 4 covalently bound to the nucleophile 
Asp327. The electron density 2Fobs-Fcalc map is shown at 1.5 sigma in 
all cases. The catalytic residues Asp327 and Asp387 (or D387A) residues 
are shown. 

There was unambiguous electron density demonstrating the covalent linkage of 

the pseudo-glycone of 4 with Asp327, the nucleophile, of TmGalA with inversion of 

stereochemistry with respect to the substrate. The carbasugar binds in a 2H3 conformation. 

Although there is significant movement of C1, C2 and the carbon atom in the position of 

the endocyclic oxygen, and to a lesser extent C3, C4 and C5, to accommodate the 

formation of the covalent bond when compared to intact 4, all interactions with active site 

residues for the carbasugar are the same. The pseudo-anomeric carbon moves by a 

significant 2.04 Å between the Michaelis complex and the covalent intermediate. Unlike 

the superposition of the intact and hydrolyzed compounds, the covalent adduct of 4 and 

of the bicyclo[4.1.0]heptyl carbasugar5 are largely identical. 

4.4. Summary 

In summary, we have reported the first insights into the conformational itinerary for 

an allylic mechanism-based inhibitor with an alpha-galactosidase from GH family 36. We 

synthesized allylic carbasugars that mimic galactose, and have determined their kinetic 

parameters for turnover and inhibition with TmGalA. In addition, we have provided 
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structural insights into the conformations of the inhibitors at each step through the catalytic 

cycle. Together these findings provide glimpses into the subtleties of GH catalysis, which 

will aid exploration of GH mechanism and direct development of inhibitors.  
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4.6. Supporting Information 

Figure S1: 1H NMR spectrum for 11 in CDCl3. 
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Figure S2: 13C NMR spectrum for 11 in CDCl3. 
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Figure S3: 1H NMR spectrum for 9 in CDCl3. 
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Figure S4: 13C NMR spectrum for 9 in CDCl3. 
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Figure S5: 1H NMR spectrum for 7 in CDCl3. 
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Figure S6: 13C NMR spectrum for 7 in CDCl3. 
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Figure S7: 1H NMR spectrum for 15 in CDCl3. 
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Figure S8: 13C NMR spectrum for 15 in CDCl3. 
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Figure S9: 1H NMR spectrum for 16 in CDCl3. 
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Figure S10: 13C NMR spectrum for 16 in CDCl3. 
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Figure S11: 1H NMR spectrum for 18 in CDCl3. 

 

  

O

O

HO
O

O

O18



 

156 

Figure S12: 13C NMR spectrum for 18 in CDCl3. 
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Figure S13: 1H NMR spectrum for 3 in CD3OD. 
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Figure S14: 13C NMR spectrum for 3 in CD3OD. 
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Figure S15: 1H NMR spectrum for 8 in CDCl3. 
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Figure S16: 13C NMR spectrum for 8 in CDCl3. 
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Figure S17: 1H NMR spectrum for 19 in CDCl3. 
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Figure S18: 13C NMR spectrum for 19 in CDCl3. 
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Figure S19: 1H NMR spectrum for 20 in CDCl3. 
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Figure S20: 13C NMR spectrum for 20 in CDCl3. 

 

  

OH

O

O

AcO
F

20



 

165 

Figure S21: 1H NMR spectrum for 4 in CD3OD. 
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Figure S22: 13C NMR spectrum for 4 in CD3OD. 
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Figure S23: Initial 1H NMR spectrum for equilibration of compounds 3 and 3' (in 

D2O at rt)  
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Figure S24: 1H NMR spectrum for the equilibration of 3 and 3' (in D2O at rt) after 

3 hrs. 
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5.1. Abstract 

A recombinant glycoside hydrolase family 109 α-N-acetylgalactosaminidase from 

the pathogenic bacteria E. meningosepticum catalyses the hydrolysis of aryl 2-acetamido-

2-deoxy-α-D-galactopyranosides. The sensitivities to leaving group abilities (βlg values) on 

V and V/K are –0.08 ± 0.06 and –0.31 ± 0.12, respectively. These results are consistent 

with an E2 elimination following hydride transfer from C3. 

5.2. Introduction 

There is a growing awareness in the scientific community that post-translational 

protein glycosylation is a complex modification, found throughout nature,1 that 

individualizes biomolecules and imparts physical properties that define biomolecular roles 

in a range of physiological and biological recognition events. α-N-Acetylgalactosamine 

(αGalNAc) residues are commonly found as constituents of mucin glycoproteins,2, 3 and 

they are critical antigenic components of blood group A4 and of the sensory nerve 

structures of humans.5 Enzymatic removal of the antigenic αGalNAc residue from blood 

group A cells has been studied as a potential route for the production of universal red 

blood cells (RBCs) for transfusion.6-8 Glycosidases (glycoside hydrolases: GHs) constitute 

a superfamily of enzymes that hydrolyse glycosidic bonds found in a wide range of 

glycoconjugates. Based on sequence alignment, these enzymes are classified into more 

than 130 different families.9-11 α-N-Acetylgalactosaminidases (α-NAGALs) are 

carbohydrate-processing enzymes that cleave terminal non-reducing αGalNAc residues 

from glycoconjugates. α-NAGALs have been classified into GH families 27, 36, 109 and 

129.8, 12-14 Of these, GH27 and GH36 share a common ancestral gene and are members 

of the glycoside hydrolase clan GH-D, which possess a commonly found triosephosphate 

isomerase (TIM) barrel structure.9 

Most GHs15 catalyze simple nucleophilic substitution reactions that occur on the 

anomeric carbon atom of a carbohydrate.  The enzymatic transition state for this reaction 

involves the development of positive charge on the anomeric carbon, which then can 

delocalize onto the ring oxygen atom.16, 17 Indeed, three out of the four glycoside hydrolase 
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families that have α-NAGAL enzymes as members (GH27, GH36 and GH129) are 

proposed to operate via such nucleophilic substitution reactions.12, 14 

In 2007, Liu et al. reported the X-ray crystal structure of an α-NAGAL enzyme from 

E. meningosepticum, which is a member of the exclusively prokaryotic GH109 family.8 

The X-ray diffraction structure revealed several similarities between GH4 glycosidases 

and GH109 α-NAGALs, as well as a remote relationship to the sequences of 

oxidoreductases.8, 18 An unusual feature of the GH4 family is that various cofactors are 

required for activity, in particular, NAD+, a divalent metal ion (Mn2+) and a reducing agent 

(such as DTT or TCEP).19-22 Scheme 1 shows the currently accepted mechanism for GH4 

