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Abstract 

In recent years, the post-translational modification of nuclear and cytoplasmic proteins 

with O-linked N-acetylglucosamine (O-GlcNAc) has emerged as playing diverse roles in 

health and disease. Interestingly, this modification is regulated by only two enzymes, O-

GlcNAc transferase (OGT) and O-GlcNAcase (OGA). A method to study the effects of 

elevated levels of O-GlcNAc is to selectively target OGA. Herein, we describe the 

structure-activity relationships of a family of 2'-aminothiazoline-based inhibitors, one of 

which shows to be among the most potent inhibitors of human OGA (hOGA) known to 

date. We present the selectivity ratios of these compounds for hOGA over the 

structurally-related lysosomal β-hexosaminidases, define them as transition state 

analogues and rationalize their potencies by using linear free energy analyses. We also 

identify two fluorescence quenched substrates for hOGA bearing thioamide quenchers 

having different fluorogenic leaving groups, which reveal design features for substrates 

to monitor hOGA activity in live cells. 

Keywords:  Glycoside hydrolases; O-GlcNAcase; O-GlcNAc modification; transition 
state analogy; quenched substrates 
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Chapter 1.  
 
An overview of glycoside hydrolases and their 
inhibitors, with a focus on the O-GlcNAc modification 
and O-GlcNAc hydrolase 

1.1. O-GlcNAc is a dynamic post-translational modification  

"Carbohydrate", a word which originated more than 100 years ago, describes any 

sugar-based substance. The word stems from the original term "hydrate of carbon" and 

represents naturally occurring compounds with the formula Cx(H2O)n which also contain 

a ketone or an aldehyde.[1] Commonly, when carbohydrates are considered in everyday 

situations, what comes to mind for most people is their diet and often the avoidance of 

carbohydrates for health or weight-control based reasons. However, carbohydrates play 

crucial roles beyond serving as an energy source for organism survival. Sugars can exist 

as monosaccharides (e.g. glucose), disaccharides, or polymers referred to as oligo- or 

polysaccharides. They may also be conjugated to macromolecules such as proteins or 

lipids through α- or β-linked glycosidic linkages (Figure 1.1 A, B, respectively). 

Carbohydrates linked together are often referred to as glycans and when a 

monosaccharide or glycan is linked to another biomolecule, the resulting compound is 

termed a glycoconjugate. Many different glycoconjugates are densely concentrated on 

the cell surface and also make up a large part of the extracellular matrix (ECM). These 

species play vital roles in cell communication, cell viability, immune response and as 

receptors essential for the binding of pathogens.[2]  

2-Acetamido-2-deoxy-D-glucopyranose, which is also known by the non-

systematic name N-acetylglucosamine (GlcNAc), is a monosaccharide that is structurally 

similar to glucose but performs drastically different functions (Figure 1.1, C). GlcNAc 

plays a critical role as a post-translational modification of both intracellular and 
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extracellular proteins.[3] One of the most abundant forms of glycosylation is found within 

the nucleocytoplasm and mitochondria of cells in all multicellular eukaryotes studied to 

date, ranging from humans through to plants.[1, 4] This protein modification, known as 

O-GlcNAc or O-linked GlcNAc, involves the attachment of GlcNAc to the hydroxyl group 

of serine and threonine residues of proteins (Figure 1.2) through a β-glycosidic linkage. It 

contrasts with N-glycans which are formed by the addition of glycans containing GlcNAc 

at their core to specific asparagine residues found within particular amino acid 

sequences of proteins expressed within the secretory pathway of cells.[5, 6]  

 

Figure 1.1.  Types of glycosidic linkages for D-sugars and the structure of  
GlcNAc. 
A) An α-glycosidic linkage has the hydroxyl group on the C-1 anomeric 
centre projecting downwards in a Haworth projection. B) A β-glycosidic 
linkage has the hydroxyl group on the C-1 anomeric centre projecting 
upwards in a Haworth projection. C) The structure of N-acetylglucosamine 
(GlcNAc). 

The importance of understanding the O-GlcNAc protein modification stems from  

the many important roles played by O-GlcNAc within cells, including modification of other 

proteins which are responsible for various cellular functions such as cellular signalling[5, 

7-9], DNA transcription[2, 10], regulation of cytoskeletal structure[11] and stress 

response[12-15]. For example, cytoskeletal proteins[16-20], kinases[21-23] and 

nucleoporins[24-26] themselves are all modified with O-GlcNAc, which emphasizes the 

direct impact of O-GlcNAc on proteins crucial for cellular structure and function. The O-

GlcNAc modification was discovered by Torres and Hart in 1984 when terminal GlcNAc 



 

3 

residues were described on B-, T- and thymic lymphocyte populations, by using a β-1-4 

galactosyltransferase radiolabeled donor substrate (UDP-[3H] galactose) with bovine 

milk galactosyltransferase to probe terminal GlcNAc residues on the lymphocyte 

surface.[27] 

 

Figure 1.2.  Amino acids modified with GlcNAc. 
L-serine (left) and L-threonine (right) on various proteins are linked to 
GlcNAC via an O- β-glycosidic linkage. 

Interestingly, the O-GlcNAc modification is regulated only by two enzymes, UDP-

N-acetyl-D-glucosamine:polypeptide-N-acetylglucosaminyl transferase (OGT)[28, 29] 

and β-N-acetylglucosaminidase (OGA)[30, 31]. This is in contrast to serine and 

threonine phosphorylation which is regulated by hundreds of kinases and phosphatases 

that together comprise genes encoding more than 2% of the genome.[32]  

Both O-GlcNAc processing enzymes are found within nucleocytoplasmic and 

mitochondrial cellular compartments[33, 34], with a higher abundance of OGT in the 

nucleus and OGA within the cytosol, but curiously, a higher abundance of OGA in the 

nucleolus, from which OGT is excluded[35, 36]. The source of GlcNAc used by OGT is 

the nucleotide sugar UDP-β-N-acetylglucosamine (UDP-GlcNAc), which is derived from 

glucose and is synthesized via the hexosamine biosynthetic pathway (HBSP) (Figure 

1.3). Once glucose is actively transported across the cell membrane, it is either 

committed to glycolysis to form pyruvate, is stored as glycogen for later use, or is 

transformed by the HBSP to form UDP-GlcNAc. This last pathway consumes ~2-5% of 

glucose taken up by cells,[37] and has been proposed to be a nutrient-sensing pathway 

since the amount of UDP-GlcNAc produced has been experimentally shown to depend 

on the amount of dietary glucose[38-40]. Increased glucose flux through the HBSP has 

been found to contribute to glucose-induced insulin resistance in animals, cells and 

tissues.[38-42] 

Figure 1.3 shows the detailed HBSP through which UDP-GlcNAc is synthesized. 

After active transport into the cell via a Glut transporter, glucose is first transformed into 
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glucose-6-phosphate (G6P) by hexokinase 1 (HK-1) and is then converted into fructose-

6-phosphate (F6P) by phosphoglucose isomerase (PGI). F6P continues into glycolysis to 

form pyruvate or enters the HBSP to be transformed into glucosamine-6-phosphate 

(GlcN6P) by glucosamine-fructose 6-phosphate amino transferase (GFAT), during the 

rate-limiting step in the HBSP.[43] This last transformation involves a transamination of 

ammonia from a glutamine donor to the carbonyl of F6P, followed by an isomerization 

from the imine-containing open chain furanose to the pyranose GlcN6P. Acetyl 

Coenzyme A (Acetyl CoA) resulting from fatty acid metabolism is then used as an acetyl 

group donor that is transferred onto GlcN6P by glucosamine-6-phosphate 

acetyltransferase (GNAT) to yield N-acetylglucosamine-6-phosphate (GlcNAc6P). This is 

followed by an isomerization catalysed by N-acetylglucosamine phospho-glucomutase 

(AGM) which transfers the phosphate group from the 6-position of the sugar to the α-

anomeric position, producing N-acetylglucosamine-1-phosphate (GlcNAc1P). Lastly, 

transfer of uridine diphosphate (UDP) from uridine triphosphate (UTP), which is derived 

from nucleic acid metabolism, onto GlcNAc1P in a process catalyzed by UDP-N-

acetylglucosamine pyrophosphorylase (UDP-GlcNAcPP) yields UDP-GlcNAc. This 

nucleotide donor sugar can then be used as a substrate by OGT to transfer GlcNAc onto 

proteins. Acting in opposition, OGA catalyses the hydrolysis of GlcNAc from proteins.  
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Figure 1.3.  The Hexosamine Biosynthetic Pathway. 
After glucose is modified by hexokinase 1 (HK-1) to make glucose-6-
phosphate (G6P) and phosphoglucose isomerase (PGI), to make 
fructose-6-phosphate (F6P), it can enter the hexosamine biosynthetic 
pathway (HBSP), a pathway which consumes 2-5% of glucose. Enzymes 
in the HBSP: glutamine-fructose-6-phosphate-transaminase (GFAT); 
gluosamine-6-phosphate-acetyl transferase (GNAT); N-
acetylglucosamine phospho-glucomutase (AGM); UDP-N-
acetylglucosamine pyrophosphorylase (UDP-GlcNAcPP); Products of the 
HBSP: glucosamine-6-phosphate (GlcN6P); N-acetylglucosamine-6-
phosphate (GlcNAc6P); N-acetylglucosamine-1-phosphate (GlcNAc1P); 
UDP-N-acetylglucosamine (UDP-GlcNAc). 
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1.1.1. The O-GlcNAc modification is a regulatory mechanism 
coupled with phosphorylation 

Interestingly, O-GlcNAc has been shown to be able to modify proteins at the 

same or proximal sites as protein phosphorylation (Figure 1.4).[30, 41, 44, 45] It has 

been known since the early 1990's that there are some O-GlcNAc modified proteins that 

exist in a dynamic equilibrium with phosphorylation [46, 47], which has been described 

as a fundamental regulatory mechanism that may influence a spectrum of 

nucleocytoplasmic proteins[48-50]. This potential competition between O-GlcNAc or 

phosphate may occur on the same serine/threonine sites in a reciprocal and dynamic 

manner, as is displayed in Figure 1.4. Alternatively, modification can be competitive, and 

can occur on proximal sites, or simultaneously, where the protein can be both 

phosphorylated and GlcNAcylated at once on separate sites.[35] For example, the 

nuclear phosphoprotein and transcription factor, c-Myc, plays the important role of 

regulation of gene expression and affects processes such as apoptosis and cell 

proliferation. c-Myc is an example of a protein which is glycosylated and phosphorylated 

in a reciprocal fashion on its Thr-58 site, a known site which is frequently mutated in 

lymphomas.[51, 52]  
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Figure 1.4.  The reciprocal relationship between phosphorylation and O-GlcNAc 
modification of some intracellular proteins. 
The protein being modified, and UDP-GlcNAc emerging from the HBSP 
pathway, serve as substrates for OGT. The transfer of GlcNAc onto the 
protein serine/threonine residue results in the formation of a β-glycosidic 
linkage between the sugar and protein. OGA hydrolyzes this glycosidic 
linkage and the unmodified protein is either re-modified with GlcNAc or 
phosphorylated by a kinase where ATP (Adenosine triphosphate) is a 
substrate. Phosphatases can hydrolyze this linkage, liberating the free 
phosphate and the unmodified protein which is later modified again many 
times throughout the protein lifespan. 

This cross talk between phosphorylation and O-GlcNAcylation also plays an 

important regulatory role in chronic diseases such as neurodegenerative diseases[53-

55], diabetes[56-58] and different types of cancers[59-61]. Also, the implications of O-

GlcNAc on cardio-protection and cardiovascular dysfunction has been of growing 

interest in the past decade. Ischemic preconditioning (IPC) is a cardio-protective 

mechanism which occurs when short ischemic episodes protect the myocardium in the 

heart against subsequent ischemias by periodically restoring blood flow to the organ. 

After acute myocardial infarction (AMI) occurs, this may result in myocardial ischemia-

reperfusion-injury, which is the tissue damage caused from the temporary lack of blood 

supply or oxygen.[62] It has been shown on numerous occasions that elevation of O-

GlcNAc prior and subsequent to ischemia on perfused hearts reduces the amount of cell 

death both in vitro and in vivo during cardiomyocyte survival experiments[63-65] and in 

animal models[66]. These studies demonstrate that IPC could be dependent on O-

GlcNAc and this idea has been formally suggested.[62] The cardio-protective effect of O-

GlcNAc has been suggested to stem from the glycosylation of mitochondrial proteins 



 

8 

such as voltage-dependent anion channel[67], which constitutes a part of the 

mitochondrial permeability transition pore that has been shown to play a key role in 

damage caused by ischemia[68]. Accordingly, O-GlcNAc is a valuable area to explore in 

biological systems, and obtaining a better understanding of O-GlcNAc regulation in 

various acute and chronic diseases could have significant implications in medical 

research. 

1.2. A closer look at glycoside hydrolases: the enzymes 
responsible for cleavage of sugar modifications from 
glycans 

As previously mentioned, the enzymes responsible for the O-GlcNAc modification 

of proteins are OGT and OGA, which fall within different enzyme superfamilies. OGT 

falls within the glycosyltransferase superfamily, which are enzymes responsible for 

catalysing the transfer of sugars onto biomolecular substrates, such as proteins or lipids. 

OGA is part of the superfamily of enzymes known as the glycoside hydrolases, which 

cleave the glycosidic linkage between sugars or a sugar and biomolecule. Since OGA is 

the enzyme of central focus throughout this thesis, a general overview of glycoside 

hydrolases is described in this section in order to provide background information useful 

for the reader. 

1.2.1. Glycoside Hydrolases 

Glycoside hydrolases (GHs) are extremely proficient catalysts which are able to 

cleave glycosidic linkages between sugars and proteins or lipids with rate constants of 

up to 1000 s-1.[69] In 1998, it was established just how impressive these catalytic 

efficiencies are, after Wolfenden concluded that the half life for the spontaneous 

hydrolysis of some glycosidic bonds between sugars is about 5 million years.[70] During 

the late 1990's and early 2000's, major mechanistic[71] and structural advances[72] 

were made for this class of enzymes.  

GHs can be classified as endo- or exo-acting, depending on what part of the 

substrate they turn over. Endo-acting GHs cleave non-terminal glycosidic linkages on 
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conjugated or free oligo- or polysaccharides,[73] whereas exo-acting GHs cleave the 

terminal glycosidic linkage from free or conjugated oligo- or polysaccharides at the 

reducing or non-reducing end[74]. The structures of these categories of enzymes are 

differentiated by their topologies, since endo-acting GHs contain a shallow groove on the 

enzymatic surface, while the exo-acting GHs often contain a deeper binding pocket to be 

able to accommodate the terminal end of the substrate.[2] 

In order to better understand the structure and function relationships for GHs, the 

sequence-based family classification tool, The Carbohydrate-Active Enzymes database 

(CAZy; http://www.cazy.org) has been widely utilized by researchers since it was first 

established in 1999.[75, 76] The purpose of the CAZy database is to correlate the 3D 

structure, sequence, and molecular mechanism of CAZymes in order to predict substrate 

specificity. Currently, there are 133 families of GHs,[75] which is a substantial increase 

since year 2000 when only 80 families were reported[77]. While the range of GH families 

has expanded over the last 5 years, the number of 3D structures has increased even 

more drastically, which should undoubtedly allow easier prediction of substrate 

specificity of these enzymes in the future. 

1.2.2. Stereochemical outcomes of glycosidic bond hydrolysis: 
inversion or retention 

An additional classification of GHs can be used which predicts the 

stereochemical outcome of the product after hydrolysis. The stereochemical outcome of 

a hydrolysis reaction of a glycosidic linkage can be either an inversion or retention of the 

configuration of the substrate at the anomeric centre.[78-80] Within enzymes from a 

specific GH family the same stereochemistry is almost always operative. For an enzyme 

catalyzed inversion, a single displacement mechanism is followed, where the 

nucleophilic attack of the water onto the anomeric centre is facilitated in a concerted 

fashion (Figure 1.5.). The scissile bonds within the transition state (TS) are polarized by 

two carboxyl residues within the active site, which catalyze departure of the leaving 

group. In the enzyme's resting state, one of the residues is de-protonated and acts in its 

carboxylate form as a general base, while the other carboxyl is protonated and acts in its 

carboxylic acid form as a general acid. In the transition state, while the glycosidic linkage 
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is being cleaved, partial positive charge develops at the anomeric centre which results in 

the development of an oxocarbenium ion-like features on the pyranose ring where the 

positive charge build-up is stabilized by the sugar oxygen lone pairs.[32] The net result 

of this reaction is a sugar hemiacetal having the opposite stereochemistry at the 

anomeric position as compared to the substrate, hence the use of the term "inverting 

mechanism". 

 

Figure 1.5.  The inverting mechanism of GHs. 

Retaining GHs generally act through a two step double displacement mechanism 

where the departure of the aglycone is typically coupled to attack of an enzymatic 

nucleophile at the anomeric centre, leading to glycosylation of the enzyme. This step is 

followed by the nucleophilic attack of water at the anomeric centre to break down the 

glycosyl-enzyme intermediate and liberate the sugar hemiacetal with overall anomeric 

retention of configuration, hence the term "retaining mechanism" (Figure 1.6). Both steps 

are facilitated by a second enzymatic residue - most often a carboxylic acid - which acts 

as a general acid in the first step to aid departure of the leaving group. In the second 

step, this same residue acts as a general base to aid the attack of water at the anomeric 

centre. The general mechanism used by retaining GHs was initially proposed by 

Koshland in 1953[80] and clarified over time[81]. 
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Figure 1.6.  The retaining mechanism of GHs.  

The distance between these carboxylates in the active site of GHs varies, 

depending on the type of mechanism which is used by the enzyme. The carboxylates in 

retaining enzymes are typically around 5.5 Å apart, and in inverting enzymes, they are 

approximately 10.5 Å apart.[82] This general guideline does not, however, always hold. 

Nevertheless, this general guideline regarding the distances between the carboxylates is 

not entirely surprising, since inverting enzymes require extra room to be able to 

accommodate a molecule of water in the active site between the general base and the 

anomeric centre, which contrasts with the case for retaining enzymes. 

There is an alternative mechanism which accounts for the retention of 

stereochemistry at the anomeric position that involves neighbouring group participation 

from an acetamido group at the 2- position of the substrate pyranose ring (Figure 1.7). 

Contrary to the retaining mechanism described in Figure 1.6, this situation does not 



 

12 

involve the formation of a covalent glycosyl-enzyme intermediate. Instead, a carboxylate 

within the active site both orients and polarizes the 2-acetamido group to increase its 

nucleophilicity. So activated, the amide carbonyl oxygen attacks the anomeric carbon at 

the same time as the glycosidic bond is being cleaved through a process involving 

general acid catalysis. The net result is formation of an oxazoline intermediate. In the 

second step of the catalytic cycle, this bicyclic oxazoline intermediate undergoes 

nucleophilic attack by a molecule of water at the anomeric position. The general acid in 

the first step now serves as a general base, aiding the nucleophilic attack of water to 

open the oxazoline ring, leading to formation of the sugar hemiacetal with overall 

retention of stereochemistry at the anomeric centre.[83] 

In 2005, Macauley et al reported that OGA uses substrate-assisted catalysis by 

applying Taft-like linear free energy analysis using a series of 4-Methylumbelliferyl 2-

deoxy-2-N-fluoroacetamido-β-D-glucopyranoside substrates and mechanism-inspired 

inhibitors to assess whether decreasing the basicity of the 2-acetamido group on the 

substrate resulted in a slower turnover.[84] Ultimately, this mechanistic study concluded 

that OGA uses anchimeric assistance, consistent with the mechanism observed for 

human lysosomal N-acetylhexosaminidases. These latter enzymes are often referred to 

as β-hexosaminidases or simply hexosaminidases and are a functionally related family 

of enzymes which cleave terminal GlcNAc off of glycoconjugates in the lysosome.  A 

more detailed discussion of these GHs is included in Chapter 2 of this thesis. 
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Figure 1.7.  The retaining mechanism of GHs involving anchimeric assistance 
(substrate-assisted catalysis).  
OGA and functionally related hexosaminidases use this method of 
catalysis. 

1.3. Inhibitors of glycoside hydrolases  

There are both chemical and genetic strategies that have been commonly used 

to manipulate the levels of GHs to study the resulting physiological effects. A classic 

method which has advanced the field is to manipulate expression levels of these 

enzymes using genetic methods to either delete genes, reduce target messenger 

ribonucleic acid (mRNA) levels, or increase protein levels by generating transgenic 

animals or inducing stable or transient over-expression. An obvious limitation of the 

knockout approach is that all enzyme activity is abolished, as is the enzyme itself. 

Critical protein-protein interactions may be lost as a result and, further, the complete loss 
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of activity may not be tolerated. These effects could lead to the organism no longer 

being viable. Furthermore, developmental effects may complicate interpretation of the 

results obtained using genetic methods and obscure the effect of losing some enzyme 

activity within the adult organism. All of these challenges may make it somewhat difficult 

to explore the effects of altered glycan processing using genetic methods.  

The alternative - and medicinally relevant - approach to manipulating enzymes is 

to use inhibitors. The clear advantage to this strategy is that enzyme activity can in 

principle be selectively down-regulated without completely abolishing its activity as 

compared to gene knock out. Ideally, a high quality inhibitor will be potent towards the 

target enzyme with a low Ki value in vitro when using buffer conditions mimicking the in 

vivo environment. Even more importantly, the inhibitor will be selective towards its target 

and would show minimal or no activity towards enzymes that are functionally related. 

Stability in aqueous solutions is also crucial because this property is important for use of 

inhibitors in vivo. Additionally, a modest cLogP value (logarithm of the partition 

coefficient of the compound between n-octanol and water) of between 1 and 4 benefits 

absorption and biodistribution of the inhibitor in vivo.[85] Analytical studies should be 

used to reveal changes in appropriate biomarkers such as specific types of 

glycosylation. Since a large part of this thesis is focused on the development of OGA 

inhibitors, I will provide a brief overview of rational GH inhibitor design, as well as 

relevant inhibitors, both covalent and non-covalent, which target GHs. 

1.3.1. GH rational inhibitor design 

In order to rationally design inhibitors for GHs one point of consideration is the 

mechanism of action of the specific enzyme (i.e. retaining or inverting) and whether the 

substrate being cleaved contains an α- or β- linkage at the anomeric centre. Additionally, 

it is important to examine whether the GH is endo-[86, 87] acting or exo acting[88, 89] as 

well as syn- or anti-protonating with respect to the leaving group[90]. These factors are 

relevant during the design of inhibitor structure because they collectively provide an idea 

of the type of structure that the enzyme active site is able to accommodate. 
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More importantly, the structures of many effective GH inhibitors are often 

influenced by considering the proposed TS structure which is stabilized by the targeted 

enzyme. In 1946, Linus Pauling introduced his hypothesis that enzymes are "molecules 

that are complementary in structure to the activated complexes of the reactions that they 

catalyze".[91] He proposed that the binding interactions between the enzyme to the 

fleeting TS decreases the activation energy, leading to a dramatic rate enhancement 

that is observed with enzymes including GHs. Richard Wolfenden subsequently 

expanded on this topic by relating Pauling's suggestion to the theory of absolute reaction 

rates.[92] He compared the reaction rates of comparable non-enzymatic and enzymatic 

reaction and he then described the latter as having a reaction rate which is higher by a 

factor of F. The non-enzymatic reaction proceeds through a TS that he termed TX, while 

the enzymatic reaction proceeds through a TS that he termed ETX (Figure 1.8). He 

concluded that an ideal inhibitor, regardless of the binding forces involved, would mimic 

the interaction occurring between the activated enzyme and activated substrate in the 

ETX complex. Furthermore, an ideal inhibitor would not mimic the activated substrate 

complex TX in the un-catalyzed reaction, since the rate of this non-enzymatic reaction is 

much slower in comparison.  
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Figure 1.8. Wolfenden's comparison of the transition states of a non-enzymatic 
reaction and catalyzed enzymatic reaction. 
Purple: Non-enzymatic reaction; Red: Catalyzed enzymatic reaction; S = 
free substrate, TX = transition state for the non-enzymatic reaction,  ES = 
Michaelis complex, ETX = transition state for the enzymatic reaction. The 
force of attraction between E and TX was described by Wolfenden to 
increase by a factor F, compared to the binding constant of the substrate 
in the Michaelis complex.[92]  
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Wolfenden applied this concept through the analysis of known inhibitors of triose 

phosphate isomerase, an enzyme involved in glycolysis, where he pointed out that 2-

phosphoglycolate (Ki = 6.8 x 10-6 M in chicken muscle; Ki =  6.0 x 10-6 M in rabbit 

muscle) is the only known inhibitor which is tighter binding than glycerol-3-phosphate, a 

molecule with similar tight binding properties as the enzyme's natural substrate (Ki =1.1 x 

10-4 M in chicken muscle; Ki= 2.3 x 10-4 M in rabbit muscle). He reasoned that this tighter 

binding of ~100-fold is a result of the resemblance of 2-phosphoglycolate to the 

proposed ene-diolate intermediate which was at the time speculated to form during 

catalysis with triose phosphate isomerase (Figure 1.9), and later confirmed to do so[93]. 

Overall, in this line of research Wolfenden outlined a method to approaching tight 

inhibitor design by considering the structural changes that occur to the substrate as it 

approaches the TS where it is bound most tightly by the enzyme.  

 

Figure 1.9.  Triose-phosphate isomerase plays an important role in glycolysis to 
reversibly interconvert the triose phosphate isomers glycerol-3-
phosphate and D-glyceraldehyde 3-phosphate.  
2-phosphoglycolate (middle) binds even tighter to triose-phosphate 
isomerase than glycerol-3-phosphate since it presumably imitates the 
proposed transition state ene-diolate intermediate (right). 

Taking these factors into consideration, it is possible to design both non-covalent 

and covalent inhibitors of GHs, and the decision to pursue either depends on the needs 

of the research studies as outlined briefly below. 

1.3.2. Non-covalent Inhibitors of GHs 

The interactions of an enzyme with non-covalent inhibitors are reversible. As a 

result, the types of forces involved during binding to the enzymatic pocket are Van der 

Waals forces, hydrogen bonding and ionic interactions. Non-covalent inhibitors are 
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generally more suitable for use as therapeutics and in drug design, since the enzyme 

being targeted is not irreversibly inhibited. 

Throughout the last few decades a profusion of non-covalent GH inhibitors have 

surfaced with tremendous therapeutic potential for a spectrum of diseases including 

lysosomal storage disorders (LSDs), diabetes, and viral infections. Reviews by Gloster et 

al [85] and Lahiri et al [94] elegantly highlight the recent advances which have been 

made in designing selective inhibitors for GHs for therapeutic and research purposes. An 

additional review by Gloster et al gives a thorough overview of small-molecule inhibitors 

which serve as chemical tools for GHs.[2]  

As noted above, the design of non-covalent inhibitors is often based on TS 

analogy via mimicry of the TS geometry or charge. Most GHs go through oxocarbenium-

like transition states, regardless whether they are retaining or inverting enzymes. The O-

5 oxygen lone pairs donate electron density into the empty p-orbital of C1, resulting in 

partial double-bond and sp2-like character at the endocyclic oxygen and anomeric 

carbon.[95] Consequently, there is distortion of the pyranose ring of the substrate when 

approaching the TS, such that it adopts a planar conformation which resembles a half 

boat or chair.[95, 96] As a result, GH inhibitors generally mimic this canonical proposed 

TS in two categorical ways: either by imitating the partial positive charge at C1 and O5 

which occurs during the TS by incorporating a basic atom within the core inhibitor ring 

structure or by incorporating an sp2 hybridized centre at C1 or O5 to replicate the TS 

geometry around the C5-O5-C1-C2 bonds.[97]  

Natural product iminosugars, where a nitrogen atom occupying the O-5 or C-1 

position mimics the partial positive charge in the oxocarbenium-like GH TS, are inhibitor 

scaffolds that are commonly used in GH inhibitor design. Nojirimycin, first isolated in the 

1960s from a cultured Streptomyces bacterial broth[98], was the first piperidine-based 

iminosugar bearing a nitrogen atom at the O5 position which was found to inhibit GHs 

including both α- and β-glucosidases.[99] Since then, the number of natural and 

synthetic iminosugar GH inhibitors with therapeutic potential has grown significantly. The 

natural product and close analogue of nojirimycin, deoxynojirimycin (DNJ),[100] has also 

been commonly used to target both α- and β-glucosidases. The synthetic GlcNAc 



 

18 

analogue of DNJ, 2-acetamido-1,2-dideoxy-D-gluconojirimycin (DNJNAc), and its 

derivatives have been effective at targeting β-hexosaminidases[101, 102], including 

OGA[103] with Ki values in the sub-micromolar range and high micromolar range, 

respectively[104]. The other commonly used synthetic derivative of DNJ is 2-acetamido-

1,2-dideoxy-D-galactonojirimycin (DGJNAc), the galactose epimer, which is a potent and 

selective inhibitor targeting mainly α-galactosaminidases, with Ki values as low as 0.081 

µM with chicken liver α-galactosaminidase.[105] Recently, 2-acetamido-1,2-dideoxy-D-

allonojirimycin (DAJNAc) was synthesized and shown to be a moderate selective 

inhibitor of β-hexosaminidases, with Ki values ranging from 2.6-5.7 µM with human 

placenta, bovine kidney, and jack bean β-hexosaminidases, comparable in activity to 

DNJNAc and DGJNAc, for which the Ki values range from 1.8-8.3 µM.[106] Overall, the 

broad family of iminosugars has many potential therapeutic applications in various 

human diseases. Notable examples are N-butyl-deoxynojirimycin (Zavesca™), (Ki = 

7µM)[107] an inhibitor targeting glycosylceramide synthase used for substrate reduction 

therapy in the LSD known as Gaucher's disease[108, 109] and N-

hydroxyethyldeoxynojirimycin (Glyset™),  an inhibitor of α-glucosidases (for example, Ki 

= 0.21 µM with maltase glucoamylase) used for treating type II diabetes[110], both of 

which are already drugs on the market. The structures of some iminosugar inhibitors are 

presented in Figure 1.10 A.  

Other rationally designed TS analogue piperidine-based iminosugar inhibitors are 

isofagomine[111, 112] and its analogue, azafagomine[113] (Figure 1.10, B), which has a 

hydrazine functionality incorporated into the ring structure. It was found that by moving 

the nitrogen in DNJ to the anomeric position to make isofagomine, an even more potent 

β-glucosidase inhibitor was created. Isofagomine inhibits β-glucosidase more strongly 

compared to α-glucosidase and other GHs (Ki = 0.11 µM in almond),[114] and has been 

shown to act as an inhibitory pharmacological chaperone of β-glucosidase in Gaucher 

cell fibroblasts, increasing enzyme activity by 3-fold in N370S cells which mimic the type 

1 mutation in Gaucher disease.[115]  1-Azafagomine inhibits almond β-glucosidase in 

almonds between pH 5.0 and 6.8 with Ki values ranging from 0.65 to 1 µM. Notably, it 

also displayed inhibition against α-glucosidase with a reasonable potency of Ki = 3.9 

µM[113], unlike isofagomine, which targets α-glucosidase less efficiently (Ki = 86 µM in 

yeast)[116]. 1-azafagomine derivatives have since been developed which have been 
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rationally modified to improve potency for β-glucosidase[117] or increase selectivity for 

α-glucosidase.[118]  

Pyrrolidine iminosugar natural products have also been exploited as TS 

analogues of GHs, and their structures are often used as a starting point for new 

synthetic analogues which have become increasingly more selective and potent for 

various GHs. 2,5-dideoxy-2,5-imino-D-mannitol[119] (DDIM) is a potent inhibitor of both 

α- and β-glucosidases with an IC50 of 0.2 µM for both types of enzymes at a pH above 

6.5, predominantly inhibiting in its de-protonated state.[120] A combinatorial approach 

which involved modification of the amine of DDIM subsequently led to the discovery of a 

potent low-nanomolar inhibitor of N-acetyl β-hexosaminidase with a Ki of 2.6 nM where 

the functionality on the N-1 of the pyrrolidine was a heptamine.[121]  Other synthetic 

pyrrolidines which have shown to be hexosaminidase inhibitors are enantiomers 2-

acetamido-1,4-imino-1,2,4-trideoxy-L-arabinitol (LABNAc) and 2-acetamido-1,4-imino-

1,2,4-trideoxy-D-arabinitol (DABNAc) and their respective N-benzyl analogues. LABNAc 

and N-benzyl LABNAc both target human placenta β-N-acetyl-D-hexosaminidase with  

low micromolar Ki's (15 and 3.7 µM respectively), while N-benzyl DABNAc is less 

effective, having a Ki of 180 µM.[122] The structures of the pyrrolidine inhibitor family for 

GHs are summarized in Figure 1.10,C. 
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Figure 1.10.  Examples of non-covalent iminosugar inihibitors of GHs. 
A) Iminosugar GH inhibitors stemming from the structure of 
nojirimycin (NJ) which targets both α- and β-glucosidases. DNJ: 1-
deoxynojirimycin (α- and β-glucosidases); DGNJ: 1-
deoxygalactonojirimycin (α- and β-galactosidases); DNJNAc: 2-
acetamido-1,2-dideoxy-D-nojirimycin (β-hexosaminidases); DGJNAc: 2-
acetamido-1,2-dideoxy-D-galactonojirimycin (α-galactosaminidases and 
β-hexosaminidases); DAJNAc: 2-acetamido-1,2-dideoxy-D-allonojirimycin 
(β-hexosaminidases). ZavescaTM  and GlysetTM are current therapeutics 
for Gaucher's disease and type II diabetes, respectively. ZavescaTM is an 
inhibitor of glycosyl ceramide synthase, and GlysetTM of α-glucosidase. 
This class of compounds mimics the oxocarbenium ion in the GH TS. B) 
Isofagomine and azafagomine, rationally designed TS mimic 
iminosugar inhibitors of β-glucosidases. In contrast to nojirimycin and 
analogues, isofagomine and azafagomine resemble the anomeric carbon 
resonance form of the TS oxocarbenium. C) Pyrrolidine-based 
iminosugar GH inhibitors. DDIM: 2,5-dideoxy-2,5-imino-D-mannitol (α 
and β-glucosidases);  DDIM heptamine is a potent and specific inhibitor of 
N-acetyl-β-hexosaminidase; LABNAc: 2-acetamido-1,4-imino-1,2,4-
trideoxy-L-arabinitol; DABNAc: 2-acetamido-1,4-imino-1,2,4-trideoxy-D-
arabinitol; enantiomers and their N-benzyl analogues target N-acetyl-β-
hexosaminidases.  

Castanospermine, another natural iminosugar with an indolizine alkaloid 

backbone isolated from the tree Castanospermum australe, is used as an effective 
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competitive inhibitor of many α- and β-glycosidases.[123, 124] More recently, an 

analogue of castanospermine, 6-acetamido-6-deoxy-castanospermine (6-Ac-Cas) was 

shown to be a hexosaminidase inhibitor (Ki = 300 nM towards OGA and 250 nM for 

HexB). 6-Ac-Cas was applied to demonstrate that insulin resistance is not a direct result 

of increase in O-GlcNAc levels. 3T3-L1 adipocytes were observed to have increased O-

GlcNAc levels upon treatment with 6-Ac-Cas, without observed insulin resistance.[125] 

In a different line of research, the indolizine alkaloid natural product swainsonine has 

been shown to target Golgi α-mannosidase II, an enzyme involved in N-linked 

oligosaccharide processing.[126] Swainsonine has gained much attention for its 

potential use as an anti-cancer agent, showing a reduction in tumour metastasis and 

enhancement of the immune response towards cancer cells.[127, 128]  More recently, 

pochonicine, a polyhydroxylated pyrrolizidine alkaloid natural product which comes from 

Pochonia suchlasporia var. suchlasporia TAMA 87 fungus was reported[129] to be a 

selective potent inhibitor of β-N-acetyl-hexosaminidases in a range of organisms. Ki 

values were in the low nanomolar range spanning from 0.1 nM to 141 nM, depending on 

the enzyme in question. Since then, synthetic analogues and stereoisomers have been 

further explored for inhibition optimization[130], identifying potent pochonicine 

stereoisomers which also target β-N-acetylgalactosaminidases in the low micromolar or 

mid-nanomolar range. The bicyclic natural products which serve as non-covalent TS 

analogue GH inhibitors are summarized in Figure 1.11.  

 

Figure 1.11. Natural product iminosugar GH inhibitors which have a bicyclic ring 
system backbone.  
Castanospermine and swainsonine are indolizine alkaloids which target 
α- and β-glycosidases and α-mannosidase II, respectively. Pochonicine is 
a potent inhibitor of  β-N-acetyl hexosaminidases. 

Instead of mimicking the charge build-up proposed to occur in the GH TS, there 

are effective GH inhibitors which mimic the planar geometry of the TS by incorporation of 

an sp2 hybridized centre at what would be the anomeric centre of the substrate. A 
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notable example is the 1,5-hydroximolactone derivative, O-(2-acetamido-2-deoxy-D-

glycopyranosilidene)amino-N-phenylcarbamate (PUGNAc), which targets β-N-

acetylhexosaminidases, including human OGA. PUGNAc is a nanomolar inhibitor of 

OGA (Ki = 46 nM)[131] which has commonly been used for evaluation of increased O-

GlcNAc levels in cells[132], despite this compound lacking selectivity over other 

functionally related enzymes. Imidazole-based sugar derivative nagstatin, a natural 

product initially isolated from Streptomyces amakusaensi,[133] is another strong β-N-

acetylhexosaminidase inhibitor which mimics the TS geometry. The fused imidazole ring 

locks the 6-membered ring into a planar conformation at the pseudo-anomeric centre, 

while the imidazole is sufficiently basic to enable its protonation within the enzyme active 

site.[134] GlcNAcstatin, a glucoimidazole analogue, is a hexosaminidase inhibitor which 

is also not selective for OGA over other mammalian hexosaminidases[135] and shows a 

Ki of 4.6 pM against a bacterial homologue of OGA (NagJ from Clostridium perfringens). 

Derivatives of gluconagstatin, such as GlcNAcstatin-C[136], have been shown to have 

selectivity for OGA and to be able to raise O-GlcNAc levels in human embryonic kidney 

293 (HEK 293) cells more effectively than PUGNAc, making it a useful chemical tool for 

studying human OGA in cell culture. The TS analogues designed to incorporate aspects 

of GH transition states that have been mentioned are summarized in Figure 1.12. 

 

Figure 1.12. Inhibitors which are TS analogues of GHs that mimic the sp2 
hybridized anomeric centre.  
O-(2-acetamido-2-deoxy-D-glycopyranosilidene)amino-N-
phenylcarbamate (PUGNAc) and nagstatin are both β-N-
acetylhexosaminidase inhibitors. GlcNAcstatin is a potent and selective 
inhibitor of OGA.  

An alternative GH inhibitor family targeting N-acetyl hexosaminidases, including 

OGA[84] which mimics the oxazoline intermediate formed during substrate-assisted 

catalysis[137] is the thiazoline family, stemming from the structure of NAG-thiazoline, 

which was first prepared by Knapp et al[138]. This inhibitor has been shown to be a TS 
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analogue[131] with a potency of 70 nM for family 20 β-hexosaminidases and family 84 -

N-acetylglucosaminidases, which includes OGA. 1,2-dideoxy-2'-propyl-α-D-

glucopyranoso-[2,1-d]-∆2'-thiazoline (NButGT) and 1,2-dideoxy-2'-ethylamino-α-D-

glucopyranoso-[2,1-d]-∆2'-thiazoline (ThiamEt-G), two increasingly more selective 

competitive inhibitors of human OGA have been developed. NButGT bears a bulkier 

alkyl chain in place of the 2’-methyl group observed for NAG-thiazoline and has a Ki 

value of 70 nM for human OGA[84]. NButGT has been used in cell culture[139] as as 

well as in vivo to show that increased O-GlcNAc levels do not induce insulin 

resistance[140]. ThiamEt-G was shown to be 10 times more potent (Ki = 21 nM), which 

was accomplished by installation of an exocyclic amine at the 2’ position of the thiazoline 

ring. ThiamEt-G has also been successfully used to study the relationship between the 

O-GlcNAcylation and hyperphosphorylation of the tau protein in an Alzheimer disease in 

vivo, overall showing that an increase in O-GlcNAc levels decreases the toxic 

hyperphosphorylation of tau[54, 141, 142] and protects against amyloid 

pathologies[143]. This family of inhibitors will be more extensively discussed in Chapter 

2, as the inhibitors which were synthesized for the purposes of this research stem from 

the structure of ThiamEt-G. The structures of NAG-Thiazoline, NButGT and ThiamEt-G 

are summarized in Figure 1.13. 