NAD+-dependent glycosidases, using α-galactosidase as an example; the NAD+-

dependent glycosidase reaction mechanism is atypical of glycosidases. In Scheme 1, the 

enzyme:ketone complex is shown as a bona fide intermediate,20-22 however, based on 

kinetic isotope effect evidence it has been proposed that the E:S complex undergoes a 

concerted reaction to give the E:enediolate intermediate directly.19 Key observations that 

underpin this mechanism include: (i) a requirement for NAD+ for activity, (ii) the first formed 

product has the same anomeric configuration as the substrate (retaining glycoside 

hydrolase), and (iii) when the reaction is performed in D2O the hydrolysis product contains 

a deuterium on C-2.20-22 Given that Liu et al. reported similar observations for their E. 

meningosepticum GH109 α-NAGAL it is clear that in addition to sharing a structural 

similarity, GH4 and GH109 enzymes are mechanistically comparable.8, 23 Lastly, the GH4 

family contains enzymes that catalyze the hydrolysis of both α- and β-glycoside 

substrates,18, 24 an unusual situation that is not seen in GH109 where all members 

characterized to date are α-NAGALs that show narrow substrate specificity.8 
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Scheme 1  Proposed mechanism for GH4 glycoside hydrolases showing all possible 
intermediates in the catalytic cycle. Hydride transfers are shown in red, 
while proton transfers to and from C2 are shown in blue.19-22 The 
required divalent cation (Mn2+) is not shown in all structures in order to 
avoid overlap with mechanistic arrows. Also shown is the incorporation of 
deuterium at C2 in the product when the reaction is performed in D2O. 

In contrast to GH4 glycosidases, the GH109 family enzyme E. meningosepticum 

α-N-acetylgalactosaminidase requires no external cofactors for activity. That is, the 

required NAD+ is embedded in the enzyme environment where it remains tightly bound to 

the protein.8 Because the E. meningosepticum enzyme does not require a divalent cation, 

the pKa of the C2 proton of the intermediate (E:ketone, Scheme 1) should be higher than 

that of the corresponding species bound to the GH4 enzyme. In contrast, the electrophilic 

stabilization provided by the bound divalent cation (Mn2+) in GH4 enzymes should provide 

a dramatic lowering of the free energy of the E:enediolate intermediate (Scheme 1). This 

major difference in the GH4 and GH109 enzyme active sites piqued our interest and 

provided incentive for undertaking an in-depth mechanistic study on a GH109 family 

member. In this report, we detail the cloning of the Flv109 gene from E. meningosepticum 
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(ATCC 51720D) as well as the expression, purification, and characterization of the 

encoded protein (α-NAGAL).  

5.3. Enzyme Production 

We amplified the genomic DNA of E. meningosepticum—using a different strain 

than that reported previously in the literature8 and used this material to generate a 

truncated α-N-acetylgalactosaminidase lacking the first 17 N-terminal amino acid 

residues. In addition, our construct differs in sequence from the enzyme used by Liu et al8 

by six amino acid residues. Full experimental details and protein and DNA sequences are 

given in the supporting information section. We mapped the six amino acid changes onto 

the published structure of the E. meningosepticum α-N-acetylgalactosaminidase (Fig. 1) 

and found that none are within the active site of the enzyme. 

 
Figure 1. The structure for a single monomer of the E. meningosepticum α-N-

acetylgalactosaminidase, where the NAD+ and GalNAc bound to the 
active site are shown as stick structures. The positions of the six amino 
acid residues that differ between the α-NAGAL used in the current study 
and that reported by Liu et al. are shown using space-filling structures. 
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5.4. Substrate Synthesis 

A panel of five substituted aryl 2-acetamido-2-deoxy-α-D-galactopyranosides were 

synthesized and used in combination with the commercially available 4-nitrophenyl 

substrate (3a) to assess the effect of leaving group ability on the two catalytic constants 

(kcat and kcat/Km). We used stannic chloride promoted glycosylation of methylcarbamate 1 

for the synthesis of the protected aryl α-galactosaminides 2b–f (Scheme 2). Standard 

reactions gave access to substrates 3b–f. Full experimental details are given in the 

supporting information section. 
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Scheme 2  Reagents and conditions for the syntheses of aryl 2-acetamido-2-deoxy-
α-d-galactopyranoside substrates: (i) ArOH, SnCl4, CH2Cl2, rt; (ii) TBAF, 
THF, reflux; (iii) Ac2O, pyridine, rt; (vi) NaOMe, MeOH, 0 °C 

5.5. Kinetic and Product Studies. 

In order to verify mechanistic commonality between the enzymes of glycoside 

hydrolase families 4 and 109 (GH4 and GH109) and to confirm that the six amino acid 

changes to our enzyme are mechanistically unimportant we performed a product study for 

the α-NAGAL-catalyzed hydrolysis of 4-nitrophenyl 2-acetamido-2-deoxy-α-D-

galactopyranoside (PNPαGalNAc) in the presence of methanol. The product of this 
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reaction contained an anomeric proton with a chemical shift of 5.22 (J1,2 = 3.8 Hz), thereby 

confirming that the reaction proceeded with retention of anomeric configuration to give 

methyl 2-acetamido-2-deoxy-α-D-galactopyranoside. We also confirmed that α-NAGAL-

catalyzed hydrolysis of PNPαGalNAc in D2O gave the reaction product 2-acetamido-2-

deoxy-D-galactose which was completely deuterated at C-2 as indicated by the 

appearance of the anomeric protons for both anomers as singlets in the 1H NMR spectrum. 

 
Figure 2.  pH activity profiles: kcat/Km (left in red) and kcat (right in blue) for the 

hydrolysis of PNPαGalNAc by α-NAGAL. 

The measured pH versus rate profiles for kcat/Km and kcat (Fig. 2) for the E. 

meningosepticum GH109 α-NAGAL-catalyzed hydrolysis of PNPαGalNAc are bell-

shaped curves. In theory, a bell-shaped curve for the pH profile of kcat means that the 

enzyme active site has two ionisable groups (one protonated and the other deprotonated 

during the catalytic cycle).25 In the case of our enzyme, which exists in solution as a 

functional dimer, the experimental data only fit to a pH-rate equation that incorporated Hill 

coefficients on both of the ionization events (Table 1). Because the derived Hill coefficients 

for the changes in α-NAGAL activity as a function of pH are greater than 2, the two active 

sites in the dimeric enzyme—one from each monomeric unit—are not functionally 

independent of one another.25 Our GH109 α-NAGAL enzyme exhibits a narrow peak of 

activity in a pH range of 7.0–8.0 (Fig. 2), and the two apparent pKa values that characterize 

its activity are around 7.1 and 7.9 (Table 1). 
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The maximal rate constants measured in our current study are similar to those 

reported by Liu et al. (Table 1).8 Thus, we conclude that the six amino acid differences 

between the two enzymes do not significantly affect their catalytic activities. 