 

Figure 1.13. Structurally-related inhibitors of N-acetyl hexosaminidases and 
OGA, NAG-thiazoline, NButGT and ThiamEt-G.  
NAG-thiazoline is a potent, non-selective inhibitor for both human 
lysosomal hexosaminidases and OGA (Ki = 70 nM); NButGT is selective 
for human OGA (Ki = 250 nM)[131] while ThiamEt-G, still selective for 
human OGA is even more potent (Ki = 21 nM)[54]. 
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1.3.3. Covalent inhibitors of GHs 

In contrast to non-covalent inhibitors, there are also a variety of GH inhibitors that 

bind to the active site and then form a covalent bond with the enzyme, resulting in long 

lived or even irreversible inactivation of the target enzyme. Consequently, these covalent 

types of inhibitors can be used as probe molecules in different ways as compared to 

non-covalent inhibitors. Mechanism-based covalent inhibitors (MBIs) are commonly used 

for identification of site residues[144, 145] and studying the catalytic mechanisms of 

GHs[146]. A review by Rempel and Withers elaborates on the many uses of covalent 

inhibitors with a focus on their biological significance when used with GHs[32], and a 

more recently published book chapter by Kallemejin, et al reviews this topic as well[147] 

These families of covalent inhibitors can be further subdivided into affinity-based or MBIs 

as alluded to just above. 

MBIs are chemically inert molecules until they are bound within the enzyme 

active site and activated by the enzyme machinery. For GHs this activation of the probe 

typically occurs during the glycosylation step when the nucleophile within the active site 

attacks the anomeric centre leading to cleavage of the glycosidic linkage. At this stage, 

the MBI forms a covalent bond with a chemically reactive amino acid residue within the 

active site. Often, this residue is the active-site nucleophile and hence, incubation with 

certain MBIs can be used to identify this catalytic residue. Some examples of the 

mechanism base of MBIs are carbasugar epoxides[148-151], fluorosugar 

glycosides[152], conduritol aziridines[153, 154] and newer cyclopropylcarbasugars[155] 

most of which lead to labeling of the catalytic nucleophile within the active sites of 

retaining GHs.  

Conduritol-based epoxide (CBEs) (Figure 1.14) is an example of an MBI which 

has long been used for studying retaining GHs. Interestingly, the structural symmetry of 

CBE allows it to act as an electrophile for both retaining α- and β-glucosidases, although 

it is particularly selective, and most commonly used for studying human lysosomal β-

glucocerebrosidase 1 (GBA1) to gain insight into Gaucher's disease.[156] GBA1 is the 

enzyme which is deficient in the genetic disease known as Gaucher's, which stems from 

a loss of function of GBA1 and as a result, an accumulation in the lysosome of its 

substrate, glucocerebroside. The mechanism of enzyme inactivation involves a 
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nucleophilic attack by the catalytic nucleophile on the pseudo-anomeric position of CBE, 

which results in the opening of the epoxide with simultaneous protonation of the oxygen 

atom by the general acid/base catalytic residue and consequent formation of a stable 

covalent bond (Figure 1.14). An example of a significant application of CBE was  the 

exploitation of its specificity for GBA1, and more specifically its lack of reactivity with a 

non-lysosomal integral membrane protein glucosylceramidase (NLGCase), being used 

to uncover that the GBA2 gene encodes for NLGCase.[157] 4-Methylumbelliferyl β-D-

glucoside (4-MUGlu), a substrate for both GBA1 and GBA2, activity in GBA2 transfected 

mouse leukaemic monocyte macrophage (RAW) cells showed increased -glucosidase 

activity that could not be ablated on treatment of the cells with CBE. Conversely, treating 

cultures with N-butyl-DNJ (ZavescaTM), a strong inhibitor of GBA2 resulted in the same 

level of -glucosidase activity regardless of whether transfection was performed. 

Additionally, the subcellular localization of GBA2 was evaluated in RAW cells and mouse 

melanoma (MEB-4) cells. The sub-cellular localization of GBA2 was done in parallel 

using a glucosylceramide fluorogenic substrate, which upon enzymatic cleavage could 

be localized using fluorescence microscopy. Applications of fluorogenic substrates such 

as this one will be further described in Section 1.4 of the thesis. 

Since CBE is able to inactivate both α- and β-glucosidases, there is clearly a 

limitation in terms of its ability to selectively target β-glucosidases. Cyclophellitol, 

however, is also an epoxide MBI which is structurally similar to CBE except that it 

contains a hydroxymethyl moiety at the C5 position instead of a hydroxyl group (Figure 

1.14), a substitution that breaks the symmetry of the molecule. This natural product was 

isolated from the culture filtrate of a mushroom, Phellinus sp., and was established to be 

a specific inhibitor of β-glucosidases with inactivation constants of Ki = 0.34 mM and kinact 

= 2.38 min-1 for almond β-glucosidase and Ki = 0.055 mM and kinact = 1.26 min-1 for 

Agrobacter. sp. β-glucosidase.[150] In 2007, the crystal structure of covalently bound 

cyclophellitol in the active site of the β-glucosidase from Thermatoga maritima (TmGH1) 

was determined, confirming that a covalent bond is formed with the catalytic nucleophile 

within the glycosidase active site.[151] The demonstrated biological applications of 

cyclophellitol are more limited than CBE, but this MBI has extensively been used to 

selectively inhibit human lysosomal GBA1 and induce an enzyme deficient-like state. 

The motivation to induce this physiological state is to explore a "Gaucher-like" phenotype 
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in an animal model, which is the disease arising from GCase deficiency as noted above. 

The effects of GCase inhibition using either CBE[158] or cyclophellitol[159] have been 

explored in animal models in this manner to take a closer look at the physiological 

effects of loss of function of GBA1[160].  

In addition to CBE and cyclophellitol, the aziridine analogue of CBE (Figure 1.13) 

has also been established as an inactivator of α (Ki = 3 mM, kinact  = 0.077 min-1) and β-

glucosidases (Ki = 9.5 mM, kinact = 0.39 min-1).[153] The design of aziridine-based 

inactivators stems from the notion that the nitrogen in the ring when protonated, should 

have a higher affinity for the negatively charged GH active site since it would be 

positively charged, although this has not been borne out by studies.[32] Aziridines, 

however, have evolved to emerge as effective activity-based probes for human 

GBA1[161], which is a topic further elaborated on in Section 1.3.4, as well as other 

enzymes[162, 163]. 
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Figure 1.14. Mechanism of inhibition of A) retaining β-glucosidases and B) 
retaining α-glucosidases by conduritol-based epoxide (CBE).  
Cyclophellitol and CBE are among the most common MBIs of 
glucosidases used to study enzymatic mechanisms and identify catalytic 
nucleophiles within glycosidase active sites. Both inhibitors have been 
applied in various biological studies which target GBA1 and the lysosomal 
storage disease, Gaucher's disease. Conduritol aziridine is the aza-
analogue of CBE which is an MBI of both β- and α-glucosidase, with a 
higher affinity for α-glucosidase. 

Recently, in 2014, Chaklandar et al presented two bicyclo[4.1.0]heptyl analogues 

of galactose as carbocyclic MBIs for retaining galactosidases from GH families 27 and 

36.[155] Activation of the D-galacto MBI within the active site of GH36 family α-

galactosidase Thermotoga maritima (Figure 1.15, A) leads to inactivation through the 

formation of a bicyclobutenium ion intermediate (Figure 1.15, B) that then collapses with 

the catalytic nucleophile residue in the active site, as determined by electrospray 

ionization tandem spectrometry (ESI/MS/MS). This is so far the sole example of a GH 

forming a carbocationic intermediate that does not involve the stabilization by the 

endocyclic O-5 atom of positive charge build up on the anomeric centre in the TS. 
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Figure 1.15. Mechanism-based inhibitors involving formation of a non-classical 
carbocation. 
Bicyclo[4.1.0]heptyl-based D-galacto (A, left) and L-altro (A, right) 
analogues which were the MBIs synthesized form a bicyclobutenium ion 
in the transition state (B), leading to enzyme alkylation and inactivation. 
These MBIs were used to identify the catalytic aspartic acid residue for 
two different retaining α-galactosidases from GH families 27 and 36.[155] 

A widely explored family of MBIs which have been extensively reported on in the 

literature are the 2-deoxy-2-fluoroglycosides, whose mechanism of action is depicted in 

Figure 1.16.[152] The addition of the electronegative fluorine at the 2-position of the 

pyranose ring increases the free energy of both the glycosylation and de-glycosylation 

transition states, which have significant oxocarbenium-like character. As a result, both 

catalytic steps are slowed. However, through the installation of a good aglycone leaving 

group, the glycosylation step of the reaction can be sped up such that it becomes faster 

than the de-glycosylation step (k1 > k2) and the resulting covalent intermediate stably 

accumulates. This concept has been useful for obtaining crystal structures of glycosyl 

enzyme intermediates and identification of catalytic nucleophiles in retaining 

glycosidases having an equatorial leaving group, as seen for example with -

glucosidases.[32, 164, 165] 
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Figure 1.16.  The inhibitory mechanism of 2-deoxy-2-fluoroglucosides with 
retaining glycosidases. 

1.3.4. Covalent GH inhibitors as activity-based probes (ABPs) 

The concept of GH inhibition has been described above primarily in the context of 

enzymatic in vitro assays where inhibitors have been used for mechanistic studies with 

GHs. However, several MBIs have been converted into chemical probes that are able to 

covalently label GHs in cell lysates, intact cells, or even in tissues and whole animals. 

The labeled GH can then be detected or identified using techniques such as mass 

spectrometry and western blotting. This strategy has been particularly useful in the field 

of activity-based protein profiling (ABPP) where the covalent enzyme inhibitor acts as a 

probe enabling enzymes having an activity of interest to be detected or identified. One 

example is the application of a fluorescently-labelled cyclophellitol and a cyclophellitol-

aziridine, which have been used successfully as activity based probes (ABPs) for 

visualization of active GBA1 in vitro and in vivo by labelling the active enzyme. Witte, 

M.D. et al described an elegant approach for in situ labeling of GBA1 with cyclophellitol-

based ABPs labeled with a boron dipyrromethene (BODIPY) fluorophore (Figure 1.17, 1 

and 2) to monitor GBA1 activity in fibroblasts from Gaucher patients and in a mouse 

animal model.[166] These ABPs covalently label the catalytic nucleophile of GBA1 

(residue E340), and appear to be extremely tight binding ligands for GBA1, with IC50 

values of 7  nM and 8 nM for 1 and 2, respectively. A few years later, Kallemeijn et al 

described the ABPs 3 and 4 (Figure 1.17) based on the structure of cyclophellitol-

aziridine MBIs which in contrast to 1 and 2 are able to target other β-exoglucosidases 

besides GBA1.[167] These probes are also slightly more potent than 1 and 2, inhibiting 
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GBA1, GBA2 and GBA3 in the low nanomolar and picomolar range (IC5o = 0.98, 0.130 

and 3.96 nM, respectively). 3 was shown to be effective for labelling GBA1 in living 

HepG2 cells and in COS-7 cells over-expressing GBA2, GBA3, and lactase/phlorizin 

hydrolase (LPH), in studies where the cell lysates were incubated with the probe and 

then analyzed by western blot. Additionally, western blot analysis showed that 3 was 

able to label retaining β-glucosidases in live mice when tissue homogenates from 

various organs were taken and analyzed 2 hours after injection with the probe. Both sets 

of probes are useful methods for monitoring GBA1 levels in cell lysates and for imaging 

functional GBA1 within fixed cells.  

 

Figure 1.17.  Activity-based probes (ABPs) based on the structures of epoxide or 
aziridine MBI families.  
1 and 2 are based on the MBI cyclophellitol structure, connected with a 
linker to boron dipyrromethene (BODIPY) fluorophores and have been 
used to allow visualization of active GBA1 enzyme in cells and living 
mice.[166] ABPs 3 and 4 are based on the aziridine MBI structure linked 
to a biotin molecule as the reporter and target a wider range of retaining 
β-glucosidases which include GBA1, GBA2 and GBA3.[167] 

Another example related to the MBIs described previously is the 2-deoxy-2-

fluoroglycoside concept. One of the earliest examples of a MBI adapted for use as an 

ABP was published by Vocadlo and Bertozzi in 2004 and used a 2-deoxy-2-

fluorogalactoside derivative.[168] This study describes the labelling of an endogenous β-

galactosidase in cell lysates using an azide-functionalized 2-fluorosugar ABP. 

Subsequent labelling of the Escherichia coli β-galactosidase (LacZ) using the Staudinger 
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ligation permitted downstream detection of the enzyme by western blot analysis (Figure 

1.18). This technique was a pioneering approach for observation and isolation of 

glycosidases in complex cellular mixtures. 

 

 

Figure 1.18. An azidosugar ABPP used in combination with the Staudinger 
ligation to label glycosidases.  
Incubation of cell lysates with 6-azido-2,6-dideoxy-2-fluoro-β-D-
galactopyranosyl fluoride (6Az2FGalF) covalently labeled LacZ. 
Subsequent Staudinger ligation allowed tagging with phosphine-FLAG 
(DYKDDDDK peptide sequence), which was detected using western 
analysis.  

An extension of the 2-fluorosugar approach has been described in conjunction 

with radioisotopic labelling for in vivo studies of enzyme biodistribution in a mouse 

animal model. GBA1 was labeled in vitro using an 18F-labelled fluorosugar and then 

injected into mice. Positron Emission Tomography (PET) imaging was used to follow 

distribution of the enzyme, allowing the direct in vivo assessment of GBA which could be 

used to better optimize the current standard of care for Gaucher disease, which is 

Enzyme Replacement Therapy (ERT) with recombinant enzyme (Figure 1.19).[169]  
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Figure 1.19.  The 2-fluorosugar approach applied during radioisotopic labeling in 
vivo. 
A) The structure of the radioisotopically labelled GBA (18F-Glc-GCase) 
catalytic site. B) The PET images obtained upon injection of the 
radioactive inhibitor into mice. This image was reproduced from PNAS 
v.107 n.24, p.10848. Copyright Christopher P. Phenix et al. Used with 
permission.[169] 

The types of ABPP of GHs has been consistently expanding over the last 

decade, with many examples elegantly highlighted in a recent review by Willems et 

al.[154] As valuable of a technique as using MBIs as ABPs is, throughout the course of 

the research described in this thesis, we have instead focused on probe substrates that 

could enable monitoring OGA activity in live cells. This is a largely un-explored field for 

GHs in general and permits monitoring enzyme activity rather than simply enzyme 

levels. For the purposes of appreciating the objectives of this thesis, it is necessary to 

further expand upon the use of GH substrates as chemical tools for evaluation of GH 

function. 

1.4. Use of fluorescent substrates as probes to monitor GH 
activity 

Fluorescent substrates are frequently used for in vitro enzymatic assays to 

monitor enzyme activity in buffers that can mimic the natural environment of the enzyme. 

For GHs there are many examples of fluorogenic substrates in which a fluorophore has 

been conjugated to the recognition element of the substrate, such that upon cleavage of 

the glycosidic bond a dramatic increase in a fluorescent signal results. One of the most 
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common fluorophores currently employed for this purpose is 4-methylumbelliferone (4-

MU) (Figure 1.20), which has been conjugated to natural substrates to probe a wide 

range of GH activities. 4-MU has been used to assay enzymes in this way as far back as 

65 years ago[170, 171] and is currently used to assay enzymes such as GBA1, GBA2 

and GBA3[157, 166], lysosomal β-hexosaminidases[172, 173] and human OGA[84]. 

One of the most problematic features of using 4-methylumbelliferone as a fluorogenic 

leaving group is its high signal to noise ratio, making background fluorescence a 

concern. Additionally, since the phenolate anion of free 4-methylumbelliferone is the 

fluorescent species and the pKa of 4-methylumbelliferone is 7.8, [174, 175], the pH of the 

in vitro assay may need to be raised by quenching the reaction with a basic buffer in 

order to generate measurable signal, depending on the enzyme being studied. There are 

many other fluorophores that have been applied to probing GH activity in vitro, such as 

resorufin (Figure 1.20), which fluoresces at longer wavelengths. The main advantages of 

resorufin are its low pKa (5.8), large extinction coefficient (ε 62000 M-1 cm-1) and high 

fluorescence quantum yield (ɸ = # of photons emitted/ # photons absorbed; ɸ=0.74)[176] 

of the phenolate anion.[177] Examples of in vitro assays using resorufin glycosides 

include the use of resorufin β-D-cellobioside to monitor cellulose activity[178] and probing 

the activity of GBA1[179] with resorufin β-D-glucopyranoside. A basic outline of how 

these fluorophores are used in assays is summarized in Figure 1.20. 
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Figure 1.20.  The basic detection method of GH hydrolysis during in vitro kinetic 
studies commonly performed with 4-methylumbelliferone and 
resorufin.  
Upon hydrolysis with the enzyme, the fluorescence of the liberated 
anionic fluorophore can be detected. 

Although conjugating fluorophores onto substrates has been a valuable approach 

to probing GH activity in vitro, most of these have not proven useful for use in vivo. This 

issue arises in large part because of their background fluorescence and in some cases 

the low wavelengths of their excitation and emission bands, which leads to damage to 

the cell or is confounded by cellular auto-fluorescence, respectively. An alternative 

method for achieving in vivo or in cellulo monitoring of activity while minimizing 

background signal is to use substrates that show Förster Resonance Energy Transfer 

(FRET) when intact between two different fluorophores or FRET quenching in the case 

of using a fluorophore and quencher pair. The FRET is then relieved upon hydrolysis by 

the GH of interest. There are limited examples of successful application of this approach 

in the literature as applied to GHs.[177, 180, 181] A major challenge with this approach 

is that the active site architecture of GHs, in particular GHs that cleave terminal sugars 

from glycoconjugates, is pocket shaped and does not accommodate the simultaneous 

installation of two fluorophores. One example where the FRET-based quenched 

substrate approach has been applied to detect the activity of endo-chitinases and -

chitobiosidases is where a bifunctionalized chitooligosaccharide substrate was used in 

which the fluorophore and quencher were installed at either end of the oligomer.[182] 

Such a design is tolerated by endo-acting GHs that cleave the middle of oligosaccharide 

chains because they have a groove shaped active site. This chitooligosaccharide 
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substrate was used to detect endo-chitinase activity within a complex mixture since exo-

chitinases are not able to hydrolytically cleave the substrate. Using this approach, it was 

shown that the chitobiosidase in question actually show endo hydrolytic activity, which 

was significant since that class of enzymes was previously considered as exclusively 

exo-acting (Figure 1.21).  

 

Figure 1.21. A chitooligosaccharide substrate bi-functionalized with an 
EDANS/DAB fluorophore/quencher pair.  
EDANS: 5-(2-aminoethyl) amino-1-napthalene-sulfonic acid; DAB: 
dimethylaminophenylazophenyl.  

In contrast to this in vitro quenched substrate approach, a recent and pioneering 

example of monitoring GH activity in cellulo has been reported by Yadav et al. This 

approach permits the time-dependent monitoring of GBA1 activity in live cells and 

assessment of its inhibition or activation in live cells (Figure 1.22).[181] From a more 

general perspective, direct visualization of GBA1 activity within cells should enable the 

optimization of current therapeutics for Gaucher's[183] and Parkinson's diseases[184, 

185], which both result from inadequate levels of active GBA1 in the lysosome, as well 

as identification of new therapeutic strategies or active molecules. 
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Figure 1.22. The fluorescence quenched substrate used for monitoring the 
activity of endogenous GBA1 in live cells.  
BODIPY (λex=576 nm/ λem=589 nm) is a fluorophore compatible with use 
of red-shifted light for the excitation, which minimizes background cell 
autofluorescence and cell damage from irradiation. The absorption 
wavelength of Black Hole Quencher 2 (BHQ2) overlaps with the emission 
of the BODIPY fluorophore, enabling efficient FRET. 