Table 1. Kinetic Parameters for GH109 E. meningosepticum α -N-
acetylgalactosaminidase-catalyzed hydrolysis of PNP α GalNAc. 

 

 

parameter kcat (s–1) kcat/Km (M–1 s–1) 
maximal rate constants 19.7 ± 1.0a (1.25 ± 0.05) × 106a 

pKa1 7.0 ± 0.1 7.3 ± 0.1 
pKa2 7.9 ± 0.1 7.8 ± 0.1 
h1 3.4 ± 0.2 3.7 ± 1.4 
h2 2.8 ± 0.2 2.5 ± 0.8 

a Rate constants reported by Liu et al. kcat = 9.84 ± 0.16 s–1 kcat/Km = (1.28 ± 0.10) × 106 M–1 s–1.8 

Next, we evaluated the sensitivity of the enzymatic rate constants kcat and kcat/Km 

to a change in the leaving group ability. This was accomplished by measuring the change 

in the logarithm of the rate constant as a function of the pKa of the leaving group aglycone's 

conjugate acid.26 Fig. 3 presents Brønsted plots of the data; the derived sensitivities (βlg 

values) on kcat and kcat/Km are 0.08 ± 0.06 and –0.31 ± 0.12, respectively. 
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Figure 3.  Brønsted plots. Effect of leaving group ability on kcat/Km (red circles) and 

kcat (blue circles) for α-N-acetylgalactosaminidase-catalyzed hydrolyses. 
All experiments were performed at 37 C and pH 7.5. Leaving group 
abilities represented as pKa (ArOH) are as follows: 4-nitrophenol (7.15); 3-
nitrophenol (8.36); 3-chlorophenol (9.12); 4-chlorophenol (9.41); phenol 
(9.98); and 4-methoxyphenol (10.13). 

The mechanism of action of GH4 and GH109 enzymes involves a hydride transfer 

from C3 to a bound NAD+ co-factor to give a non-covalently bound ketone (Scheme 1). 

Following the formation of this intermediate,20, 22 or during hydride transfer,19 a proton is 

transferred from C2 of the sugar to an enzymatic tyrosine residue.8, 18, 24 This transfer occur 

either simultaneously with (i.e., an E2 elimination mechanism) or prior to (i.e., an 

elimination reaction that proceeds via a conjugate base, E1CBirr) aglycone departure to 

give a bound ketone-glycal intermediate (Scheme 1, E:glycal-ketone). The measured βlg 

value on kcat/Km (–0.31 ± 0.12), is consistent with cleavage of the anomeric C–O bond 

being kinetically significant, although scatter in the Brønsted plot makes it difficult to come 

to a more definitive conclusion. If glycosidic bond cleavage is partially rate-determining 

then breaking this bond is likely to be part of a concerted E2 elimination reaction which by 

virtue of the good leaving groups used in this study, would occur without acid-catalysis. 

Mechanistic studies on GH4 enzymes report smaller βlg values20, 22 than our values for the 

GH109 enzyme; the GH4 results are interpreted to mean that the elimination occurs via 

an E1CBirr (DHAxh‡ + DN)27 reaction. For the GH4 enzymes deprotonation to form the 

E:enediolate intermediate is partially rate limiting for kcat/Km (Scheme 1). 



 

178 

Keeping in mind that GH4 enzymes require a divalent cation for activity, we 

suggest that their active site environment is such that the C-2 proton of the substrate is 

made more acidic as the enediolate intermediate undergoes electrophilic stabilization by 

the metal cofactor. In contrast, the GH109 α-NAGAL active site promotes binding with the 

C2 substituent via hydrophobic and hydrogen-bonding interactions with methionine and 

tyrosine residues, respectively (Fig. 4). We also note that the structure of α-N-

acetylgalactosaminidase does not have an appropriately placed acidic residue to assist in 

aglycone departure.8 
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Figure 4. Cartoon depiction of the active site of GH109 E. meningosepticum α-N-

acetylgalactosaminidase (modified from references 8, 23). Shown is the 
most likely base for the abstraction of the C2-proton (Tyr179), presumably 
activated by the proximal His181). Also, shown are the amino acids 
residues that interact with the C2-acetamido group: Tyr301 and Met375 
via hydrogen-bonding and hydrophobic interactions, respectively. 

Based on the βlg value on kcat of close to zero and that the Brønsted βlg value on 

kcat/Km is non-zero, the kinetically significant step for kcat must occur after glycosidic bond 

cleavage. This kinetically significant step could involve either the Michael addition of water 

to the glycal-ketone intermediate—which would likely occur through a network of solvent 
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molecules due to the lack of an acid/base catalyst proximal to the glycosidic oxygen—or 

the subsequent transfer of either a proton or a hydride. 

Given that both GH4 and GH109 enzymes are only produced by prokaryotes, the 

design of selective inhibitors for these two families of glycoside hydrolases is attractive 

from an antimicrobial therapeutics perspective. 

5.6. Conclusions 

The E. meningosepticum α-N-acetylgalactosaminidase hydrolyses 2-acetamido-

2-deoxy-α-D-galactopyranosides by a NAD+-mediated oxidation followed by an α,β-

elimination to give a Michael acceptor intermediate. This intermediate undergoes 

hydration along with proton and hydride transfer to generate 2-acetamido-2-deoxy-α-D-

galactose as the reaction product. The hydration reaction limits kcat, and the E2 elimination 

is at least partially rate-limiting for kcat/Km. More detailed mechanistic conclusions 

concerning the hydride transfer to NAD+ from C3 will require the development of new 

synthetic procedures to make C1, C2 and C3 deuterated substrates. 

5.7. Notes  
a Department of Chemistry, Simon Fraser University, Burnaby, BC V5A 1S6, Canada. Fax: +1-778-782-
3765; Tel: +1-778-782-8814; E-mail: bennet@sfu.ca 
b Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby, BC V5A 1S6, 
Canada. Fax: +1-778-782-5583 
† Electronic Supplementary Information (ESI) available: [details of any supplementary information available 
should be included here]. See DOI: 10.1039/b000000x/ 
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5.9.1. List of Abbreviations 

app apparent 

br Broad 

BSA Bovine serum albumin 

c concentration 

CHES N-Cyclohexyl-2-aminoethanesulfonic acid 

d Doublet 

DTT Dithiothreitol 

GH Glycosyl hydrolase 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

LB Luria Broth 

m multiplet 

MES 2-(N-morpholino)ethanesulfonic acid  

NAD+ Nicotinamide adenine dinucleotide 

NMR Nuclear magnetic resonance 

PCR Polymerase chain reaction 

PNPαGalNAc 4-nitrophenyl 2-acetamido-2-deoxy-α-D-galactopyranoside 

t triplet 

TB Terrific Broth 

TBAF Tetrabutyl ammonium fluoride 

TCEP Tris-(carboxyethyl)phosphine 

TLC Thin-layer chromatography 

TMS Tetramethylsilane 
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Trunc truncated 