1.5. Goals and aims of this thesis  

As discussed in Section 1.1, the O-GlcNAc modification is a biologically important 

protein modification that is implicated in several disease states. The overall motivation 

for the research in this thesis was to develop tools that could be used to probe the 

functional roles of the O-GlcNAc modification by manipulating human OGA in cells and 

in vivo and thereby help uncover the biological functions of O-GlcNAc. The specific aims 

of this thesis were to: 

1)  Synthesize and evaluate the structure-activity relationships of selective 

non-covalent OGA inhibitors based on the 2′-aminothiazoline inhibitor family 

described in Section 1.3.2. Inhibitor characterization involved measurement of Ki 

values, determining selectivity for human OGA over the lysosomal hexosaminidases, 

pKa measurements using nuclear magnetic resonance (NMR) spectroscopy and analysis 

of TS analogy using linear free energy relationships (LFERs). This research is described 

in detail in Chapter 2. 
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2)  Synthesize and evaluate two new designs for quenched fluorogenic 

substrates containing different fluorophores and assess whether they would be 

compatible for in vivo monitoring of OGA.  The two sugar substrates synthesized 

contain either 4-methylumbelliferone or resorufin as the fluorophore positioned at the 

anomeric position and incorporated thioamide functionalities as the quencher positioned 

at the 2-position of the pyranose ring. The kinetic properties governing hydrolysis of 

these compounds catalyzed by OGA have been characterized. The synthesis and kinetic 

studies are described in Chapter 3. 

It is expected that both sets of these chemical tools could be used for various 

purposes to study a range of biological processes which could help expand our 

knowledge of the O-GlcNAc modification. 
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Chapter 2.  
 
Structure-activity relationships of aminothiazoline 
inhibitors of human O-GlcNAcase reveals they are 
sub-nanomolar transition state analogues 

The final manuscript draft is currently in preparation for this project. The 

designated numbers given to synthetic compounds in this Chapter relate only to Chapter 

2.  

2.1. Contributions 

Julia Heinonen and Ernest J. McEachern established the synthetic route for the 

2'-aminothiazoline hOGA inhibitors. Julia Heinonen performed the preliminary studies for 

the Ki measurements with hOGA. Dr. Keith Stubbs synthesized the 4-

methylumbelliferone substrates used in the TS analogy study. I re-synthesized the 

inhibitors, established the Ki values of each inhibitor with hOGA and the human 

lysosomal hexosaminidase B, performed the TS analogy assays and determined pKa 

values using NMR spectroscopy. 

2.2. Abstract 

 In recent years the modification of nuclear and cytoplasmic proteins with O-linked 

N-acetylglucosamine (O-GlcNAc) has emerged as playing diverse roles in health and 

disease. Inhibitors of O-GlcNAc hydrolase (OGA), the enzyme that removes O-GlcNAc 

from proteins, lead to increased O-GlcNAc levels in cells and in vivo and brain 

permeable OGA inhibitors have been found to modify progression of Alzheimer Disease 

(AD) pathologies in animal models of AD. Here we uncover the structure-activity 
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relationships for a series of tight binding 2′-aminothiazoline inhibitors of human OGA 

(hOGA). The potency and selectivity trends observed include the greater than 1 000 

000-fold selectivity observed for hOGA over functionally related human lysosomal β-

hexosaminidase for one of these compounds. Using linear free energy analyses, we 

show a strong linear correlation between binding of these 2′-aminothiazoline inhibitors 

and the pKa of the aminothiazoline system. We further show, using an analogous set of 

synthetic substrates, that 2′-aminothiazoline inhibitors are transition state analogues of 

hOGA with remarkable ligand efficiencies observed of up to 0.88 kcal/mol/heavy atom 

for one of these inhibitors. The resulting insights regarding the basis for the high potency 

and selectivity of these tool compounds should enable their general use in the field and 

enable the development of compounds with still more desirable properties for use in vivo 

and within clinical applications. 

2.3. Introduction 

The modification of serine and threonine residues of nuclear and cytoplasmic 

proteins with terminal O-linked β-N-acetylglucosamine (O-GlcNAc) has been found on 

hundreds of proteins.[186-188] Occurring both post-[189] and co-translationally,[190] O-

GlcNAc has been found in all multi-cellular eukaryotes studied, ranging from humans 

through to plants[4]. Multiple cycles of addition and removal of the O-GlcNAc 

modification can occur over the lifetime of a protein[17] and global O-GlcNAc levels have 

been shown to vary in response to cellular nutrient availability and stress[191]. Notably, 

O-GlcNAc has been found in some cases to influence protein phosphorylation.[26, 45, 

191] These observations have stimulated interest in the physiological roles played by O-

GlcNAc and research has implicated this modification in various cellular processes, 

including for example, proteosomal degradation[10, 192, 193] and transcriptional 

regulation[194]. Additionally, a growing body of literature has implicated O-GlcNAcylation 

as influencing the progress of chronic diseases including neurodegeneration[55, 195-

198] and cancer[59, 60, 127, 199-201]. Given the mounting potential in targeting protein 

O-GlcNAcylation for therapeutic benefit, there has been a rising interest in the 

identification and characterization of small molecule modulators of this pathway in 

mammals. 
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Only two enzymes primarily regulate levels of O-GlcNAc within cells. The 

glycosyltransferase uridine diphospho-N-acetylglucosamine:peptide -N-

acetylglucosaminyl transferase (OGT) installs O-GlcNAc residues using uridine 

diphosphate N-acetylglucosamine (UDP-GlcNAc) as the sugar substrate donor.[28, 29] 

The enzyme responsible for removing O-GlcNAc from proteins is O-GlcNAcase 

(OGA),[202, 203]  which is a member of glycoside hydrolase family 84 (GH84) of the 

CAZy classification system[75, 76, 204]. Consistent with the reversible nature of protein 

O-GlcNAcylation, inhibitors of these enzymes have been shown to induce time-

dependent changes in cellular O-GlcNAc levels.[54, 84, 132, 135] Small molecule 

inhibitors of OGA, in particular, have emerged as useful research tools that can be used 

for evaluating the phenotypic effects of increased O-GlcNAc levels in cultured cells,[58, 

125] as well as in vivo[54, 140]. 

Among the first reported inhibitors of OGA is O-(2-acetamido-2-deoxy-D-gluco-

pyranosylidene) amino-N-phenylcarbamate (PUGNAc, Figure 2.1 C, 1)[205, 206] (hOGA 

Ki = 46 nM). This inhibitor, however, has well-described off target effects[125] including 

the inhibition of the functionally related lysosomal -hexosaminidases HEXA and 

HEXB[207] from family GH20. These two lysosomal enzymes cleave β-linked terminal 

N-acetylhexosamine residues from various glycoconjugates including gangliosides. 

Genetic deficiency of these hexosaminidases result in Tay-Sachs and Sandhoff 

diseases.[208] More recently identified inhibitors such as 6-acetamido castanospermine 

(6-Ac-Cas)[125] (hOGA Ki = 300 nM) (Figure 2.1 C, 2), and 1,2-dideoxy-2'-methyl-α-D-

glucopyranoso-[2,1-d]-∆2'-thiazoline (NAG-thiazoline)[138, 209] (hOGA Ki = 70 nM) 

(Figure 2.1 C, 3) while reasonably potent, are also non-selective. Given that gangliosides 

play varied roles in cellular processes ranging from cell membrane structure to cell 

signaling[210], and some gangliosides play a role in insulin resistance[211, 212], interest 

has emerged for the development of selective inhibitors of OGA as useful probe 

molecules[84, 135]. The importance of on-target selectivity and associated potency of 

OGA inhibitors is reflected by the variation in results obtained when using different 

inhibitors to interrogate the connection between increased O-GlcNAcylation and insulin 

resistance. The non-selective inhibitor PUGNAc induces insulin resistance[58] whereas 

other inhibitors, including the non-selective 6-Ac-Cas as well as the selective 1,2-

dideoxy-2'-propyl-α-D-glucopyranoso-[2,1-d]-∆2'-thiazoline (NButGT)[209] (Figure 2.1, 4) 



 

41 

have no effect on glucohomeostasis either in cells or in vivo[125, 139, 140] and NButGT 

has been shown to be well tolerated over a period of months[84, 139, 213].  

One approach that has been pursued to create selective OGA inhibitors is to 

rationally design OGA inhibitors, based on knowledge of the catalytic mechanism and 

structure of OGA.[209] Detailed mechanistic studies[84, 209] coupled with structural 

studies of bacterial homologues of hOGA[137, 214] have provided clear support for a 

catalytic mechanism involving substrate-assisted catalysis in which the 2-acetamido 

group of the substrate serves as a catalytic nucleophile to generate a transient enzyme-

bound oxazoline intermediate (Figure 2.1, A). Notably, in this catalytic mechanism, two 

aspartate residues (Asp174 and Asp175) play key roles as general acid/base catalytic 

residues.[215] Asp174 serves to orient and polarize the 2-acetamido group to aid its 

attack at the anomeric centre while Asp175 facilitates cleavage of the glycosidic bond 

(Figure 2.1, A,B). Given the clear resemblance of NAG-thiazoline[138] to the oxazoline 

intermediate, analogues of this molecule in which the 2′-position of the thiazoline ring 

was modified were generated and showed fair selectivities coupled with moderate 

nanomolar potencies as exemplified by NButGT (hOGA Ki = 230 nM, Ki(HEX)/Ki(hOGA) 

= 1,500)[84]. 
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Figure 2.1. The catalytic mechanism of hOGA and its common inhibitors. 
A) hOGA uses a substrate-assisted catalytic mechanism through 
formation of an oxazoline intermediate.[84] Polarization of the 2-
acetamido group by D174 facilitates the cyclization of the 2-acetamido 
carbonyl oxygen onto the anomeric centre, where the leaving group is 
displaced and its departure is facilitated by the D175 general acid, forming 
an oxazoline ring intermediate. The oxazoline is then broken down by the 
attack of water at the anomeric position, which is facilitated through 
general acid catalysis of D175 and through the polarization of the 
acetamido group by general base D174. B) The TS for oxazoline 
intermediate formation. C) Inhibitors which have been used to study 
elevated levels of O-GlcNAc in vitro and in cellular assays. 

More selective hOGA inhibitors have since been generated including a 

bioisostere of NButGT, 1,2-dideoxy-2'-ethylamino-α-D-glucopyranoso-[2,1-d]-∆2'-

thiazoline (ThiamEt-G) (hOGA Ki = 21 nM, Ki(HEX)/Ki(hOGA) = 37,000)[54] (Figure 2.1 

C, 5). This conveniently accessible inhibitor shows clear effects on brain O-GlcNAc 

levels in mammals and has been used by several groups to show chronic OGA inhibition 

and increased O-GlcNAcylation over several months has no deleterious effects and also 
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protects against both tau[141, 142, 216] and amyloid pathologies[55, 143] as well as 

neurodegeneration and cognitive defects in several different transgenic rodent models of 

AD.  

Given the utility of ThiamEt-G and its potential as a disease modifying therapy for 

AD, we set out to synthesize a panel of 2’-aminothiazoline hOGA inhibitors and to use 

these to gain an understanding of the basis for potent hOGA inhibition by ThiamEt-G, as 

well as define structure-activity relationships for such aminothiazoline OGA inhibitors. 

Herein, we report on the synthesis and characterization of aminothiazoline inhibitors with 

hOGA and human HexB (hHexB), demonstrate the strongly pKa-dependent inhibition of 

hOGA by such inhibitors, and reveal these inhibitors are genuine TS analogues – which 

explains the picomolar binding and exceptional ligand efficiencies (LE) of the best 

representatives from this inhibitor family.  

2.4. Results and Discussion 

2.4.1. Preparation and evaluation of 2'-alkylaminothiazoline hOGA 
inhibitors 

Given the increasing interest in OGA inhibitors as potential therapeutic agents for 

a range of pathological processes, we were interested in understanding the basis for the 

potency of the orally bioavailable ThiamEt-G (Figure 2.1 C, 5), particularly since it shows 

significantly improved inhibition of OGA over the isosteric NButGT (Figure 2.1 C, 4). 

Early studies showed that varying the 2′-alkyl substituent of NAG-thiazoline resulted in 

increased selectivity for OGA over the lysosomal hexosaminidases at the slight expense 

of potency.[84] This trend is observed in a series of glucoimidazole inhibitors[135, 136, 

217] whereas it does not hold for PUGNAc analogues which show only modest 

selectivity[218, 219]. Exploiting a similar approach of increasing steric bulk of the 

acetamido group, more recent selective hOGA inhibitors include the modified cell-

penetrant gluco-imidazole inhibitors GlcNAcstatin G (hOGA Ki = 4.1 nM, 

Ki(HEX)/Ki(hOGA) > 900,000) (Figure 2.1 C, 6) and GlcNAcstatin H (hOGA = 2.6 nM,  

Ki(HEX)/Ki(hOGA) = 35,000) (Figure 2.1 C, 7), the most selective compounds for hOGA 

from the GlcNAcstatin series A-H[217].  
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Nevertheless, structural studies have suggested that selective carbohydrate 

based OGA inhibitors derive their selectivity from structural differences between the 

active sites of these enzymes in the region that serves to position the 2-acetamido group 

of the N-acetylglucosamine residue of the substrate. We therefore set out to gain an 

understanding of the detailed structure-activity relationships between the size of 

substituents at the 2′ position of a series of 2′-aminothiazoline inhibitors and the 

influence on binding of altered electronic properties of the 2′-aminothiazoline system.  

We synthesized a series of analogues using three different approaches 

(Schemes 2.1 and 2.2). Using the common intermediate hydrochloride salt of 1,3,4,6-

tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose 8[220] (Schemes 2.1 A,B), which 

was accessed in three steps following the procedure outlined by Gonzalez et al[220], we 

prepared target compounds 11a and 11b by reacting either N-

fluorenylmethyloxycarbonyl (Fmoc)-protected isothiocyanate or N-allyl isothiocyanate 

with 8 in the presence of triethylamine to generate the respective thiourea intermediates 

9a and 9b. Subsequent cyclization with excess TFA or SnCl4 followed by a two step de-

protection using catalytic NaOMe in anhydrous methanol and piperidine catalyzed 

removal of the Fmoc group afforded analogue 11a. Compound 11b was obtained from 

protected aminothiazoline 10b in a one step de-protection using catalytic K2CO3 in 

anhydrous methanol. 

  

http://r.search.yahoo.com/_ylt=AwrTccpCMOZVlPUAE5cnnIlQ;_ylu=X3oDMTByb2lvbXVuBGNvbG8DZ3ExBHBvcwMxBHZ0aWQDBHNlYwNzcg--/RV=2/RE=1441177795/RO=10/RU=http%3a%2f%2fen.wikipedia.org%2fwiki%2fFluorenylmethyloxycarbonyl_chloride/RK=0/RS=bOWodR7CizEJez9OYBTNJ77TLIA-
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Scheme 2.1. Synthesis of 2'-alkylaminothiazoline OGA inhibitors. 
A) Synthesis of OGA inhibitor 11a from intermediate 8. a) i) NEt3, DCM; ii) 
Fmoc-NCS, pyridine, NEt3; b) SnCl4, pyridine, NEt3; c) i) NaOMe, MeOH;  
ii) Piperidine, DMF; B) Synthesis of OGA inhibitor 11b from intermediate 
8. d) allyl-NCS (2 eq), NEt3 (2 eq), CH3CN; e) TFA (7.5 eq), DCM; f) 
K2CO3 (5% weight), MeOH; C) Synthesis of OGA inhibitors 15a-h from 
isothiocyanate intermediate 12. g) NHR1R2.HCl (1.2 eq), NEt3 (1.2 eq), 
CH3CN; h) TFA (7.5 eq), DCM i) K2CO3 (5% weight), MeOH; 13a-15a: R1 
= H, R2 = CH3; 13b-15b: R1 = CH3, R2 = CH3; 13c-15c: R1 = H, R2 = 
CH2CH3; 13d-15d: R1 = H, R2 = (CH2)2CH3; 13e-15e: R1 = H, R2 = 
(CH2)3CH3; 13f-15f: R1 = H, R2 = (CH2)2F; 13g-15g: R1 = H, R2 = 
CH2CHF2; 13h-15h: R1 = H, R2 = CH2CF3. 

Inhibitors 15a-h were synthesized using an alternate route from the common 

isothiocyanate intermediate 12 (Scheme 2.1, C), which was prepared from 8 via a 

biphasic reaction with thiophosgene. Reaction of isothiocyanate 12 with a series of 

alkylamine and dialkylamine hydrochloride salts yielded thioureas 13a-h. Cyclization of 

these thioureas using excess TFA provided protected aminothiazolines 14a-h, which 

after de-protection with K2CO3 in dry methanol provided 15a-h in overall yields over 

three steps ranging from 22 to 51%.  



 

46 

2.4.2. Ki determination of 2'-alkylaminothiazoline inhibitors with 
hOGA and human lysosomal β-hexosaminidase 

We then set out to determine the inhibition constants (Ki) for inhibition of hOGA 

by the series of compounds 11a-b and 15a-h. Initial experiments to establish these Ki 

values involved use of traditional Michaelis-Menten inhibition kinetics.[221] However, an 

assumption of the Michaelis-Menten method is that the change in the concentration of 

free inhibitor is negligible upon the addition of enzyme. Accordingly, it is generally 

accepted that the enzyme concentration in the assay should be <1/7th the inhibitor 

concentration in order to avoid systematic errors. Given the low activity of hOGA coupled 

with the modest sensitivity of the assay being used, the use of sub-nanomolar hOGA 

concentrations resulted in low and unreliable initial rates. Nevertheless, this approach 

proved amenable to study the less potent inhibitors 15e-h, and provided Ki values and 

double-reciprocal plots that were consistent with a competitive mode of inhibition, as 

expected (Appendix A, Figure A1). 

Given this limitation of the Michaelis-Menten method for assessing tight-binding 

inhibitors for which the inhibitor concentration approaches the enzyme concentration, we 

judged that the Ki values obtained in this way were increasingly unreliable as the potency 

of the inhibitor increased. We therefore turned to using the non-linear fitting method 

described by Morrison[222, 223], which can be used to determine Ki values for inhibitors 

that are present in assays at concentrations similar to the enzyme being studied. The 

initial mathematical analysis of tight binding inhibitors[222] has been elaborated[222, 

224] and further refined[225] to enable fitting of data to a quadratic equation (Equation 

2.1), which enables defining the Ki  value for an inhibitor through the use of relative rates. 

This approach depends only on knowing the initial free enzyme and inhibitor 

concentrations and does not depend on the free inhibitor concentration, [I]f, being 

comparable to total inhibitor concentration, [I]t. Use of the Morrison approach allowed us 

to use hOGA concentrations in the 1-20 nM range, ensuring accurate rate 

measurements. Kuzmic et al[226] addressed the determination of Ki  values and precise 

enzyme concentration from dose-response curves using the Morrison approach. Of 

practical relevance to establishing structure-activity relationships is that in cases where 

the Ki value is <0.1×[E]o or >1.0×[E]0 ([E]0 = the active enzyme concentration) the 

precise enzyme concentration cannot be accurately established using this model, 
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however, the Ki value can nevertheless be accurately determined. In silico studies[227] 

have revealed the ideal experimental conditions for the most accurate determination of 

Ki, in cases where the mode of inhibition is known. We followed the guidance provided 

by Murphy to select inhibitor concentrations for our Ki value determinations with the 

reasonable assumption that all inhibitors would be competitive in nature. 

To verify the accuracy of this method we determined Ki values for inhibitor 11b 

using both methods and found the results were in reasonable concordance (Figure 2.2). 

  
  

   
               

   
                  

   
            

     
 

Equation 2.1. The Morrison quadratic equation for determination of Ki for tight-
binding competitive inhibitors. 
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Figure 2.2.  Comparison of Ki values determined for compound 11b with hOGA 
using the Michaelis-Menten and Morrison approaches.  
A) Michaelis-Menten analysis of the inhibition of hOGA-catalyzed 
hydrolysis of 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-
glucopyranoside (4MU-GlcNAc) reveals a pattern of competitive inhibition 
(Ki = 2.3 nM ± 0.3). The concentrations of 11b used in the assays were 
33.0, 11.0, 3.7, 1.2, 0.4 and 0.0 nM, and that of hOGA was 0.8 nM.  
Inset: graphical determination of the Ki value obtained by plotting Km 
apparent (Km

app) values against the concentration of 11b affords a Ki 
value of 4.7 nM. B) Determination of the Ki value using the Morrison 
approach (Ki = 3.2 nM ± 0.4). The concentration of hOGA used in the 
assay was 10 nM. 

Having established that the method was sound, we found the Ki values for 

compounds 11a-b and 15a-h toward hOGA ranged from the sub-nanomolar to low 

nanomolar range (Table 2.1). Notably, by using the Morrison strategy we find that the Ki 

value for ThiamEt-G was 10-fold lower (Ki = 2.1 nM) than that previously determined[54] 

using the Michaelis-Menten method (Ki = 21 nM) and is therefore over 100-fold more 

potent than the isosteric NButGT (Ki = 230 nM). The most tight-binding compound with a 

Ki of 0.51 nM is 15a (ThiamMe-G) and is among the most potent glycoside hydrolase 

inhibitors known as well as the most potent hOGA inhibitor reported to date. 

Interestingly, we note that there is only a slight decrease in potency for hOGA upon 

increasing the volume of the 2′-aminoalkyl substituent to the point where the alkyl group 

is propyl (15d, Ki = 2 nM). A butyl chain, however, leads to a greater than 100-fold loss 

of potency (15e, Ki = 350 nM). In concordance, structures of bacterial OGA homologues, 

in which the active site residues are completely conserved with hOGA[214, 228] show a 

discretely sized pocket having a volume that nicely accommodates the propyl substituent 

of 15d.  
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Figure 2.3.  Morrison data and fitted data used to obtain Ki values for the tight 
binding hOGA inhibitors ThiamMe-G (15a) and ThiamEt-G (15c).  
15a: Ki = 0.51 ± 0.05 nM; The substrate used in this assay was 4MU-
GlcNAc (200 µM) and concentration of hOGA used was 10 nM. Inhibitor 

concentrations used are successive 3-fold dilutions from 50 to 0.02 nM; 
15c: Ki = 2.1 ± 0.3 nM; The hOGA concentration used was 15 nM and the 
concentration of 4MU-GlcNAc in the assay was 170 µM. Inhibitor 

concentrations used are successive 1.5-fold dilutions from 50 to 0.17 nM. 

We next set out to assess the selectivity of this series of inhibitors for hOGA over 

the lysosomal -hexosaminidases, which are comprised of combinations of α and β 

subunits that are products of the highly homologous HEXA and HEXB genes. Using 

purified human hexosaminidase B (hHexB, a kind gift from Michael Tropak, Sick 

Children’s Hospital) we determined the range-finder Ki values for compounds 11a to 15h 

using Dixon plot analysis[229] (Appendix A, Figure A4) and found remarkably high 

inhibitor selectivities ranging from 1100 to 1, 850, 000-fold preference for hOGA (Table 

1). To confirm these Dixon plot analyses we used the Michaelis-Menten method to 

measure Ki values for hHexB for compounds 11a and 15a, since these bear the smallest 

2′-aminoalkyl substituents (Appendix A, Figure A3). Remarkably, we observed that 

inhibitors 11a and 15a still retain 1100 and 3400-fold selectivity for hOGA, respectively, 

despite their similarity in size to NAG-thiazoline, which itself demonstrated no selectivity. 

Accordingly, the presence of the 2′-amino substituent, on its own, confers at least 1000-

fold selectivity for hOGA over hHexB. We also noted that the selectivity ratio for hOGA 

increases as the 2′-aminoalkyl chain length increases to the three-carbon propyl 

derivative (15d), but this trend reverses once the chain length increases beyond this 

point, as seen for the 2′-aminobutyl analogue (15e). Since the active site pocket for 

hHexB is more constrained in the vicinity of the acetamido group, these observations are 
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consistent with structural observations of both bacterial hOGA homologues[214] and 

hHexB[230] and suggest that once the 2′ substituent passes the volume that can be 

accommodated in the active site of hOGA, increases in bulk are even more deleterious 

for hOGA as compared to hHexB. 

One additional observation of interest is that ThiamEt-G binds over 100-fold more 

tightly than NButGT. The basis for this increase in potency and selectivity was previously 

speculated[54] to stem from an increase in the basicity of ThiamEt-G as compared to 

NButGT. Detailed mechanistic studies in combination with pH-rate profiles of wild-type 

and mutant hOGA revealed the key catalytic residue Asp174 in the OGA catalytic site 

(Asp242 in the bacterial OGA, BtGH84) acts as a general base to assist the attack of the 

substrate 2-acetamido group onto the anomeric centre. The kinetic pKa of this residue 

was determined to be 5.2 so that at physiological pH this residue is expected to be in its 

carboxylate form[215] and therefore suitably ionized in the resting enzyme to facilitate 

catalysis. Accordingly, this inhibitor is unlikely to engage in productive electrostatic ionic 

interactions with the carboxylate residue Asp174. Given that aminothiazolines are known 

to be more basic than thiazolines,[231] it was speculated that installation of the 2′-

alkylamino group would increase the basicity of ThiamEt-G as compared to NButGT and 

thereby contribute to its enhanced potency relative to inhibitors bearing 2′-alkyl groups at 

physiological pH. Structural data of ThiamEt-G bound within the active site of BtGH84 

was consistent with this proposal, revealing that both the endo and exocyclic amines 

interacted with Asp242[54]. 

We set out to evaluate this proposal and assess the importance of the inhibitor 

pKa on potency by preparing and studying a series of 2′-aminothiazoline inhibitors in 

which increasing numbers of fluorine substituents were progressively substituted for 

hydrogen at the terminal methyl group (15f-h). These inhibitors were synthesized as 

described above (Scheme 2.2) in good overall yields over three steps ranging from 40-

51% (starting from isothiocyanate intermediate 12). Evaluation of the potency of these 

compounds revealed a progressive increase in Ki values upon increasing substitution 

with fluorine (Ki = 2.1 (CH3, 15c) 15 (CH2F, 15f), 60 (CHF2, 15g) and 1000 (CF3, 15h) 

nM), which is consistent with the electron withdrawing fluorine substituents leading to a 

decrease in the pKa value of the protonated 2′-aminothiazolium inhibitors and supports 
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the proposal that an ionic interaction occurs between Asp174 and the 2′-aminothiazoline 

inhibitor. 

Table 2.1.  Ki selectivity ratios of inhibitors 11a to 15h for hOGA over hHexB. 

Inhibitor  hOGA Ki (nM)[a]  hHexB Ki (μM)[b]  (hHexB/hOGA)[c]  

11a: R1=R2=H 4.7 ± 0.3 5.0 ± 0.6[d] 1100 

15a: R1=H, R2=CH3 

15c: R1=H, R2=CH2CH3 

0.51 ± 0.05 

2.1 ± 0.3 

1.7 ± 0.2[d] 

740 ± 60[54] 

3300 

350000 

15b: R1=R2=CH3 2.4 ± 0.2 13.0 ± 3.8  5400 

11b: R1=H, R2=CH2CHCH2 3.2 ± 0.4 2850 ± 570 950000 

15d: R1=H, R2= (CH2)2CH3 2.0 ± 0.2 3700 ± 670 1850000 

15e: R1=H, R2= (CH2)3CH3 350 ± 90[d] 4800 ± 763 13700 

15f: R1=H, R2=(CH2)2F 15 ± 5[d] 180 ± 44 12000 

15g: R1=H, R2=CH2CHF2 60 ± 10[d] 150 ± 50 2500 

15h: R1=H, R2=CH2CF3 1000 ± 200[d] 4200 ± 1525 4200 

aDetermined through a continuous in vitro enzymatic assay at pH 7.4 using 4MU-GlcNAc as the substrate. Ki 
values were established with the Morrison Ki fit if the values are in the low-nanomolar range.  
bDetermined from an in vitro assay at pH 4.25 using 4MU-GlcNAc as a substrate and fitted using Dixon plot 
analysis. 
cSelectivity ratios representing the favored selectivity for hOGA over hHexB. 
dDetermined from an in vitro assay at pH 4.25 (hHexB) or pH 7.4 (hOGA) using 4MU-GlcNAc as a substrate 
and fitted using Michealis-Menten Ki competitive inhibition analysis. 

2.4.3. Determination of pKa values for ThiamEt-G, NButGT and 
fluorinated 2'-alkylaminothiazoline inhibitors using 13C NMR 
spectroscopy 

To understand better the relationship between inhibitor basicity and potency we 

used 13C NMR titration to determine the pKa values of these compounds. Traditional 

methods of measuring pKa include performing potentiometric,[232] conductivity-

based[233] and spectrophotometric titrations[234, 235]. The use of NMR spectroscopy is 

a convenient technique that is operationally facile and enables parallel determination of 

the pKa values of several compounds at one time, enabling highly accurate 

measurements. The chemical shifts of 1H and 13C resonances in molecules, as well as 

other nuclei, have long been known to be affected by changes in pH.[236] This pH 

dependence of chemical shift permits establishing the pKa of a compound by plotting a 

titration curve consisting of chemical shift as a function of pH and fitting it to the 
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Henderson-Hasselbalch equation. The chemical shift is related to the mol fraction of 

protonated and de-protonated species at a specific pH as described by Equation 2.2.  

  δ = xpδp + xdδp 

Equation 2.2. The relationship between chemical shift (δ) and the mol fraction of 
protonated (xp) and de-protonated (xd) species at a specific pH.  

Additionally, NMR titration can be used to determine the ratio of pKa values 

between two species including, for example, a compound having an unknown pKa and a 

reference compound having a well established pKa value[237, 238] or between two 

structurally similar compounds[237, 239]. This approach enables measuring the relative 

pKa (∆ pKa) between one or more compounds as first described by Robinson and 

Ellison.[240] The main advantage of this relative measurement approach is that it does 

not require repeated pH determination throughout the titration, which makes it 

convenient to measure very small pKa differences between compounds since the 

differences in the frequencies of resonances can be determined in a highly accurate 

manner.[240, 241] A non-linear plot of the difference between the frequencies of 

resonances of interest of the two compounds (∆ ppm) as a function of the fractional 

protonation of the reference compound (n) can then be used to determine the ratio (R) of 

the acid dissociation constants between the two compounds. It is from this R value which 

is obtained by fitting the mentioned set of data to Equation 2.3, that the ∆ pKa can be 

determined.[242] The important requirement for accurate fitting of the data to Equation 

2.3 is to be able to precisely define ∆d (the difference in the chemical shifts for the fully 

de-protonated reference compound r and fully de-protonated compound of interest, x), ∆x 

(the difference in the chemical shifts for the fully deprotonated and protonated compound 

of interest x) and ∆r (the difference in the chemical shifts for the fully deprotonated and 

protonated reference compound r).  Technically, this approach benefits from not having 

to measure the pH throughout the titration, however, there are additional advantages in 

using 13C NMR over 1H NMR to measure ∆ pKa.: Deuterated solvents and acids or bases 

are not required, and mixtures of compounds with more than one protonation state can 

be studied due to the high selectivity of the 13C nucleus to structural parameters.[243]  
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Equation 2.3. The relationship between the difference in chemical shifts for a pair 
of resonances between a compound of interest x and a reference 
compound r (∆) and the fractional protonation (n) of the reference 
compound  r. 
∆d = δd

r - δd
x ; ∆x = δd

x - δp
x; ∆r = δd

r- δp
r; R = Ka

x/Ka
r and n = fractional 

concentration of the protonated form of r, where n = (δ-δd)/(δp-δd). 

Using 13C NMR this method has been used to provide a useful fit for determining 

comparative pKa (∆ pKa) values of organic acids.[243] We adopted this method to 

determine ∆ pKa and absolute pKa values for compounds 15c and 15f-h, by titrating 

these inhibitors in the presence of a convenient reference compound, 3-nitrophenol (pKa 

= 8.42)[244], which has a single site of protonation in the range of interest and has 13C 

resonances far downfield from the majority of the resonances for the inhibitors. We 

observed the 2′-carbon of the aminothiazoline system and the C-1 carbon of 3-

nitrophenol since these are most proximal to the ionizable centre. Fitting of the resulting 

data to Equation 2.3 (Figure 2.4) enabled us to obtain values of R for each compound 

and, by comparison to the reference compound, absolute pKa values (Figure 2.4, Table 

2.2). The pKa value of NButGT was also determined in this way (Appendix 1, Figure A6, 

Table A2). The observed pKa values range from 7.68 to 5.44 and fall in the expected 

order with the conjugate acid of the trifluoromethyl-containing analogue (15h) being the 

most acidic between compounds 15c and 15f-h. 

Examination of the relationship between the pKa value of the inhibitor and its 

corresponding Ki against hOGA reveals a clear trend. To quantify the extent to which 

potency depends on the pKa value of the inhibitor, we determined the extent of 

correlation between the pKa value of inhibitors (15c, 15f-h and NButGT) with the 

corresponding log Ki. The resulting linear free energy relationship (LFER) shows a 

strong linear correlation (R2 = 0.9040), (Figure 2.5) which is consistent with the pKa value 

of inhibitors dominating the effect of binding as compared to steric effects associated 

with increasing fluorine substitution. Notably, we also find that NButGT, which is isosteric 

to ThiamEt-G (15c), falls reasonably well in this correlation of 2′-aminothiazoline 

inhibitors. These data collectively suggest that the pKa value of the inhibitor, either by 
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favouring the protonated inhibitor form or by optimizing hydrogen bonding, influences 

favorable interactions within the active site.  
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Figure 2.4. Chemical shifts of the 2′-C of the thiazoline ring resonances (∆ ppm) 

for compounds 15c, 15f-h as a function of the fractional protonation 
(n) of the reference compound, 3-nitrophenol (pKa of 8.42).  
The changes in chemical shift (∆ ppm) of C-1 of 3-nitrophenol were used 

to obtain the fractional protonation of 3-nitrophenol [n = (δ-δd)/(δp-δd)]. 
These data were fitted to Equation 2.3 and the fitted curves are shown in 
each panel with the R values summarized in Table 2.2. for each 
compound; A) R (Ka

15c/Ka
r) = 18.2 ± 0.4 x 10-2; R2 = 0.9996; B) R (Ka

15f/Ka
r) 

3.2 ± 0.6 x 10-2; R2 = 0.9955; C) R (Ka
15g/Ka

r) = 5.8 ± 0.2 x 10-3; R2 = 
0.999; D) R (Ka

15h/Ka
r) = 1.2 ± 0.2 x 10-3; R2 = 0.9942.  
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Table 2.2. R, ∆ pKa, absolute pKa, and fitting parameters determined from each 

titration for compounds 15c, 15f, 15g, 15h and NButGT using 3-
nitrophenol as a reference compound. 

Compound 1∆d (ppm) 2∆r (ppm) 3∆x (ppm)   R (Ka
x/Ka

r) 4∆ pKa 5 pKa 

15c 4.47 10.47 -6.16 18.2 ± 0.4 x 10-2 -0.74 7.68 

15f 4.36 10.63 -7.12 3.2 ± 0.6 x 10-2 -1.50 6.92 

15g 4.15 10.65 -8.15 5.8 ± 0.2 x 10-3 -2.24 6.18 

15h 4.06 10.65 -8.80 1.2 ± 0.2 x 10-3 -2.98 5.44 

NButGT -8.74 10.67 -10.56 6.0 ± 1.0 x 10-4 -3.25 5.17 

1The difference between the 13C chemical shift of the de-protonated inhibitor (2'-aminothiazoline carbon) and 
3-nitrophenol (C-O carbon) (∆d = δd

r-δd
x); Determined for each point during the course of the titration. 

 2The chemical shift difference between the de-protonated and protonated 3-nitrophenol C-O (∆r = δd
r- δp

r). 
3The chemical shift difference between the de-protonated and protonated thiazoline carbon (∆x = δd

x - δp
x ).   

4∆ pKa = log R.  
5 pKa = 8.42 - ∆ pKa for each inhibitor. 
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Figure 2.5. Linear free energy relationship (LFER) analysis between the pKa and 
log Ki of compounds 15c, 15f-h and NButGT.   
The slope observed is m = -0.95 ± 0.18. 
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2.4.4. Assessment of 2’-aminothiazoline inhibitors as transition 
state analogs 

The high potency of these 2′-aminothiazoline inhibitors prompted us to consider 

their potency in the context of their size. One widely used parameter to understand the 

efficiency of binding as a function of molecular weight is to consider the Ligand Efficiency 

(LE) of a ligand.[245, 246] This measure provides the binding affinity of the compound 

as a measure of the number of heavy atoms. We find remarkably high LEs of up to 0.88 

kcal/mol/heavy atom for compound 15a. Such a LE is comparable to some of the highest 

LEs observed for compounds of this size range (10-50 heavy atoms)[247] and 

suggested to us that these compounds could well be TS analogues, as had been 

observed for the related thiazoline inhibitors[131]. 

Tight-binding inhibitors that bear resemblance to enzyme substrates or 

intermediates have often been considered to be TS analogues simply by virtue of their 

potency. This tendency stems from early proposals by Pauling[91] and Wolfenden[92] 

who suggested that enzymes catalyze their reactions by tightly binding, and thereby 

stabilizing, their TS structures. By extension, stable molecules that resemble the TS in 

terms of their geometry and charge distribution should be tightly bound by an 

enzyme.[248, 249] Because it is catalytically most productive for active site interactions 

to stabilize the TS, rather than the ground state, TS analogues should show a correlation 

between the free energy change on going from the free enzyme and substrate to the 

enzyme stabilized TS (∆G≠) and the free energy of binding of the inhibitor (∆Gbinding). The 

corollary is that no correlation should be observed between the free energy of binding of 

the inhibitor (∆GI-binding) and the free energy of binding for the substrate (∆GS-binding). 

Bartlett formalized this expectation and provided compelling experimental evidence in its 

support using LFERs.[249, 250] Using this method, genuine TS analogues yield plots of 

log Km/kcat values, for a series of substrates having defined structural differences, versus 

log Ki values, for a series of inhibitors having the analogous structural changes, that 

show linear correlations having a slope of unity. Furthermore, log Km versus log kcat are 

not correlated for TS analogues but do correlate for ground state analogues.[250] An 

earlier study using this LFER approach showed that NAG-thiazoline analogues are 

actually TS analogues despite their obvious resemblance to the oxazoline intermediate 

formed along the reaction pathway.[131] Given the greater than 100-fold increase in 
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potency we observe for the 2′-aminothiazoline inhibitors and their similarity to the 

oxazoline intermediate found along the reaction coordinate of hOGA as well as NAG-

thiazoline, we wanted to assess whether incorporation of the 2′amino group benefitted 

binding through serendipitous interactions, or whether the presence of the charge 

included in this class of inhibitors also made them TS analogues. We therefore turned to 

using this Bartlett LFER approach to rigorously evaluate these 2′-aminothiazoline 

inhibitors as TS analogues.[225, 250]  

With the series of inhibitors in hand we synthesized for use in the LFER studies a 

series of fluorogenic 4-methylumbelliferyl 2-deoxy-2-urea-β-D-glucopyranoside 

substrates (18a-e, Scheme 2.2) bearing N-alkyl substituents on the terminal urea 

nitrogen that correspond to those alkyl groups present on the series of 2′-

aminothiazoline inhibitors (11a, 15a, 15c-e). We started from the known 4-

methylumbelliferyl 2-amino-2-deoxy-β-D-glucopyranoside hydrochloride as a common 

intermediate (16), which was prepared as described by Roeser and Legler.[251] Per-O-

acetylated urea substrates 17a-e were prepared by reacting with the appropriate alkyl 

isocyanate in the presence of triethylamine. Subsequent deprotection was carried out 

using Zemplen conditions.[252] 
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Scheme 2.2. Synthesis of 4-methylumbelliferyl fluorogenic substrates 18a-e.  
a) R-NCO, Et3N, CH3CN; b) i) NaOMe, MeOH; ii) Dowex 50-H+.  

With this series of substrates (18a-e) in hand we determined the kcat/Km values 

governing their hOGA catalyzed hydrolysis (Table 2.3) and compared them to the more 

natural N-acyl substrates which were previously synthesized by Whitworth et al (19a-

e)[131]. We observed ranging values which dropped off over 250-fold on going from the 

N-butyl-2-urea substrate (18e) to MUGlcNAc (19a) and  0.5-fold on going from the N-

methyl-2-urea substrate (18b) to MUGlcNAc (19a). 
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Table 2.3. Summary of parameters used to determine the correlation between 
Km/kcat and Ki for the urea and N-acyl substrates and inhibitors with 
parallel structural alterations.  