5.9.2. General Information 

All chemicals were of analytical grade or better and were purchased from Sigma-

Aldrich unless noted otherwise. Milli-Q water (18.2 MΩ cm–1) was used for all kinetic 

experiments. All pH values were measured using a standard pH electrode attached to a 

VWR pH meter. All NMR spectra were acquired on either a Bruker 400, 500 or 600 MHz 

spectrometer. Chemical shifts are reported in parts per million downfield from signals for 

TMS. The signal residues from deuterated chloroform and external TMS salts (D2O) were 

used for 1H NMR spectral references; for 13C NMR spectra, natural abundance signals 

from CDCl3 and external TMS salts (D2O) were used as references. Coupling constants 

(J) are reported in hertz. Melting points were determined on a Gallenkamp melting point 

apparatus and are not corrected. Optical rotations were measured on a Perkin-Elmer 341 

polarimeter and are reported in units of deg cm2 g–1 (concentrations reported in units of g 

per 100 mL). PNPαGalNAc (3a) was purchased from Sigma-Aldrich and used without 

further purification. 

5.9.3. Experimental Details 

Typical procedure for the synthesis of substrates: all aryl 2-acetamido-2-deoxy-α-

D-galactopyranosides were synthesized from 2-deoxy-2-(methoxycarbonylamino)-

1,3,4,6-tetra-O-acetyl-β-D-galactopyranoside using SnCl4 as activator in a solvent of 

CH2Cl2. In a typical procedure, 2-deoxy-2-(methoxycarbonylamino)-1,3,4,6-tetra-O-acetyl-

β-D-galactopyranoside 1 (1 g, 2.4 mmol) and the appropriate phenol (4.9 mmol) were 

dissolved in anhydrous CH2Cl2 (50 mL) and then SnCl4 (0.3 mL, 2.4 mmol) was added, 

and the reaction mixture was stirred at ambient temperature under an inert atmosphere 

for 48 h. Following the addition of water (40 mL) the reaction mixture was neutralized by 

adding saturated NaHCO3 (30 mL). The crude product was extracted from the aqueous 

layer using CH2Cl2 (3 × 40 mL), and the combined organic layers were washed with brine 

(2 × 25 mL), dried (Na2SO4) and concentrated under reduced pressure (typical α:β ratios 

4:1 to 5:1). This crude material was purified by column chromatography using EtOAc-

Hexane (35:65, EtOAc:Hexane) as the eluent to obtain the pure α-galactoside (yields 55–
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65%). Removal of the carbamate was accomplished using TBAF according to a reported 

procedure to give crude aryl 2-amino-2-deoxy-α-D-galactopyranosides (yields 45–50%).1 

The resultant crude product was acetylated under standard conditions: pyridine (10 mL) 

and acetic anhydride (10 mL). The peracetylated product was extracted from the aqueous 

layer using CH2Cl2 (3 × 35 mL), and the combined organic layers were washed with brine 

(2 × 20 mL), dried (Na2SO4) and concentrated under reduced pressure and the excess 

pyridine was removed azeotropically using toluene. Purification of the final product was 

achieved by performing a column chromatography in 5% MeOH-CH2Cl2, to obtain the pure 

per-acetylated product (quantitative yields). Finally, the substrates were obtained by 

deprotection of the peracetylated material using Zemplen conditions (NaOMe/MeOH) 

followed by neutralization using Amberlite (H+) resin to obtain the pure substrates in the 

series of aryl 2-acetamido-2-deoxy-α-D-galactopyranosides in 20–30% overall yield over 

six steps (individual overall yields are reported with the physical data for compounds 3b–

f). Characterization data for the panel of substrates used in this study are given below: 

3-Nitrophenyl-1,3,4,6-tetra-O-acetyl-2-deoxy-2-(methoxycarbonylamino)-α-d 

galactopyranoside (2b) [α]20D = +29.3 (c 1.0, CHCl3) 1H NMR (600 MHz, CDCl3) δ 7.95 (s, 

1H, Ar), 7.92 (d, J = 8.1, 1H, Ar), 7.47 (t, 1H, Ar), 7.39 (d, J = 8.2, 1H, Ar), 5.67 (d, J = 3.1, 

1H, H-1), 5.45 (app.d, 1H, H-4), 5.34 (dd, J = 11.4, 2.9, 1H, H-3), 4.97 (d, J = 9.5, 1H, NH), 

4.48 - 4.52 (m, 1H, H-2), 4.26 (t, J = 6.5, 1H, H-5), 4.11 (m, 2H, H-6, 6′), 3.68 (s, 3H, 

OCH3, NHCOOCH3), 2.17 (s, 3H), 2.03 (s, 3H), 1.91 (s, 3H) (3× OCOCH3); 13C NMR (151 

MHz, CDCl3) δ 170.70, 170.25, 170.08, 156.52, 149.10, 130.25 (Ar C), 122.89 (Ar C), 

117.91(Ar C), 111.87 (Ar C), 97.23 (C-1), 67.98 (C-5), 67.81(C-3), 66.98 (C-4), 61.60 (C-

6), 52.48 (OCH3, NHCOOCH3), 49.55 (C-2), 20.63, 20.58, 20.38 (3 × OCH3).  
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3-Chlorophenyl-1,3,4,6-tetra-O-acetyl-2-deoxy-2-(methoxycarbonylamino)-α-D-

galactopyranoside (2c) [α]20D = +22.9 (c 0.8, CHCl3) 1H NMR (500 MHz, CDCl3) δ 7.23 (d, 

J = 8.2, 1H, ArH), 7.13 (s, 1H, ArH), 7.06 (d, J = 8.0, 1H, ArH), 6.96 (dd, J = 8.1, 1.7, 1H, 

ArH), 5.58 (d, J = 3.0, 1H, H-1), 5.45 (app d, 1H, H-4), 5.32 (dd, J = 11.3, 2.8, 1H, H-3), 

4.94 (d, J = 9.6, 1H, NH), 4.44 - 4.48 (m, 1H, H-2), 4.26 (t, J = 6.3, 1H, H-5), 4.14 – 4.02 

(m, 2H, H-6, 6′), 3.67 (s, 3H, OCH3, NHCOOCH3), 2.19 (s, 3H), 2.04 (s, 3H), 1.97 (s, 3H) 

(3 × OCOCH3); 13C NMR (126 MHz, CDCl3) δ 170.77, 170.38, 170.21(3×CO, 3×OCOCH3), 

156.58, 130.45 (ArC), 123.34(ArC), 117.23 (ArC), 115.06 (ArC), 96.76 (C-1), 68.11 (C-3), 

67.80 (C-5), 67.18 (C-4), 61.70 (C-6), 52.53 (OCH3, NHCOOCH3), 49.63 (C-2), 20.74, 

20.68, 20.55 (3×OCH3). 