Compound Km (µM) kcat/Km 

(μM -1min-1) 

log 

Km/kcat 

Ki (µM) log Ki 

 

18a: R=NH2 
[a]1265 ± 259 [b]1.75 x 10-3 2.76 4.7 ± 3.0 x 10-3 -2.32 

18b: R=NHCH3 [a]1825 ± 542 [b]1.36 x 10-2 1.86 5.1 ± 0.5 x 10-4 -3.30 

18c: R=NHCH2CH3 85 ± 20 [b]3.49 x 10-3 2.46 2.1 ± 0.3 x 10-3 -2.68 

18d: R=NH(CH2)2CH3 120 ± 11 [b]2.55 x 10-3 2.59 2.0 ± 0.2 x 10-3 -2.69 

18e: R=NH(CH2)3CH3 30 ± 3 [b]3.01 x 10-5 4.52 3.5 ± 0.9 x 10-1 -0.46 

19a: R=CH3 --- [c]7.69 x 10-3 2.11 --- --- 

19b: R=CH2CH3 --- [c]6.67 x 10-3 2.18 --- --- 

19c: R=(CH2)2CH3 --- [c]5.26 x 10-3 2.28 --- --- 

19d: R=(CH2)3CH3 --- [c]5.56 x 10-4 3.25 --- --- 

aValues were estimated by non-linear regression of the Michealis-Menten data since saturation of hOGA 
with these substrates was not observed. 
 bValues of kcat/Km were determined from the linear regression of the second-order region of the Michealis-
Menten plot. 
 cValues used were previously determined by Whitworth et al[131] and used for a comparison between the 
thiazoline and aminothiazoline series of inhibitors as transition state analogues. 
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Plotting these data to assess TS analogy, we observe a strong correlation (R2 = 

0.9950) with a slope of 1.08 ± 0.04 that is seen between log Ki values for the inhibitors 

versus the log Km/kcat values for the series of urea substrates containing the analogous 

substitutions (Figure 2.6, A). In contrast, we find no correlation between the log Ki values 

for the inhibitors and log Km values for the series of substrates (Figure 2.6, B). These 

results indicate the 2′-aminothiazoline inhibitors are TS analogues for the hOGA 

catalyzed hydrolysis of urea substrates, with parallel changes in ∆∆GI-binding and ∆∆G≠ 

being induced by structural variations within the inhibitors and substrates. These 

observations are consistent with the observations of Whitworth who found that NAG-

thiazoline and its analogues were transition TS analogues of the hOGA-catalyzed 

hydrolysis of N-acyl substrates.[131]  

Reflecting on this data, we considered that our observations show 2′-

aminothiazoline inhibitors are TS analogues for the hOGA-catalyzed hydrolysis of 

unnatural urea substrates (18a-e), however, we were curious as to whether these 

inhibitors would also be TS analogues for the hOGA-catalyzed hydrolysis of the more 

natural N-acyl substrates. To address this, we examined the correlation between log Ki 

values for the same series of 2′-aminothiazoline inhibitors and the series of N-acyl 

substrates (Figure 2.6, C, substrates 19a-e) having the analogous structural changes for 

which kcat/Km values are reported (Figure 2.6, D).[131] We find a strong correlation (R2 = 

0.9768) with a slope of 2.3 ± 0.3. For this analysis we excluded the 2-aminothiazoline 

(11a) because of its unexpectedly poor inhibition of hOGA (Table 1). The steep slope 

observed for this series of 2-acyl substrates in correlation with the aminothiazoline 

inhibitors is surprising. However, slopes other than unity are precedented.[253, 254]  

This steep slope may be interpreted to mean that the TS for the hOGA catalyzed 

hydrolysis of N-acyl substrates bears less positive charge in the forming oxazoline ring 

system, perhaps because the amide proton is in flight in the TS, as compared to the N-

urea substrates (Figure 2.6, E and F) which are expected to be more basic and therefore 

may lead to the formation of 2′-aminooxazolinium ion intermediates that retain their 

proton. The TS leading to such amino-oxazolinium ion intermediates are expected to 

have more positive charge than the corresponding transition state leading to the 

oxazoline intermediate. In keeping with this proposal, it is notable that site-directed 

deletion of the side chain of Asp174, which is the catalytic general acid/base catalytic 
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residue that interacts with the acetamido group of the substrate, leads to a similar drop 

of between 150 to 750-fold in second order rate constant[215] as seen on going from N-

acyl to N-urea substrates (250-fold).  
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Figure 2.6. Transition state analogy diagrams for substrates 18a-e, 19a-d and 
inhibitors 11a, 15a, 15c-e.  
A) The correlation plot between log Km/kcat of substrates 18a-e and log Ki 

of inhibitors 11a, 15a and 15c-e with a slope of 1.08 ± 0.04 (R2 = 0.9950). 
B) The correlation plot between the log Km of substrates 18a-e and log Ki 
of inhibitors 11a, 15a, and 15c-e. C) The correlation plot between the log 
Km/kcat of substrates 19a-d and log Ki of inhibitors 15c-e with a slope of 
2.31 ± 0.25 (R2 = 0.9768). D) Substrates 19a-d synthesized by Whitworth 
et al[131]. E) Transition state in the hOGA active site of substrates 19a-d. 
F) Transition state in the hOGA active site of substrates 18a-e. 

Accordingly, these data indicate that 2-aminothiazoline inhibitors are TS 

analogues for hOGA, by virtue of both their shape and general charge distribution. 

However, the steep slope observed for the LFER between Km/kcat values observed for N-

acyl substrates and the log Ki values seen for the 2-aminothiazoline inhibitors suggests 

that this feature lends improved binding over the corresponding partial charge that likely 

develops for the TS found for the hOGA catalyzed processing of natural N-acyl-

containing substrates. 
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2.5. Conclusions  

In summary, we report the structure-activity relationships for the second 

generation amino-thiazoline inhibitors for human OGA, identifying a series of compounds 

with picomolar and low nanomolar Ki values. This potency of this inhibitor family could be 

attributed to their pKa values since a clear LFER was shown between the pKa and log Ki 

of 5 of the compounds with gradual structural alterations. These compounds, like the 

alkyl thiazoline inhibitors of the NButGT family, are also tight-binding TS analogues for 

hOGA. Their selectivity over the lysosomal hexosaminidases allows for efficient and 

selective targeting of hOGA in future enzymatic and cellular assays where elevated 

levels of O-GlcNAc are to be studied. 

Overall, this family of inhibitors is a useful set of chemical tools to be able to 

target hOGA both in vitro and in vivo effectively and without off-target effects.[54]The 

high potencies of these compounds ensure that a very small amount of inhibitor would 

need to be used for cell or animal studies, which means that the functionally related 

lysosomal hexosaminidases would not be affected, particularly given the great 

selectivities observed. These inhibitors meet many of the criteria highlighted in Section 

1.3, for the characteristics of an ideal inhibitor, as well as the criteria outlined by 

Frye[255] who describes that one of the qualities of an effective chemical probe is to 

demonstrate in vitro potency and selectivity data which can be translated into its cellular 

or in vivo data. Additionally, the synthetic simplicity of these inhibitors makes them 

readily available for others to use to answer their biological questions related to elevated 

O-GlcNAc.  

2.6. Experimental Section 

2.6.1. General Procedures  

All dry solvents and buffer salts were used as purchased from Sigma-Aldrich and 

all reagents were utilized without further purification. The progress of all reactions was 

monitored on Merck pre-coated silica gel plates using combinations of ethyl acetate/n-

hexane (EtOAc/Hexanes), ethyl acetate/dichloromethane (EtOAc/DCM), or 
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methanol/dichloromethane (MeOH/DCM) solvent elution systems. Flash chromatography 

was performed under a positive pressure with Fisher Scientific silica gel (230-400 mesh) 

where spots were visualized by irradiation with ultraviolet light (254 nm), staining with 

KMnO4 and charring with 10% ammonium molybdate in 2M H2SO4 upon heating. Proton 

(1H) and carbon (13C) NMR spectra were established on either a Bruker Avance 500 

(500 MHz for 1H, 125 MHz for 13C), Bruker Avance 400 (400 MHz for 1H, 101 MHz for 

13C), or Bruker Avance II 600 (600 MHz for 1H, 151 MHz for 13C) using CDCl3, DMSO-d6, 

CD3OD, or D2O as the sample solvent. Chemical shifts are given in parts per million 

(ppm) (δ relative to a residual solvent peak for 1H and 13C). High resolution mass 

spectrometry (HRMS) analysis was performed using a Bruker maXis TOF LC/MS/MS 

instrument. hHexB was obtained from the Micheal Tropak group at the Hospital for Sick 

Children in Toronto, Ontario.  

2.6.2. Synthesis of 2'-alkylaminothiazoline inhibitors 

The per-O-acetylated glucosamine salt 8 was made using a known literature 

procedure by Cunha et al[256], after which its conversion to the carbohydrate 

isothiocyanate intermediate 12 was performed following the procedure described by 

Gonzalez et al[41]. Compound 15c (ThiamEt-G) was previously synthesized and has 

been characterized and described by Yuzwa et al.[24] 

1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose hydrochloride 

(8). 1H-NMR (400 MHz, CD3OD) δ (ppm) 5.87 (d, J = 8.8Hz, 1H), 5.37 (dd, J = 10.5, 9.2 

Hz, 1H), 5.11 (dd, J = 10.0, 9.2 Hz, 1H), 4.33 (dd, J = 12.6, 4.6 Hz, 1H), 4.14 (dd, J = 

12.6, 2.3 Hz, 1H), 4.04 (ddd, J = 10.1, 4.6, 2.3 Hz, 1H), 3.62 (dd, J = 10.5, 8.8 Hz, 1H), 

2.22 (s, 3H), 2.12 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H); 13C-NMR (125 MHz, H2O+D2O) δ 

(ppm) 173.53, 172.97, 172.64, 171.17, 90.41, 72.12, 70.87, 67.99, 61.42, 52.44, 20.21, 

20.19, 20.08, 20.03; HRMS (m/z): [M+H]+ calculated for C14H22NO9: 348.1295; found 

348.1250; [M+Na]+ calculated for C14H21NNaO9: 370.1114; found 370.1114; [M+K]+ 

calculated for C14H21NKO9: 386.0853; found 386.0849. The characterization data 

matched the data described by Cunha et al.[256] 
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Preparation of isothiocyanate intermediate 12. Synthesis was performed with 

minor modifications to the procedure described by Gonzalez et al.[220]  After combining 

amine 8 (10.0g, 26.1 mmol), and CaCO3 (7.9 g, 78.3 mmol) in a round bottom flask at 

room temperature, DCM and H2O (17 mL each) were added. Thiophosgene (3.0 mL, 

39.2 mmol) was then added drop-wise, followed by further addition of DCM and H2O (13 

mL each). The reaction was monitored by TLC and stirred at room temperature for3 

hours. The aqueous layer of the mixture was extracted twice with DCM. The organic 

layers were collected, dried over MgSO4, filtered and concentrated to afford the crude 

compound 12 as a sticky dark yellow solid (8.73g, 86%). The product was used with no 

further purification necessary. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-isothiocyanato-β-D-glucopyranose (12). 1H-

NMR (400 MHz, CDCl3) δ (ppm) 5.69 (d, J = 8.6 Hz, 1H), 5.29 – 5.18 (t, 1H), 5.04 – 4.94 

(t, 1H), 4.27 (dd, J = 12.4, 4.3 Hz, 1H), 4.13 – 4.03 (m, 1H), 3.96 (dd, J = 10.3, 8.6 Hz, 

1H), 3.88 – 3.81 (m, 1H), 2.17 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H); 13C-NMR 

(100 MHz, CDCl3) δ (ppm) 170.45, 169.58, 169.48, 168.49, 142.07, 91.72, 72.93, 72.54, 

67.46, 61.29, 59.40, 20.83, 20.65, 20.62, 20.50; HRMS (m/z): [M+Na]+ calculated for 

C15H19NNaO9S: 412.0678; found 412.0677; [M+K]+ calculated for C15H19KNO9S: 

428.0418; found 428.0414. 

Synthesis of thiourea 9a from amine 8. To a stirred solution of 8 (250 mg, 0.65 

mmol) in DCM was added triethylamine (0.9 mL, 0.65 mmol). The solution was diluted 

with 20 mL of saturated NaHCO3, and the resulting mixture extracted with DCM (3 x 10 

mL). The combined organic layers were dried with Na2SO4 and concentrated to give 220 

mg of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose which was used 

without purification. 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose (220 mg) 

was then dissolved in 5 mL of pyridine and 9-fluorenylmethoxycarbonyl isothiocyanate 

(Fmoc) (180 mg, 0.65 mmol) and triethyl amine (0.02 mL) were added. The resulting 

mixture was stirred at room temperature for 16 hours. The solution was concentrated 

and the residue diluted with DCM (20 mL) and NaHCO3 (20 mL), and subsequently 

extracted with DCM (3 x 10 mL). The combined organic extracts were dried with Na2SO4 

and concentrated. Flash chromatography was performed with 75% EtOAc:hexanes  to 

yield 9a as a white foam (360 mg, 89% yield over two steps). 
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1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2-fluoren-9-yl 

methoxycarbonyl)amino]thioxomethyl]amino]-β-D-glucopyranose (9a). 1H NMR 

(500 MHz, CDCl3) δ 7.79 (d, J = 7.7 Hz, 2H), 7.56 (dq, J = 7.6, 0.8 Hz, 2H), 7.44 (td, J = 

7.5, 1.0 Hz, 2H), 7.34 (dd, J = 7.5, 1.1 Hz, 2H), 5.84 (d, J = 8.2 Hz, 1H), 5.24 (dt, J = 

38.6, 9.1 Hz, 2H), 5.07 (q, J = 9.3 Hz, 1H), 4.54 (d, J = 6.6 Hz, 2H), 4.31 (ddd, J = 12.2, 

7.5, 4.6 Hz, 1H), 4.24 (t, J = 6.6 Hz, 1H), 4.16 (dd, J = 12.4, 2.6 Hz, 1H), 3.86 (ddd, J = 

9.4, 4.7, 2.7 Hz, 1H), 2.13 (d, J = 0.5 Hz, 3H), 2.11 (d, J = 0.5 Hz, 3H), 2.06 (d, J = 0.5 

Hz, 3H), 2.05 (d, J = 0.5 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 180.22, 170.72, 170.46, 

169.34, 169.24, 152.16, 142.80, 141.37, 129.06, 128.25, 128.15, 127.83, 127.30, 

125.32, 124.96, 124.84, 120.29, 120.09, 92.21, 72.87, 72.21, 68.40, 67.47, 61.65, 57.59, 

46.49, 21.05, 20.77, 20.72, 20.62. 

Synthesis of thiourea 9b from Amine 8. 1g (2.6 mmol) of 8 was dissolved in 

CH3CN. Triethylamine (0.7 mL, 5.2 mmol) was added, followed by allyl isothiocyanate 

(0.5 mL, 5.2 mmol). The reaction mixture was stirred at room temperature for ~2 hours, 

followed by work-up with a minimal amount of saturated NaHCO3 after completion. The 

aqueous layer formed was extracted twice with DCM and the organic layers were then 

combined, dried over MgSO4, filtered and concentrated. The crude product was purified 

by silica flash chromatography (1:1 EtOAc/Hexanes), affording a solid white product 

(70%, 785 mg).  

 1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2-prop-1-

ene)amino]thioxomethyl]amino]-β-D-glucopyranose (9b). 1H NMR (500 MHz, CDCl3) 

δ 6.34 (s, 1H), 6.21 (s, 1H), 5.91 – 5.82 (m, 1H), 5.75 (dd, J = 8.5, 1.3 Hz, 1H), 5.32 – 

5.14 (m, 5H), 4.29 (ddd, J = 12.5, 4.7, 1.9 Hz, 1H), 4.19 – 4.07 (m, 2H), 3.87 (ddd, J = 

9.7, 4.7, 2.3 Hz, 1H), 2.14 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H), 2.06 (s, 3H), 1.98 – 1.87 

(m, 1H); 13C-NMR (100 MHz, CDCl3) δ (ppm) 183.51, 171.5, 171.2, 170.68, 169.27, 

136.36, 117.43, 92.95, 72.93, 72.90, 67.64, 61.62, 57.77, 53.74, 21.04, 20.82, 20.74, 

20.59; HRMS (m/z): [M + H]+ calculated for C18H27N2O9S: 447.1437 (M+H); found 

447.1430;  [M + Na]+ calculated for C18H26N2NaO9S: 469.1251; found 469.1251; [M+K]+ 

calculated for C18H26KN2O9S: 485.0996; found 485.1005. 
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General synthesis of thioureas 13a-b, 13f-h. Isothiocyanate 12 (1 eq) was 

dissolved in CH3CN followed by addition of the desired amine hydrochloride salt (1.2-2.0 

eq), then drop-wise addition of triethylamine (2.0 eq). The reaction mixture was stirred 

for ~4 hours by monitoring by TLC. Upon completion, it was washed with a minimal 

amount of saturated NaHCO3. The aqueous layer was extracted twice with DCM and the 

organic layers were combined, dried over MgSO4, filtered and concentrated. The crude 

product was purified by silica flash chromatography (1:1 EtOAc/hexanes or 75% EtOAc 

in hexanes) to afford the pure product. Products were isolated in yields ranging from 51 

to 80%. 

General synthesis of thioureas 13d-e. Isothiocyanate 12 (1 eq) was dissolved 

in DCM, followed by drop-wise addition of the desired amine (1.05 eq). The reaction 

mixture was stirred for ~4 hours by monitoring by TLC. Upon completion, it was washed 

with a minimal amount of saturated NaHCO3. The aqueous layer was extracted twice 

with DCM and the organic layers were combined, dried over MgSO4, filtered and 

concentrated. The crude product was purified by silica flash chromatography (1:1 

EtOAc/hexanes or 75% EtOAc in hexanes) to afford the pure product. Products were 

isolated in yields ranging from 60 to 87%. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-[(aminomethyl)thioxomethyl]amino]-β-D-

glucopyranose (13a): 1H NMR (400 MHz, CDCl3) δ 6.56 (s, 1H), 6.41 (s, 1H), 5.78 (d, J 

= 8.4 Hz, 1H), 5.27 (t, J = 9.6 Hz, 1H), 5.13 (t, J = 9.6 Hz, 1H), 4.24 (dd, J = 12.5, 4.6 Hz, 

1H), 4.10 (dt, J = 14.3, 4.6 Hz, 2H), 3.85 (ddd, J = 9.9, 4.5, 2.3 Hz, 1H), 2.93 (s, 3H), 

2.09 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 

171.52, 170.75, 169.55, 169.36, 92.85, 73.14, 72.73, 67.90, 61.76, 57.63, 20.98, 20.78, 

20.69, 20.55, 14.36. HRMS (m/z): [M+H]+ calculated for C16H25N2O9S: 421.1281 found 

421.1227; [M+Na]+ calculated for  C16H24N2NaO9S: 443.1134; found 443.1098; [M+K]+  

calculated for  C16H24KN2O9S: 459.0840; found 459.0840. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2[(dimethylamino)thioxomethyl]amino]-β-D-

glucopyranose (13b): 1H NMR (500 MHz, CDCl3) δ 5.74 (t, J = 9.7 Hz, 1H), 5.70 (d, J = 

9.2 Hz, 1H), 5.36 – 5.23 (m, 1H), 5.23 – 5.13 (m, 2H), 4.21 (dt, J = 15.7, 7.9 Hz, 1H), 

4.12 – 4.09 (m, 1H), 3.80 (ddd, J = 9.1, 4.5, 2.2 Hz, 1H), 3.17 (s, 6H), 2.07 (s, 3H), 2.06 
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(s, 3H), 2.01 (d, J = 3.4 Hz, 3H), 2.00 (s, 3H). 13C-NMR (125 MHz, CDCl3) δ (ppm) 

182.29, 171.83, 170.68, 169.94, 169.06, 93.28, 73.24, 72.99, 67.52, 61.71, 58.46, 40.63, 

21.06, 20.78, 20.69, 20.53; HRMS (m/z): [M+H]+ calculated for C17H26N2O9S: 489.1149; 

found 489.1152; [M + Na]+  calculated for C17H26N2O9S: 511.0969; found 511.0970. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2-propyl)amino]thioxomethyl]amino]-β-

D-glucopyranose (13d): 1H NMR (400 MHz, CDCl3) δ 6.22 (s, 1H), 5.98 (d, J = 26.1 Hz, 

1H), 5.76 (d, J = 8.5 Hz, 1H), 5.23 – 5.20 (m, 2H), 4.30 (dd, J = 12.5, 4.6 Hz, 1H), 4.27 – 

4.21 (m, 1H), 4.20 – 4.10 (m, 1H), 3.87 (ddt, J = 6.8, 4.5, 2.3 Hz, 1H), 3.46 – 3.28 (m, 

2H), 2.16 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H), 1.62 (qd, J = 7.3, 2.0 Hz, 2H), 

0.98 (t, 3H). 13C NMR (101 MHz, CDCl3) δ 171.09, 170.95, 170.73, 169.27, 99.98, 93.09, 

72.99, 67.60, 62.10, 61.68, 21.04, 20.93, 20.81, 20.75, 20.65, 20.59, 11.37, 11.30. 

HRMS (m/z): [M + H]+ calculated for C18H29N2O9S: 449.1594; found 449.1593.  

1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2-butyl)amino]thioxomethyl]amino]-β-D-

glucopyranose (13e): 1H NMR (400 MHz, CDCl3) δ 6.38 (s, 1H), 5.76 (d, J = 8.5 Hz, 

1H), 5.36 – 5.07 (m, 2H), 4.30 – 4.16 (m, 2H), 4.15 – 4.09 (m, 1H), 3.85 (ddd, J = 9.7, 

4.6, 2.3 Hz, 1H), 3.58 – 3.13 (bs, 1H), 2.11 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H), 2.02 (s, 

3H), 1.56 – 1.48 (m, 2H), 1.38 – 1.30 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C-NMR (100 

MHz, CDCl3) δ (ppm) 171.74 , 171.60 , 171.00 , 169.39, 169.27, 93.07, 72.97, 68.10, 

67.62, 62.10, 61.69, 21.03, 20.94, 20.80, 20.75, 20.65, 20.59, 20.00, 19.97, 13.80; 

HRMS (m/z): [M + H] + calculated for  C19H31N2O9S: 463.1750; found 463.1737. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2-fluoroethyl)amino]thioxomethyl]amino-

β-D-glucopyranose (13f): 1H-NMR (500 MHz, CDCl3) δ (ppm) 6.43 (s, 1H), 5.99 (d, J = 

7.6 Hz, 1H), 5.64 (d, J = 8.6 Hz, 1H), 5.20 – 5.11 (m, 2H), 4.70 – 4.50 (m, 2H), 4.31 (dd, 

J = 12.5, 4.5 Hz, 1H), 4.14 – 4.13 (m, 1H), 3.82 (ddd, J = 9.4, 4.5, 2.3 Hz, 2H), 2.14 (s, 

3H), 2.10 (s, 3H), 2.09 (s, 3H), 2.04 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ (ppm):  

184.30, 171.94, 171.62, 169.76, 93.10, 82.77 (d, J = 166.3 Hz), 73.30, 72.91, 68.18, 

61.93, 57.79, 45.44, 21.17, 21.02, 20.99, 20.84; HRMS (m/z): [M+H]+ calculated for 

C17H26FN2O9S: 453.1343; found 453.1342. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2,2-

difluoroethyl)amino]thioxomethyl]amino-β-D-glucopyranose (13g): 1H-NMR (400 
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MHz, CDCl3) δ 6.55 (s, 2H), 5.99 (t, J = 56.1 Hz, 1H), 5.74 (d, J = 8.6 Hz, 1H), 5.32 – 

5.21 (m, 1H), 5.11 (t, J = 9.6 Hz, 1H), 4.27 (dd, J = 12.5, 4.4 Hz, 1H), 4.14 (d, J = 6.5 Hz, 

1H), 4.09 (td, J = 7.2, 1.2 Hz, 2H), 3.88 (ddd, J = 9.8, 4.2, 2.0 Hz, 3H), 2.11 (s, 3H), 2.08 

(s, 3H), 2.06 (s, 3H), 2.04 (s, 3H); 13C-NMR (101 MHz, CDCl3) δ (ppm) 184.72, 171.57, 

170.91, 169.61, 113.54 (t, J =241.5 Hz, 1C), 92.65, 72.95, 72.57, 68.05,  61.78,  57.51, 

46.42 (t, J=27.2 Hz) 20.77, 20.62, 20.60, 20.48; HRMS (m/z): [M+H]+ calculated for 

C17H25F2N2O9S: 471.1249; found 471.1242; [M+Na]+ calculated for C17H25F2NaN2O9S: 

493.1068; found 493.1065. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-[[[(2,2,2 

trifluoroethyl)amino]thioxomethyl]amino-β-D-glucopyranose (13h): 1H-NMR (400 

MHz, CDCl3) δ (ppm) 6.62 – 6.49 (m, 2H), 5.79 (d, J = 8.5 Hz, 1H), 5.30 (t, J = 9.8 Hz, 

1H), 5.16 (t, J = 9.6 Hz, 1H), 4.55 – 4.40 (m, 1H), 4.31 (dd, J = 12.4, 4.7 Hz, 2H), 4.22 – 

4.11 (m, 2H), 3.94 (ddd, J = 9.8, 4.5, 2.2 Hz, 1H), 2.14 (s, 3H), 2.13 (s, 3H), 2.10 (s, 3H), 

2.08 (s, 3H); 13C-NMR (125 MHz, CDCl3) δ (ppm) 184.83, 171.76, 171.63, 170.88, 

169.62, 124.01 (q, J = 279.2 Hz), 92.44, 72.77, 72.42, 68.04, 61.66, 57.52, 45.23, 20.59, 

20.52, 20.46, 20.36; HRMS (m/z): [M+H]+ calculated for C17H23F3N2O9S: 489.1155; 

found 489.1153; [M+Na]+ calculated for C17H23 F3NaN2O9S: 511.0974; found 511.0970. 

Synthesis of per-O-acetylated thiazoline 10a. Thiourea 9a (200 mg, 0.32 

mmol) was dissolved in 4 mL of DCM and SnCl4 (0.5 mL, 4.0 mmol) was then added. 

The resulting mixture was stirred at room temperature for 16 hours. The solution was 

diluted with 20 mL of saturated NaHCO3 and the mixture was then extracted with DCM 

(3 x 10 mL). The combined organic extracts were dried with Na2SO4 and concentrated. 

Silica flash chromatography was used to purify the crude mixture with 75% 

EtOAc/hexanes to yield 10a as a white foam (125 mg, 65% yield). 

3,4,6,-tri-O-acetyl-1,2-dideoxy-2’[(-[[[(2-fluoren-9-yl 

methoxycarbonyl)amino]thioxomethyl]amino]-α-D-glucopyranoso[2,1-d]-∆2’-

thiazoline (10a): 1H NMR (500 MHz, CDCl3) δ 7.80 (dd, J = 7.6, 2.7 Hz, 2H), 7.59 (dd, J 

= 7.6, 4.3 Hz, 2H), 7.45 – 7.40 (m, 2H), 7.34 (dtd, J = 15.0, 7.5, 1.1 Hz, 2H), 6.01 (d, J = 

6.9 Hz, 1H), 5.24 (t, J = 4.7 Hz, 1H), 4.95 (dd, J = 9.6, 4.2 Hz, 1H), 4.74 (s, 1H), 4.55 

(dd, J = 10.8, 6.0 Hz, 1H), 4.29 – 4.21 (m, 2H), 4.14 – 4.12 (m, 1H), 3.81 (s, 1H), 3.70 (s, 
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1H), 2.12 (s, 3H), 2.04 (s, 3H), 1.89 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 170.23, 

169.63, 169.11, 161.43, 152.11, 142.86, 141.31, 130.08, 129.72, 129.61, 127.97, 

127.76, 125.15, 124.04, 123.83, 120.89, 120.71, 90.23, 72.52, 71.88, 69.46, 67.92, 

63.70, 57.91, 46.78, 21.35, 20.71, 20.62. 

General synthesis of per-acetylated thiazolines 10b and 14a-h. Thiourea 

derivatives 9b, 13a-h (1 eq) were each dissolved in DCM under argon, after which 

trifluoroacetic acid (7.5 eq) was added drop-wise. The reaction was stirred under an 

atmosphere of argon overnight (~10 hours) until judged complete by TLC analysis. The 

mixture was washed twice with saturated NaHCO3, followed by extraction of the 

aqueous layers 3 times with DCM. The organic layers were combined, dried over 

MgSO4, filtered and concentrated to obtain the crude product which was then purified 

using silica flash chromatography (generally 1:1 EtOAc/hexanes or 75% 

EtOAc/hexanes). Products were isolated in yields ranging from 55 to 84%. 

3,4,6,-tri-O-acetyl-1,2-dideoxy-2’[(2-prop-1-ene)amino]-α-D-

glucopyranoso[2,1-d]-∆2’-thiazoline (10b): 1H NMR (400 MHz, CDCl3) δ 6.21 (d, J = 

6.5 Hz, 1H), 5.90 (ddt, J = 16.9, 10.6, 5.5 Hz, 1H), 5.38 (dd, J = 3.9, 2.8 Hz, 1H), 5.17 

(ddd, J = 13.7, 11.5, 1.3 Hz, 2H), 4.94 – 4.89 (m, 1H), 4.36 – 4.31 (m, 1H), 4.13 – 4.07 

(m, 3H), 3.97 – 3.89 (m, 1H), 3.83 (ddd, J = 11.4, 9.2, 5.0 Hz, 2H), 2.09 (s, 3H), 2.06 (s, 

3H), 2.05 (s, 3H).; 13C-NMR (125 MHz, CDCl3) 170.36, 169.38, 169.18, 159.98, 133.93, 

116.06, 89.30, 72.25, 71.40, 68.88, 68.12, 62.97, 46.51, 20.71, 20.58, 20.49. HRMS 

(m/z): [M + H]+ calculated for C16H23N2O7S: 387.1226 found 387.1221; [M+Na]+ 

calculated for C16H22NaN2O7S: 409.1045; found 409.1038. 

3,4,6,-tri-O-acetyl-1,2-dideoxy-2’-aminomethyl-α-D-glucopyranoso[2,1-d]-

∆2’-thiazoline (14a): 1H-NMR (400 MHz, CDCl3) δ (ppm) 6.25 (d, J = 6.5 Hz, 1H), 5.43 

(dd, J = 4.1, 3.0 Hz, 1H), 4.95 (ddd, J = 9.6, 2.8, 0.9 Hz, 1H), 4.37 (dd, J = 6.0, 4.5 Hz, 

1H), 4.17-4.14 (m, 2H), 3.90-3.84 (m, 1H), 2.94 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 2.08 

(s, 3H); 13C-NMR (101 MHz, CDCl3) δ (ppm) 170.65, 169.67, 169.49, 89.77, 72.40, 

71.95, 69.09, 68.61, 63.15, 31.11, 20.99, 20.88, 20.77; HRMS (m/z): [M + H]+ calculated 

for C14H21N2O7S: 361.1069; found 361.1064; [M+Na]+ calculated for C14H20NaN2O7S: 
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383.0889; found 383.0882; [M+K]+ calculated for C14H20KN2O7S: 399.0628; found 

399.0620. 

3,4,6,-tri-O-acetyl-1,2-dideoxy-2’-dimethylamino-α-D-glucopyranoso[2,1-d]-

∆2’- thiazoline (14b): 1H-NMR (400 MHz, CDCl3) δ (ppm) 6.24 (d, J = 6.6 Hz, 1H), 5.41 

(dd, J = 4.3, 3.4 Hz, 1H), 4.95 (ddd, J = 9.6, 3.3, 0.9 Hz, 1H), 4.35 (dd, J = 6.1, 4.9 Hz, 

1H), 4.15, (dd, J = 8.5, 5.8 Hz, 2H), 3.89 (ddd, J = 9.1, 5.1, 3.1 Hz, 1H), 3.01 (s, 6H), 

2.11 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H); 13C-NMR (101 MHz, CDCl3) δ (ppm) 170.63, 

169.62, 169.51, 162.50, 90.17, 72.84, 72.30, 69.10, 68.53, 63.11, 39.90, 21.00, 20.86, 

20.76; HRMS (m/z): [M + H]+ calculated for C15H23N2O7S: 375.1226; found 375.1221; [M 

+ Na]+ calculated for C15H22NaN2O7S: 397.1045; found 397.1037. 

3,4,6,-tri-O-acetyl-1,2-dideoxy-2’[(2-propyl)amino]-α-D-glucopyranoso[2,1-

d]-∆2’-thiazoline (14d): 1H NMR (400 MHz, CDCl3) δ 6.28 (d, J = 6.5 Hz, 1H), 5.43 (dd, 

J = 4.3, 3.0 Hz, 1H), 4.98 (ddd, J = 9.4, 3.0, 1.0 Hz, 1H), 4.40 (ddd, J = 6.5, 4.3, 1.1 Hz, 

1H), 4.21 – 4.15 (m, 2H), 3.90 (dt, J = 8.9, 4.2 Hz, 1H), 3.27 (ddt, J = 27.4, 13.1, 6.7 Hz, 

2H), 2.15 (s, 3H), 2.12 (s, 3H), 2.11 (s, 3H), 1.71 – 1.61 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 170.53, 169.68, 169.44, 162.21, 87.67, 70.81, 69.56, 

68.11, 66.18, 62.84, 29.70, 22.68, 20.90, 20.85, 20.73, 11.24. HRMS (m/z): [M + H]+ 

calculated for C16H25N2O7S: 389.1382 (M+H); found 389.1383; [M + Na]+ calculated for 

C16H24NaN2O7S: 411.1202; found 411.1199. 

3,4,6,-tri-O-acetyl-1,2-dideoxy-2’[(2-butyl)amino]-α-D-glucopyranoso[2,1-d]-

∆2’-thiazoline (14e): 1H NMR (500 MHz, CDCl3) δ 6.29 (d, J = 6.5 Hz, 1H), 5.42 (dd, J = 

4.4, 3.2 Hz, 1H), 5.01 – 4.91 (m, 1H), 4.46 – 4.33 (m, 2H), 4.19 (dd, J = 4.2, 2.8 Hz, 2H), 

3.91 (ddd, J = 8.9, 5.2, 3.3 Hz, 1H), 3.41 – 3.25 (m, 2H), 2.15 (s, 3H), 2.12 (s, 3H), 2.11 

(s, 3H), 1.62 (p, J = 7.2 Hz, 2H), 1.43 – 1.36 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 170.50, 169.85, 169.60, 162.30, 92.67, 71.75, 69.26, 68.33, 66.21, 

62.08, 31.60, 20.93, 20.82, 20.66, 19.95, 16.88, 13.67. δ (ppm); HRMS (m/z): [M + H]+ 

calculated for C17H27N2O7S: 403.1539; found 403.1535. 

3,4,6-tri-O-acetyl-1,2-dideoxy-2’-[(2-fluoroethyl)amino]-α-D-

glucopyranoso[2,1-d]-∆2’-thiazoline (14f): 1H-NMR (400 MHz, CDCl3) δ (ppm) 6.25 (d, 

J = 6.5 Hz, 1H), 5.40 (dd, J = 3.9, 2.6 Hz, 1H), 4.97 – 4.93 (m, 1H), 4.71 – 4.44 (m, 2H), 



 

71 

4.37 – 4.33 (m, 1H), 4.16 – 4.11 (m, 2H), 3.85 – 3.78 (m, 1H), 3.73 – 3.46 (m, 2H), 2.11 

(s, 3H), 2.08 (s, 3H), 2.06 (s, 3H); 13C-NMR (101 MHz, CDCl3)  170.75, 169.68, 169.59, 

159.80, 90.02, 82.04 (d, J = 166.8 Hz), 72.73, 71.78, 69.17, 68.62, 63.35, 44.59 (d, J = 

20.2 Hz), 21.08, 20.90, 20.85; LRMS (m/z): [M + H]+ calculated for C15H22FN2O7S: 

393.1132; found 393.1122. 

3,4,6-tri-O-acetyl-1,2-dideoxy-2’-[(2,2-difluoroethyl)amino]-α-D-

glucopyranoso[2,1-d]-∆2’-thiazoline (14g): 1H NMR (400 MHz, CDCl3) δ 6.25 (d, J = 

6.5 Hz, 1H), 6.02 (tdd, J = 56.6, 5.0, 3.5 Hz, 1H), 5.37 (dd, J = 3.9, 2.5 Hz, 1H), 4.93 

(ddd, J = 9.4, 2.4, 1.1 Hz, 1H), 4.34 (ddd, J = 6.5, 4.0, 1.1 Hz, 1H), 4.14 – 4.11 (m, 2H), 

3.81 – 3.66 (m, 2H), 3.59 – 3.45 (m, 1H), 2.10 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H). 13C-

NMR (101 MHz, CDCl3) δ (ppm) 170.66, 169.56, 169.52, 159.57, 113.37 (t, J = 241.4 

Hz), 90.31, 72.37, 71.44, 68.99, 68.55, 63.29, 46.10 (t, J = 27.2 Hz), 20.96, 20.73, 20.72; 

HRMS (m/z): [M+H]+ calculated for C15H21F2N2O7S: 411.1038; found 411.1033; [M+Na]+ 

calculated for C15H20F2NaN2O7S: 433.0857; found 433.0850. 

3,4,6-tri-O-acetyl-1,2-dideoxy-2’-[(2,2,2-trifluoroethyl)amino]-α-D-

glucopyranoso[2,1-d]-∆2’-thiazoline (14h): 1H NMR (500 MHz, CDCl3) δ 6.22 (d, J = 

6.6 Hz, 1H), 5.34 (dd, J = 3.7, 2.3 Hz, 1H), 4.91 – 4.84 (m, 1H), 4.33 – 4.28 (m, 1H), 

4.09 – 3.99 (m, 3H), 3.80 (td, J = 9.0, 6.3 Hz, 1H), 3.76 – 3.72 (m, 1H), 2.07 (s, 3H), 2.03 

(s, 3H), 2.01 (s, 3H). 13C-NMR (126 MHz, CDCl3) δ (ppm) 170.59, 169.70, 169.40, 

159.58, 125.19 (q, J = 279.2 Hz), 89.61, 71.59, 71.19, 68.82, 68.19, 63.10, 44.98, 20.74, 

20.54, 20.50; HRMS (m/z): [M+H]+ calculated for C17H20F3N2O9S: 429.0943; found 

429.0941; [M+Na]+ calculated for C17H19F3NaN2O9S: 451.0763; found 451.0756. 

Deprotection of amino thiazoline 10a. Per-acetylated intermediate 10a (114 

mg, 0.20 mmol) was dissolved in 2 mL of MeOH, followed by the addition of NaOMe (14 

mg, 0.25 mmol). The reaction was then stirred at room temperature for 2 hours, and 

subsequently quenched by the addition of AcOH. Concentration gave a colorless oil 

which was dissolved in 3 mL of pyridine and then 0.6 mL of piperidine was added. The 

resulting mixture was then stirred at room temperature for 2 hours, concentrated, and 

any remaining piperidine was then co-evaporated with pyridine. The resulting mixture 

was triturated with EtOAc to yield inhibitor 11a (38 mg, 80% yield). 
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1,2-dideoxy-2’-amino-α-D-glucopyranoso[2,1-d]-∆2’-thiazoline (11a): 1H NMR 

(500 MHz, CD3OD) δ 6.31 (d, J = 6.4 Hz, 1H), 4.04 (t, J = 6.1 Hz, 1H), 3.91 (t, J = 5.3 

Hz, 1H), 3.78 (dd, J = 11.7, 2.1 Hz, 1H), 3.67 – 3.57 (m, 2H), 3.47 (dd, J = 9.0, 5.0 Hz, 

1H). 13C NMR (101 MHz, CD3OD) δ 173.50, 89.62, 77.75, 74.92, 69.74, 65.15. 63.26 

Anal. Calcd. for C7H12N2O4S: C, 38.17; H, 5.49; N, 12.72; Found: C, 38.05; H, 5.37; N, 

12.66.  

General procedure for the de-protection of amino thiazolines 10b and 14a-

h. A catalytic amount of K2CO3 (~5% w/v) was added to a solution of each per-

acetylated 2’-aminothiazoline (10b, 14a-h) in anhydrous methanol. The reaction was 

stirred at room temperature under an atmosphere of argon for ~1-2 hours until judged 

complete by TLC analysis. The solution was filtered, and the solvent evaporated to yield 

the crude product which was then purified by silica flash chromatography (10-18% 

MeOH/DCM) to yield the final product. Products were isolated in yields ranging from 71-

86%. 