4-Chlorophenyl-1,3,4,6-tetra-O-acetyl-2-deoxy-2-(methoxycarbonylamino)-α-D-

galactopyranoside (2d) [α]20D = +20.9 (c 0.32, CHCl3) 1H NMR (500 MHz, CDCl3) δ 7.26 

(d, J = 8.9, 2H, ArH), 7.00 (d, J = 9.0, 2H, ArH), 5.56 (d, J = 3.4, 1H, H-1), 5.44 (d, 1H, H-

4), 5.32 (dd, J = 11.3, 2.9, 1H, H-3), 4.98 (d, J = 9.8, 1H, NH), 4.45 (m, 1H, H-2), 4.24 (t, 

J = 6.6, 1H, H-5), 4.07 (m, 2H, H-6, 6′), 3.66 (s, 3H, OCH3, NHCOOCH3 ), 2.18 (s, 3H), 

2.04 (s, 3H), 1.94 (s, 3H) (3× OCOCH3); 13C NMR (126 MHz, CDCl3) δ 170.76, 170.26, 

170.18 (3×CO, 3×OCOCH3), 156.53, 154.57, 129.57 (ArC), 117.97 (ArC), 96.92 (C-1), 

68.10 (C-3), 67.67 (C-5), 67.14 (C-4), 61.59 (C-6), 52.49 (OCH3, NHCOOCH3), 49.61(C-

2), 20.72, 20.66, 20.53 (3×OCH3). 

Phenyl 1,3,4,6-tetra-O-acetyl-2-deoxy-2-(methoxycarbonylamino)-α-D-galactopyranoside 

(2e) [α]20D = +19.5 (c 1.12, CHCl3) 1H NMR (500 MHz, CDCl3) δ 7.29 - 7.33 (m, 2H, Ar), 

7.05 - 7.08 (m, 3H, Ar) 5.60 (d, J = 3.4, 1H, H-1), 5.45 (app.d, 1H, H-4), 5.35 (dd, J = 11.4, 

3.0, 1H, H-3), 5.0 (d, J = 9.8, 1H, NH), 4.48 - 4.43 (m, 1H, H-2), 4.28 (t, J = 6.5, 1H, H-5), 

4.03 - 4.13 (m, 2H, H-6, 6′), 3.65 (s, 3H, OCH3, NHCOOCH3), 2.18 (s, 3H), 2.03 (s, 3H), 

1.92 (s, 3H) (3× OCOCH3); 13C NMR (126 MHz, CDCl3) δ 170.75, 170.30, 170.23 (3 × 

CO), 156.56, 156.02, 129.65 (ArC), 116.57 (ArC), 96.64(C-1), 68.29 (C-5), 67.50 (C-3), 

67.23 (C-4), 61.57 (C-6), 52.44 (OCH3, NHCOOCH3), 49.64(C-2), 20.74, 20.68, 20.53 

(3×OCH3). 

4-Methoxyphenyl-1,3,4,6-tetra-O-acetyl-2-deoxy-2-(methoxycarbonylamino)-α-D-

galactopyranoside (2f) [α]20D = +20.5 (c 0.58, CHCl3) 1H NMR (600 MHz, CDCl3) δ 6.99 
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(d, J = 9.2, 2H, ArH), 6.83 (d, J = 9.1, 2H, ArH), 5.47 (d, J = 3.3, 1H, H-1), 5.45 (app.d, J 

= 2.8, 1H, H-4), 5.32 (dd, J = 11.3, 3.0, 1H, H-3), 5.01 (d, J = 9.9, 1H, NH), 4.43-4.442 (m, 

1H, H-2), 4.32 (t, J = 6.6, 1H, H-5), 4.13-4.04 (m, 2H, H-6, 6′), 3.77 (s, 3H, OCH3), 3.66 

(s, 3H, OCH3, NHCOOCH3), 2.17 (s, 3H), 2.03 (s, 3H), 1.96 (s, 3H) (3× OCOCH3); 13C 

NMR (151 MHz, CDCl3) δ 170.74, 170.30, 170.24 (3×CO, 3×OCOCH3), 156.58, 155.50, 

150.06, 118.00 (ArC), 114.67 (ArC), 97.63 (C-1), 68.34 (C-3), 67.40 (C-5), 67.31(C-4), 

61.69 (C-6), 55.64 (C, OCH3), 52.42 (OCH3, NHCOOCH3), 49.69 (C-2), 20.72, 20.67, 

20.57 (3×OCH3). 

3-Nitrophenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (3b) Yield 25% (6 steps); Mpt 

= 159–161 °C, [α]20D =+271.4 (c 0.29, H2O); 1H NMR (600 MHz, D2O) δ 7.97 (t, J = 2.2, 

1H, ArH), 7.95 (d, J = 7.8, 1H, ArH), 7.56 (t, J = 8.2, 1H, ArH), 7.51 (dd, J = 8.3, 2.3, 1H, 

ArH), 5.73 (d, J = 3.6, 1H, H-1), 4.37 (dd, J = 11.0, 3.6, 1H, H-2), 4.15 (dd, J = 11.1, 3.2, 

1H, H-3), 4.05- 4.02 (m, 2H, H-4, H-5), 3.71 (m, 2H, H-6, 6′), 2.02 (s, 3H, NHCOCH3); 13C 

NMR (151 MHz, D2O) δ 174.77 (CO, NHCOCH3), 156.35 (ArC), 148.67 (ArC), 

130.51(ArCH), 123.84 (ArCH), 117.85 (ArCH), 111.93 (ArCH), 96.26 (C-1), 72.16 (C-5), 

68.38 (C-4), 67.58 (C-3), 61.06 (C-6), 49.59 (C-2), 21.91 (OCH3, NHCOCH3); HRMS 

expected for C14H18N2O8 is 365.0961 (M+ + Na+): Found 365.0953. 

3-Chlorophenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (3c) Yield 25% (6 steps); 

Mpt = 180-181 °C (decomp.), [α]20D =+210.5 (c 0.63, H2O) 1H NMR (600 MHz, D2O) δ 7.32 

(t, J = 8.0, 1H, ArH), 7.20 (t, J = 2.2, 1H, ArH), 7.14 – 7.10 (m, 1H, ArH), 7.06 (dd, J = 8.4, 

2.4, 1H, ArH), 5.61 (d, J = 3.7, 1H, H-1), 4.33 (dd, J = 11.1, 3.7, 1H, H-2), 4.12 (dd, J = 

11.0, 3.2, 1H, H-3), 4.05 – 4.02 (m, 2H, H-4, H-5), 3.74 – 3.68 (m, 2H, H-6, 6′), 2.02 (s, 

3H, NHCOCH3); 13C NMR (151 MHz, D2O) δ 174.77 (CO, NHCOCH3), 156.83 (ArC), 

134.30 (ArC), 130.78 (ArCH), 122.99 (ArCH), 117.35 (ArCH), 115.49 (ArCH), 96.22 (C-1), 

71.94 (C-5), 68.42 (C-4), 67.60 (C-3), 61.06 (C-6), 49.67 (C-2), 21.89 (OCH3, NHCOCH3); 

HRMS expected for C14H18ClNO6 354.0720 (M+ + Na+): Found 354.0714 (M+ + Na+). 

4-Chlorophenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (3d) Yield 20% (6 steps); 

Mpt = 218–220 °C, [α]20D =+190.5 (c 0.8, H2O) 1H NMR (600 MHz, D2O) δ 7.40 (d, J = 9.0, 

2H), 7.14 (d, J = 9.0, 2H), 5.63 (d, J = 3.6, 1H, H-1), 4.37 (dd, J = 11.1, 3.7, 1H, H-2), 4.16 

(dd, J = 11.1, 3.2 Hz, H-3), 4.09 (m, 2H, H-4, H-5), 3.79 – 3.72 (m, 2H, H-6, 6′), 2.07 (s, 
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3H, OCH3, NHCOCH3); 13C NMR (151 MHz, D2O) δ 174.25 (CO, NHCOCH3), 154.35 

(ArC), 129.02 (ArC), 126.82 (ArCH), 118.08 (ArCH), 95.85 (C-1), 71.37 (C-5), 67.90 (C-

4), 67.11(C-3), 60.56 (C-6), 49.20 (C-2), 21.40 (OCH3, NHCOCH3); HRMS expected for 

C14H18ClNO6 354.0720 (M+ + Na+): Found 354.0717 (M+ + Na+). 

Phenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (3e) Yield 21% (6 steps); Mpt = 249–

250 °C (decomp.), [α]20D =+220.0 (c 0.56, H2O) 1H NMR (600 MHz, D2O) δ 7.43 (t, J = 8.0, 

2H), 7.17 (dd, J = 12.6, 7.7, 3H), 5.66 (d, J = 3.6, 1H, H-1), 4.37 (dd, J = 11.1, 3.5, 1H, H-

2), 4.19 (dd, J = 11.2, 3.2, 1H, H-3), 4.13 (t, J = 6.1, 1H, H-5), 4.10 (app d, 1H, H-4), 3.75-

3.77 (m, 2H, H-6, 6′), 2.07 (s, 3H, OCH3, NHCOCH3); 13C NMR (151 MHz, D2O) δ 174.27 

(CO, NHCOCH3), 155.69, 129.39 (ArC), 122.64 (ArC), 116.70 (ArC), 95.73 (C-1), 71.26 

(C-5), 67.94 (C-4), 67.15 (C-3), 60.56 (C-6), 49.28 (C-2), 21.40 (OCH3, NHCOCH3); 

HRMS expected for C14H19NO6 320.1110 (M+ + Na+): Found 320.1103 (M+ + Na+). 

4-Methoxyphenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (3f) Yield 30% (6 steps); 

Mpt = 175–177 °C, [α]20D =+200.8 (c 0.35, H2O) 1H NMR (600 MHz, D2O) δ 7.05 (d, J = 

9.1, 2H, ArH), 6.92 (d, J = 9.1, 2H, ArH), 5.43 (d, J = 3.7, 1H, H-1), 4.26 (dd, J = 10.9, 3.5, 

1H, H-2), 4.09 – 4.05 (m, 2H, H-3, H-5), 4.01 (d, J = 2.5, 1H, H-4), 3.74 (s, 3H, OCH3), 

3.68 (app. d, 2H, H-6, 6′), 2.00 (s, 3H, NHCOCH3); 13C NMR (151 MHz, D2O) δ 174.26 

(CO, NHCOCH3), 154.16 (ArC), 150.03 (ArC), 118.40 (ArCH), 114.56 (ArCH), 96.80 (C-

1), 71.21(C-5), 67.96 (C-4), 67.13 (C-3), 60.59 (C-6), 55.31(OCH3), 49.33 (C-2), 

21.41(OCH3, NHCOCH3); HRMS expected for C15H21NO7 350.1216 (M+ + Na+): Found 

350.1210 (M+ + Na+). 

5.9.4. Cloning of E. meningosepticum α-N-acetylgalactosaminidase 
(α-NAGAL) 

A truncated version of E. meningosepticum α-N-acetylgalactosaminidase (EMBL 

Nucleotide Sequence Database accession number AM039444) lacking the first 17 amino 

acids, which is the same truncation as that reported by Lui et al.,2 was amplified by PCR 

from genomic DNA (ATCC No. 51720D) using the Thermo Scientific Phusion High-Fidelity 

PCR system with primers NAGAL-EcoRI: 

5'CCGGAATTCAAAAAGGTAAGAATAGCTTTTT3' and NAGAL-HindIII: 
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5'CCCAAGCTTGTAGTCGTCATTTATTGCAAATG3' introducing the EcoRI and HindIII 

restriction sites in the forward and reverse primer respectively. The PCR fragment was 

digested with EcoRI and HindIII and inserted into correspondingly digested pET28a vector 

(Strategene) for expression of a C-termius His6 tagged protein. The construct was used to 

transform Escherichia coli BL21 (DE3 Gold) (Novagen) competent cells. Transformants 

were plated onto LB plates containing 100 µg/mL kanamycin. Plasmid from a single colony 

was purified and DNA sequencing by Macrogen using T7 promoter and T7 terminator 

primers provided the nucleotide composition of the amplified gene. The nucleotide 

sequence was aligned with AM039444, which was amplified from genomic DNA (ATCC 

13253),2 using BioEdit and the amino acid differences were identified (Figure S1). 

5.9.5. Expression and purification of E. meningosepticum α-N-
acetylgalactosaminidase (α-NAGAL) 

The tagged enzyme was grown in TB supplemented with 100 µg/ml kanamycin. 

Expression was induced at OD600 ~ 0.6 by addition of isopropyl β-D-1-thiogalactoside 

(IPTG) at a final concentration of 1 mM. Cell pellet from 1 L culture was resuspended in 

50 mL of lysis buffer, 40 mM NaPO4, pH 6.8, 100 mM NaCl, 1% lysozyme and a protease 

inhibitor cocktail tablet (Roche Diagnostics) followed by sonication (20 sec ON/ 60 sec 

OFF at 50% capacity). The lysate was centrifuged for 30 min at 13000 rpm and the 

supernatant was loaded onto a HisTrap column (GE Life Sciences). The protein was 

eluted by increasing the concentration of imidazole in the elution buffer. The fractions 

containing enzyme as determined by SDS-PAGE were dialyzed against Tris buffer (40 

mM containing NaCl 100 mM) overnight at 4 °C. These fractions were then concentrated 

using a 10 kDa Micorcon centrifugal filter (Millipore). The protein was then concentrated 

by centrifugation through a 10 kDa filter and its concentration was assessed (Bradford 

Assay). 

5.9.6. Typical Conditions for the Measurement of Michaelis–
Menten Parameters.  

The concentration of α-NAGAL was chosen such that less than 10% of the total 

substrate was consumed during the assay. For each assay, the enzyme was incubated in 
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the appropriate buffer at 37 °C for 5 min. After which the reaction was initiated by the 

addition of substrate. The initial rate of hydrolysis was followed spectrophotometrically at 

the wavelength of maximal absorbance change. Typically, the substrate concentration 

was varied between 40 µM and 500 mM and the measured initial rate versus concentration 

data were fit to a standard Michaelis-Menten equation.  

To determine the effect of pH on enzymatic activity, kinetics parameters were 

measured over a pH range of 6.3–8.8. The buffers used were MES (20 mM, MES-NaOH, 

pH 6.0–6.7), HEPES (20 mM, pH 6.5–8.2), and CHES (20 mM, pH 8.5–9.5). Typical assay 

conditions were: α-NAGAL (final concentration of 0.23 µg/mL) was incubated at 37 °C with 

the appropriate buffer containing NaCl (50 mM) and BSA (0.1 % w/v) for 5 min prior to 

addition of substrate PNPαGalNAc and the hydrolysis reaction was monitored by UV-vis 

spectroscopy. The difference in extinction coefficients (∆ε) for PNPαGalNAc and the 

released 4-nitrophenolate was determined at each pH value and, the initial rate 

measurements were fit to a standard Michaelis-Menten equation. The so obtained values 

for kcat and kcat/Km and the associated pH values were fit to the equation given below using 

the computer program prism. 

 

Where k is the observed rate constant (kcat or kcat/Km), kL and kH are the rate constants at 

low and high pH, while kM is the rate constant for the active form of the enzyme. K1 and K2 

are the two apparent equilibrium constants for protonation and h1 and h2 are the Hill 

coefficients.  In both fits (kcat vs. pH and kcat/Km vs. pH) the fitted value for kH was within 

error equal to zero. 

5.9.7. Kinetic Investigation of Cofactor Dependence E. 
meningosepticum α-N-acetylgalactosaminidase (α-NAGAL) 

A sample of α-NAGAL (final concentration of 0.23 µg/mL) in buffer (50 mM HEPES, 

pH 7.5) was pre-incubated with NAD+ (5–100 µM) at 37 °C for 5 min. PNPαGalNAc was 

added to the solution to initiate the hydrolysis reaction at 400 nm. Similar experiment was 
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carried out for the dependence on reducing agent DTT, (5–100 µM) and divalent metal ion 

Mn2+ (10–100 µM). The enzyme showed no enhancement in catalytic rate of hydrolysis 

upon addition of either of the cofactors. 

5.9.8. Product Studies 

1H NMR spectroscopy (500 MHz) was employed to identify the stereochemical 

course of the enzyme-catalyzed reaction. The reaction conditions involved incubation of 

enzyme α-NAGAL (3.0 µg/ mL) in buffer (50 mM HEPES, pH 7.5) containing CD3OD (5 

M) at 37 °C,. After addition of PNPαGalNAc (2.1 mg) the reaction was allowed to proceed 

at 37 °C for ~10 h until TLC analysis (1:4 v/v MeOH:EtOAc) showed no remaining starting 

material. Removal of the enzyme by centrifugal ultra-filtration (10KDa filtration unit) at 4 °C 

was followed by lyophilization of the resultant solution. The resultant white solid was 

dissolved D2O and a 1H NMR spectrum was acquired. 

5.9.9. Linear Free Energy Relationship – Brønsted Analysis 

A series of substrates with varying leaving groups were synthesized to perform a Brønsted 

analysis. Full Michaelis-Menten curves were measured, in buffer (50 mM HEPES, pH 7.5) 

at 37 °C, for each substrate using the above protocol. 
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Figure S1: Protein sequence alignment for the E. meningosepticum α-N-

acetylgalactosaminidase used in this study and that reported by Liu et al. (ATCC 13253).2 
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Figure S2: DNA sequence alignment for the E. meningosepticum α-N-

acetylgalactosaminidase gene used in this study and that reported by Liu et al. (ATCC 

13253).22 
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Fig. S3 Comparison of the active sites for GH4 (left) and GH109 (right) enzymes. Key 

features of the GH4 enzyme are the Mn2+ cation, tyrosine 265, and aspartic acid 172, 

which acidify the C-2 proton, abstract the C-2 proton and catalyse aglycone departure, 

respectively. Key features of the GH109 enzyme are: methionine 375 and tyrosine 307, 

which bind to the N-acetyl group and tyrosine 179 that is the closest possible base to the 

C-2 proton. 
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Figure S4. 3-Chlorophenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (600 MHz, 
D2O). 
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Figure S5. 3-Nitrophenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (600 MHz, 

D2O). 
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Figure S6. 4-Methoxyphenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (600 MHz, 
D2O). 
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Figure S7. Phenyl 2-acetamido-2-deoxy-α-D-galactopyranoside (600 MHz, D2O). 
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Chapter 6. Future Work and Directions 

6.1. Directed Evolution of the Sialidase from 
Micromonospora viridifaciens into a Kdnase 

Following isolation of selected enzymes with improved Kdnase activity, the aim is 

to introduce further random and site directed mutations along the gene and select for 

clones with further improvement of Kdnase activity and reduction of sialidase activity.  

A viable tactic is to evolve a generation of the genetic library based on previous 

successful clones. Also, we plan to use our positive and negative selection protocols on 

our current library against 2-3 linked Kdn and Neu5Ac glycosides.  

In parallel to this project, we aim to generate enzymes capable of hydrolyzing O-

acetylated sialoglycans, which despite their documented role in bacterial pathogenicity 

and numerous human cancers such as human colorectal cancer, are scantily 

understood109. The mutagenesis library is prepared and the chemical compounds, which 

have N-acyl groups rather than O-acyl groups in order to be hydrolytically stable for the 

selection, have been synthesized. The next step is to run the positive and negative 

selection panels and based on the isolated clones, perform further enhancements. 

On cell surfaces, terminal sialic acids are attached in a linkage specific bond to the 

penultimate sugars such as a galactose. Most exo-sialidases exhibit substrate specificity 

regarding sialic acid linkage. Generally, α2-3 linkages are hydrolyzed more readily than 

α2-6 bonds. These properties are both biologically and practically significant. From a 

glycobiology point of view there is great interest in isolation or evolution of a sialidase 

which would exclusively hydrolyze α2-6 linkages as there is an abundant presence of α2-

6 linked sialic acids on human cell surfaces. To study the complex biological effects that 

result from the presentation of various sialic acids on cell surfaces, there is a need to 

generate sialidases with high specific activities for individual surface modifications. 

A subgroup of sialidases, called trans-sialidases, transfer sialic acid directly from 

one glycosidic linkage onto another sugar residue instead of a water molecule. A 3D 
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overlap of the structure of MvNA with one such trans-sialidase, Trypanosoma cruzi trans- 

sialidase (TcTS), the agent of Chagas' disease in humans and animals, shows a high 

degree of structural similarity with the exception of presence of an additional 4 amino acid 

residues in a Trp containing loop in TcTS.  We have created MvNA mutants where the 

additional amino acids are included in loop. We have also created a genetic library of 

saturation mutations of W loop and would like to monitor the hydrolysis activity of mutant 

enzymes by running a selection scheme similar to the Kdnase screen/selection protocols. 

The chemical compounds α-Neu5Ac-(2→3)-β-D-galactopyranosyl chloramphenicol and α-

Neu5Ac-(2→6)-β-D-Gal-Tyrosine are synthesized (Figure 6.1) and the next step would be 

to isolate individual clones with enhanced 2,6 cleavage activity. Following identification of 

mutants capable of selective cleavage of α2-6 linkages, we would then perform a stringent 

selection screen to identify the mutants specifically hydrolyzing α-2-6 linkages. A second 

generation of random mutation along the entire length of the MvNA sequence would allow 

for identification of highly active enzymes. 

 
Figure 6.1 Compound synthesized for the positive and negative selection protocol.  

6.2. A New Class of Glycoside Hydrolase Mechanism-
Based Covalent Inhibitors: Glycosylation Transition 
State Conformations 

The two classes of two classes of carbasugar analogue covalent inhibitors 

discussed in our paper will be useful research tools for biological studies as unlike other 

covalent inactivators, they show a time dependent loss and return of enzymatic activity. 

Our two classes of reversible covalent inhibitors could be used to monitor cellular 

responses to time-dependent changes in glycoside hydrolase activity.  
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As a continuation of our study of reversible covalent inhibition of glycoside 

hydrolases, we wanted to determine the leaving group dependency of enzymatic inhibition 

of yeast α-glucosidase by covalent inhibitors of both allylic and bicyclo nature. To this end 

we have synthesized five allylic inhibitors with different leaving groups. Figure 6.2 shows 

the structures of these inhibitors.  
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Figure 6.2 Structure of allylic inhibitors.  

The measured kinetic parameters of inhibition of the yeast α-glucosidase by these 

allylic inhibitors, listed in Table 6.1, shows that there is little or no dependency on the 

leaving group ability for covalent labelling of the enzyme.  This suggests that rate-limiting 

step for inactivation is a non-chemical step, for example a conformation change. 
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Table 6.1 Kinetic parameters of inhibition assays with allylic inhibitors. 

Inactivator 
Compounds 

Ki (µM) kinact (s–1) kinact/Ki (M–1 s–1) pKa (ArOH) 

1 1600 ± 1100 (6.3 ± 3.5) × 10–3 3.8 ± 0.4 9.98 
2 92 ± 13 (2.84 ± 0.12) × 10–3 30.7 ± 4.5 8.26 

3 a 570 ± 90 (9.05 ± 0.63) × 10-4 1.59 ± 0.27 7.15 
4 210 ± 50 (1.59 ± 0.13) × 10–3 7.7 ± 1.9 6.10 
5 10.5 ± 2.3 (2.31 ± 0.18) × 10–3 220 ± 51 4.70 

a: Data taken from “New Class of Glycoside Hydrolase Mechanism-Based Covalent Inhibitors: Glycosylation Transition State 
Conformations”. Saeideh Shamsi Kazem Abadi, Michael Tran, Anuj K. Yadav, Pal John Pal Adabala, Saswati Chakladar, and Andrew J. 
Bennet. Journal of the American Chemical Society 2017 139 (31), 10625-10628 

We also synthesized two bicyclo inhibitors with different leaving groups, Figure 6.3, 

and performed inhibition assays. The data is listed in Table 6.2.  
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Figure 6.3 Structures of covalent Inhibitors that are bicyclo[4.1.0]heptyl glycoside 

mimics.  

Table 6.2 Kinetic parameters of inhibition assays with bicyclo inhibitors. 

Inactivator 
Aglycone 

Ki (µM) kinact (s–1) kinact/Ki (M–1 s–

1) 
pKa 

(ArOH) 
3,5-Difluoro 180 ± 

20 
(7.03 ± 0.14) × 10–

5 
0.391 ± 0.044 

8.26 
4-NO2 a 285 ± 

45 
(1.82 ± 0.14) × 10-3 6.4 ± 1.1 

7.15 
a: Data taken from “New Class of Glycoside Hydrolase Mechanism-Based Covalent Inhibitors: Glycosylation Transition State 
Conformations”. Saeideh Shamsi Kazem Abadi, Michael Tran, Anuj K. Yadav, Pal John Pal Adabala, Saswati Chakladar, and Andrew J. 
Bennet. Journal of the American Chemical Society 2017 139 (31), 10625-10628 

 Based on the limited data available for the bicyclo inhibitors, it seems likely that, in 

contrast to the allylic covalent inhibitors, a large effect on the inhibition rate constants 

occurs on changing the leaving group of the bicyclo compounds. A result that suggests 
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the alkylation step is the rate limiting step. A definitive conclusion will have to wait until 

more bicyclo compounds, with various leaving groups, have been synthesized and tested 

for their inhibitory activity. 

6.3. Characterization of Reaction Coordinates for Covalent 
Labeling of Glycosidase by Cyclohexene Inhibitors 

We will be exploring the mechanism of inhibition more thoroughly by synthesizing 

compounds with various leaving groups and measuring kinetic parameters of the 

inhibition.  

6.4. A Mechanistic Study on the α-N-
acetylgalactosaminidase from E. meningosepticum: A 
Family 109 Glycoside Hydrolase 

The E. meningosepticum α-N-acetylgalactosaminidase hydrolyses 2-acetamido-

2-deoxy-α-D-galactopyranosides by a NAD+-mediated oxidation followed by an α,β-

elimination to give an enone Michael acceptor intermediate. This intermediate undergoes 

hydration along with proton and hydride transfer to generate 2-acetamido-2-deoxy-α-D-

galactose as the reaction product. A step after elimination likely limits kcat, and the 

elimination is at least partially rate-limiting for kcat/Km. More detailed mechanistic 

conclusions concerning the hydride transfer to NAD+ from C3 will require the development 

of new synthetic procedures to make C1, C2 and C3 deuterated substrates. 
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