1,2-dideoxy-2’-[(2-prop-1-ene)amino]-α-D-glucopyranoso[2,1-d]-∆2’-

thiazoline (11b): 1H NMR (500 MHz, CD3OD) δ 6.33 (d, J = 6.3 Hz, 1H), 5.92 (ddt, J = 

15.7, 10.6, 5.4 Hz, 1H), 5.27 – 5.20 (m, 1H), 5.18 – 5.10 (m, 1H), 4.08 (t, J = 6.1 Hz, 

1H), 3.96 – 3.92 (m, 1H), 3.91 – 3.86 (m, 2H), 3.80 (dd, J = 11.7, 2.0 Hz, 1H), 3.69 – 

3.60 (m, 2H), 3.49 (dd, J = 8.9, 5.3 Hz, 1H);  13C-NMR (125 MHz, CD3OD) δ (ppm) 

162.15, 134.33, 114.87, 89.45, 75.07, 74.10, 73.83, 69.77, 61.87, 45.85; HRMS (m/z): 

[M+H]+ calculated for  C10H17N2O4S: 261.0909; found 261.0908; [M+Na]+ calculated for 

C10H16NaN2O4S:283.0728; found 283.0727. 

1,2-dideoxy-2’-aminomethyl-α-D-glucopyranoso [2,1-d]-∆2’-thiazoline (15a): 

1H-NMR (400 MHz, D2O) δ (ppm) 6.21 (d, J = 7.7 Hz, 1H), 4.11 (t, J = 5.9 Hz, 1H), 3.96 

(t, J = 5.0 Hz, 1H), 3.73 (t, J = 7.7 Hz, 1H), 3.58 (dt, J = 10.0, 7.1 Hz, 2H), 3.49 (dd, J = 

9.0, 4.5 Hz, 1H), 2.74 (s, 3H); 13C-NMR (101 MHz, D2O) δ (ppm) 163.75, 88.54, 74.25, 

73.64, 73.28, 69.31, 61.42, 29.87 HRMS (m/z): [M+H]+ calculated for C8H15N2O4S: 

235.0753; found 235.0750; [M+Na]+ calculated for C8H14NaN2O4S: 257.0572; found 

257.0570. 
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1,2-dideoxy-2’-dimethylamino-α-D-glucopyranoso [2,1-d]-∆2’-thiazoline 

(15b): 1H-NMR (400 MHz, CD3OD) δ (ppm) 6.39 (d, J = 6.5 Hz, 1H), 4.09 (t, J = 6.3 Hz, 

1H), 3.90 (t, J = 5.9 Hz, 1H), 3.84-3.78 (m, 1H), 3.72-3.61 (m, 2H), 3.52-3.45 (m, 1H), 

3.06 (s, 6H); 13C-NMR (125 MHz, CD3OD) δ (ppm) 164.30, 90.59, 75.02, 74.84. 74.45, 

69.72, 61.81, 38.67; HRMS (m/z): [M + H]+ calculated for C9H17N2O4S: 249.0909; found 

249.0908; [M+Na]+ calculated for C9H16NaN2O4S: 271.0728; found 271.0725.  

1,2-dideoxy-2’-[(2-ethyl)amino]-α-D-glucopyranoso [2,1-d]-∆2’-thiazoline 

(15c) ThiamEtG: Used from previous studies by Yuzwa et al,[54] for which the 

characterization data matched. 

1,2-dideoxy-2’-[(2-propyl)amino]-α-D-glucopyranoso [2,1-d]-∆2’-thiazoline 

(15d): 1H-NMR (500 MHz, CD3OD) δ (ppm) 6.58 (d, J = 6.5 Hz, 1H), 4.13 (t, J = 6.6 Hz, 

1H), 3.91-3.79 (m, 2H), 3.76-3.63 (m, 2H), 3.50 (dd, J = 8.8, 6.9 Hz, 1H), 1.70-1.62 (m, 

2H), 0.98 (t, J = 7.4 Hz, 3H); 13C-NMR (125 MHz, (CD3)2CO) δ (ppm) 182.84, 93.02, 

79.42, 75.18, 68.88, 64.80, 63.16, 45.96, 21.08, 10.75; HRMS (m/z): [M+H]+ calculated 

for C10H19N2O4S: 263.1066; found 263.1063; [M+Na]+ calculated for C10H18NaN2O4S: 

285.0885; found 285.0876. 

1,2-dideoxy-2’-[(2-butyl)amino]-α-D-glucopyranoso [2,1-d]-∆2’-thiazoline 

(15e): 1H NMR (500 MHz, CD3OD) δ 6.34 (d, J = 6.4 Hz, 1H), 4.07 (t, J =6.2 Hz, 1H), 

3.92 (t, J = 5.8 Hz, 1H), 3.85 – 3.77 (m, 1H), 3.71 – 3.62 (m, 2H), 3.52 – 3.46 (m, 1H), 

3.31 – 3.22 (m, 2H), 1.57 (p, J = 7.2 Hz, 2H), 1.41 (dt, J = 15.0, 7.4 Hz, 2H), 0.97 (t, J = 

7.4 Hz, 3H); 13C-NMR (125 MHz, CD3OD, δ (ppm) 163.07, 89.08, 75.17, 74.17, 72.75, 

69.55, 61.73, 43.59, 31.00, 19.69, 12.72.; HRMS (m/z): [M+H]+ calculated for  

C11H20N2O4S: 277.1222 (M+H); found 277.1167; [M+Na]+ calculated for  

C11H20NaN2O4S: 299.1041; found 299.1040. 

1,2-dideoxy-2’-[(2-fluoroethyl)amino]-α-D-glucopyranoso[2,1-d]-∆2’-

thiazoline (15f): 1H-NMR (400 MHz, CD3OD) δ (ppm) 6.34 (d, J = 6.4 Hz, 1H), 4.60-4.49 

(m, 1H), 4.48-4.37 (m, 1H), 4.05 (t, J = 6.2 Hz, 1H), 3.88 (t, J = 5.8 Hz, 1H), 3.76 (dd, J = 

11.7, 2.1 Hz, 1H), 3.66-3.43 (m, 5H); 13C-NMR (100 MHz, CD3OD) δ (ppm) 163.45, 

89.20, 81.57 (d, J = 167.4 Hz), 75.23, 73.93, 72.20, 69.40, 61.63, 44.16 (d, J = 20.3 Hz); 

HRMS (m/z): [M+H]+ calculated for C9H16N2O4SF: 267.0815; found 267.0822. 
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1,2-dideoxy-2’-[(2,2-difluoroethyl)amino]-α-D-glucopyranoso[2,1-d]-∆2’-

thiazoline (15g): 1H NMR (500 MHz, CD3OD) δ 6.29 (d, J = 6.4 Hz, 1H), 5.96 (tt, J = 

56.3, 4.3 Hz, 1H), 4.04 (t, J = 6.1 Hz, 1H), 3.89 (t, J = 5.4 Hz, 1H), 3.74 (dd, J = 11.9, 2.3 

Hz, 1H), 3.64 – 3.41 (m, 5H). 13C-NMR (125 MHz, D2O) δ (ppm) 162.48, 113.81 (t, J = 

239.6 Hz), 88.11, 73.79, 72.58, 68.78, 61.00, 48.39, 44.95 (t, J = 25.0 Hz); HRMS (m/z): 

[M+H]+  calculated for C9H15N2O4SF2: 285.0715; found 285.0717; [M+Na]+ calculated for 

C9H14NaN2O4SF2: 307.0540; found 307.0536. 

1,2-dideoxy-2’-[(2,2,2-trifluoroethyl)amino]-α-D-glucopyranoso[2,1-d]-∆2’-

thiazoline (15h): 1H-NMR (500 MHz, CD3OD) δ (ppm) 6.34 (d, J = 6.4 Hz, 1H), 4.04-

3.99 (m, 1H), 3.98-3.85 (m, 3H), 3.78 (dd, J = 11.9, 2.2 Hz, 1H), 3.65 (dd, J = 11.9, 6.1 

Hz, 1H), 3.59 (ddd, J = 8.5, 6.2, 2.1 Hz, 1H), 3.47 (dd, J = 9.1, 3.5 Hz, 1H); 13C NMR 

(151 MHz, D2O) δ 162.61, 123.97 (q, J = 278.5 Hz), 88.09, 73.84, 72.63, 68.68, 60.91, 

44.10; HRMS (m/z): [M+H]+ calculated for C9H14N2O4SF3: 303.0626; found 303.0622; 

[M+Na]+  calculated for  C9H13NaN2O4SF3: 325.0446; found 325.0440. 

2.6.3. Synthesis of 4-Methylumbelliferyl 2-acetamido-2-deoxy-β-D-
glucopyranoside substrates 

General procedure for the synthesis of 4-Methylumbelliferyl 2-Acetamido-2-

deoxy-D-gluco-pyranosides (18a-e). 4-Methylumbelliferyl 2-amino-2-deoxy-β-D-

glucopyranoside hydrochloride (16) was synthesized according to the procedure 

described by Roeser and Leger, and was used without further purification.[251] To a 

solution of the hydrochloride salt 16 (250 mg, 0.5 mmol) in CH3CN (5 ml) was added 

triethylamine (2.0 eq.) and the appropriate alkyl isocyanate (2.0 eqv. [for 17a, TMSNCO 

was used]) at 0° C and the solution left to stir at room temperature (3 h). The reaction 

was then diluted with EtOAc (25 ml) and washed with water (25 ml), NaHCO3 (25 ml), 

brine (10 ml), dried (MgSO4), filtered and concentrated. The resultant solids were then 

de-protected using the procedure of Macauley et al[84] to give the corresponding triols 

18a-e in yields ranging from 49% - 63% over two steps. 

4-Methylumbelliferyl-2-deoxy-2-[(amino)oxoamino]-β-D-glucopyranose 

(18a): 1H NMR (600 MHz, DMSO-d6) δ 8.60 (s, 1H), 7.71 (dd, J = 8.8, 3.6 Hz, 1H), 7.03 

– 6.94 (m, 2H), 6.74 (s, 1H), 6.26 (d, J = 1.6 Hz, 1H), 6.04 (d, J = 8.2 Hz, 1H), 5.51 (s, 
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1H), 5.34 (d, J = 8.4 Hz, 1H), 5.21 (d, J = 8.2 Hz, 1H), 4.64 (s, 1H), 3.73 (d, J = 11.1 Hz, 

1H), 3.66 (q, J = 9.2 Hz, 1H), 3.47 (q, J = 8.1, 5.8 Hz, 3H), 3.20 (q, J = 9.4 Hz, 1H), 2.41 

(dd, J = 2.5, 1.3 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 160.16, 160.01, 158.86, 

154.38, 153.25, 126.50, 114.23, 113.54, 111.77, 103.17, 98.99, 77.14, 74.69, 70.47, 

60.64, 55.67, 18.11. HRMS (m/z): [M+H]+ calculated for C17H21N2O8: 381.1298; found 

381.1293; [M+Na]+ calculated for C17H20N2NaO8: 403.1117; found 403.1111. 

4-Methylumbelliferyl-2-deoxy-2-[(aminomethyl)oxomethyl]amino]-β-D-

glucopyranose (18b): 1H NMR (600 MHz, DMSO-d6) δ 7.71 (d, J = 8.8 Hz, 1H), 7.02 – 

6.94 (m, 2H), 6.26 (d, J = 1.5 Hz, 1H), 5.96 (d, J = 8.4 Hz, 1H), 5.81 (d, J = 4.9 Hz, 1H), 

5.20 (d, J = 8.3 Hz, 1H), 5.11 (dd, J = 17.7, 5.3 Hz, 2H), 4.62 (t, J = 5.8 Hz, 1H), 3.73 

(dd, J = 11.4, 5.4 Hz, 1H), 3.54 – 3.38 (m, 3H), 3.20 – 3.16 (m, 2H), 2.55 (d, J = 4.6 Hz, 

3H), 2.41 (d, J = 1.3 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 160.16, 160.04, 158.72, 

154.38, 153.27, 126.43, 114.12, 113.54, 111.72, 103.16, 99.03, 77.20, 74.70, 70.45, 

60.70, 56.34, 26.42, 18.11. HRMS (m/z): [M+H]+ calculated for C18H23N2O8: 395.1454; 

found 395.1449; [M+Na]+ calculated for C18H22N2NaO8: 417.1274; found 417.1269. 

4-Methylumbelliferyl-2-deoxy-2-[(aminoethyl)oxoethyl]amino]-β-D-

glucopyranose (18c): 1H NMR (600 MHz, DMSO-d6) δ 7.71 (d, J = 8.8 Hz, 1H), 7.00 – 

6.95 (m, 2H), 6.26 (d, J = 1.5 Hz, 1H), 5.90 – 5.86 (m, 2H), 5.21 – 5.09 (m, 3H), 4.62 (t, J 

= 5.8 Hz, 1H), 3.73 (dd, J = 11.7, 5.1 Hz, 1H), 3.52 – 3.45 (m, 2H), 3.41 (dd, J = 9.5, 5.8 

Hz, 1H), 3.24 – 3.15 (m, 1H), 3.02 (dd, J = 7.5, 6.0 Hz, 2H), 2.63 (d, J = 2.4 Hz, 1H), 

2.42 – 2.39 (m, 3H), 0.99 (td, J = 7.2, 1.3 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

160.19, 160.04, 158.07, 154.38, 153.28, 126.43, 114.28, 113.67, 111.47, 103.09, 99.09, 

77.21, 74.65, 70.47, 60.71, 56.26, 34.13, 18.11, 15.61. HRMS (m/z): [M+H]+ calculated 

for C19H25N2O8: 409.1608; found 409.1611; [M+Na]+ calculated for C18H22N2NaO8: 

431.1430; found 431.1425. 

4-Methylumbelliferyl-2-deoxy-2-[(aminopropyl)oxopropyl]amino]-β-D-

glucopyranose (18d): 1H NMR (600 MHz, DMSO-d6) δ 7.71 (dd, J = 8.9, 1.4 Hz, 1H), 

7.02 – 6.94 (m, 2H), 6.26 (t, J = 1.3 Hz, 1H), 5.94 – 5.85 (m, 2H), 5.20 – 5.09 (m, 3H), 

4.63 (t, J = 5.7 Hz, 1H), 3.76 – 3.70 (m, 1H), 3.55 – 3.45 (m, 2H), 3.42 (tt, J = 8.1, 4.6 

Hz, 2H), 3.19 (s, 1H), 2.95 (ddd, J = 13.0, 10.4, 6.8 Hz, 2H), 2.41 (t, J = 1.4 Hz, 3H), 
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1.37 (q, J = 7.3 Hz, 2H), 0.82 (td, J = 7.4, 1.6 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

160.17, 160.04, 158.19, 154.38, 153.25, 126.42, 114.12, 113.51, 111.71, 103.17, 99.23, 

77.21, 74.64, 70.48, 60.72, 56.27, 41.12, 23.15, 18.11, 11.31. HRMS (m/z): [M+H]+ 

calculated for C20H27N2O8:423.1767; found 423.1769; [M+Na]+ calculated for 

C20H26N2NaO8: 445.1587; found 445.1586.  

4-Methylumbelliferyl-2-deoxy-2-[(aminobutyl)oxobutyl]amino]-β-D-

glucopyranose (18e): 1H NMR (600 MHz, DMSO-d6) δ 7.71 (d, J = 8.8 Hz, 1H), 7.00 – 

6.94 (m, 2H), 6.26 (d, J = 1.3 Hz, 1H), 5.90 – 5.84 (m, 2H), 5.20 (d, J = 8.3 Hz, 1H), 5.12 

(dd, J = 21.0, 5.3 Hz, 2H), 4.63 (t, J = 5.7 Hz, 1H), 3.73 (dd, J = 11.6, 5.1 Hz, 1H), 3.54 – 

3.45 (m, 2H), 3.19 (td, J = 9.1, 5.1 Hz, 1H), 2.99 (dp, J = 19.3, 6.5 Hz, 2H), 2.62 (d, J = 

1.9 Hz, 1H), 2.41 (d, J = 1.3 Hz, 3H), 1.30 (dp, J = 47.8, 7.1 Hz, 4H), 0.85 (dd, J = 7.8, 

6.8 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 160.21, 160.03, 158.16, 154.37, 153.27, 

126.40, 114.20, 113.54, 111.73, 102.89, 99.24, 77.21, 74.60, 70.48, 60.72, 56.29, 38.96, 

32.13, 19.48, 18.06, 13.71. HRMS (m/z): [M+H]+ calculated for C21H29N2O8: 437.1924; 

found 437.1921; [M+Na]+ calculated for C21H28N2NaO8: 459.1743; found 459.1738.  

2.6.4. Biological evaluation 

Gene expression and protein purification. hOGA was expressed and purified 

according to the previously described procedure by Macauley et al.[84] hOGA was 

dialyzed twice against PBS buffer after purification and its concentration determined 

using the Nanodrop2000. Human β-hexosaminidase was obtained from Micheal Tropak at 

the Hospital for Sick Children in Toronto, without further  purification. 

Kinetic analysis of hOGA. All assays were carried out in 96 well plates 

(Thermoscientific, FloroNunc, lot # 139825) in PBS pH 7.4 buffer (0.03% BSA) in 

triplicate at 37°C for 20 minutes. A continuous assay procedure was performed in which 

the reactions were initiated by the addition of 4MU-GlcNAc substrate (50 µL or 100 µL 

via a multi-channel pipette). The total assay volume was 150 µL for the Ki determination 

or 200 µL for the Km/Vmax determination. The progress at the end of the reaction was 

determined by assessing the extent of 4-methylumbelliferone liberation as determined by 

fluorescence measurements using a BioTek Synergy Plate Reader. The excitation and 



 

77 

emission were 350 and 445 nm, respectively. The amount of fluorogenic substrate 

liberated was quantitatively assessed by using a standard curve for 4-

methylumbelliferone under identical buffer conditions, covering concentrations 0-0.3 µM. 

A total of 6-8 inhibitor concentrations were tested, ranging from 1/5 to 5 times the Ki 

value. The hOGA concentrations in the assays ranged from 0.8 nM to 20 nM, depending 

on whether the Ki being determined was through classic Michaelis-Menten methods or 

the Morrison Ki fit. For the Morrison Ki analyses, only one substrate concentration was 

used (at the Km) since the method of inhibition was already known from analysis using 

the Line-weaver Burke plots. 

Kinetic analysis of β-hexosaminidase. All assays were carried out in 96 well 

plates (Thermoscientific, FloroNunc, lot # 139825) at pH 4.25 (50 mM citrate, 100 mM 

NaCl, 0.03% BSA) at 37°C in triplicate for 20 minutes. Enzymatic reactions were 

triggered by addition of substrate (20 µL or 15 µL) in a total volume of 45 or 40 µL. 

Reactions were quenched by the addition of a 4-fold excess (160 or 180 µL) of 

quenching buffer (200 mM glycine, pH 10.75) in order to detect the fluorescent signal. 

The progress at the end of the reaction was determined by assessing the extent of 4-

methylumbelliferone liberation as determined by fluorescence measurements using a 

BioTek Synergy Plate Reader. The excitation and emission were 350 and 445 nm, 

respectively. A total of 6-8 inhibitor concentrations were tested, ranging from 1/5 to 5 

times the Ki value. The hHexB concentrations in the assays ranged from 2 to 5 nM and 

the Ki values were assessed by linear regression of data from Dixon plot analysis. 

2.6.5. pKa determination using 13C NMR 

All titrations were carried out on the Bruker AVANCE II 600 MHz NMR 

spectrometer. The samples prepared for each titration contained 5 µL of 1,4-dioxane as 

an internal standard, an equal mol amount of inhibitor and 3-nitrophenol (depending on 

the availability of each compound) in 500 µL of H2O and 75 µL of D2O. Previous studies 

by Perrin et al have reported no differences in chemical shifts for varying the compound 

concentration in the titration assay.[237] Each sample was made basic with 25-70 µL of 

2M NaOH, and prior to titration, it was ensured that there was no change in chemical 

shift with further addition of base in 5 µL increments, in order to accurately establish the 
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δd for each compound. The basic sample was then titrated with 10 µL of 0.5 M (15f-15h) 

or 1 M HCl (15c, NButGT) until there was no further change in chemical shift, indicating 

that the end point of the titration was reached. The point where the chemical shift 

stopped changing was the recorded δp for each compound.  
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Chapter 3.  
 
Development of quenched substrates for monitoring 
human O-GlcNAcase activity  

As was discussed in Chapter 1, the activities of GHs can be studied using 

inhibitors (both covalent and non-covalent), ABPs, and fluorogenic substrates. In vitro 

assays using inhibitors and fluorogenic substrates aid in the kinetic characterization of 

enzymes through determination of parameters such as the dissociation constant for the 

enzyme-inhibitor complex (Ki), the inhibitor concentration causing 50% inhibition of the 

enzyme (IC50), substrate specificity of enzymes, pH and cofactor dependence, as well as 

evaluation of rate constants for substrate processing - kinetic concepts which were 

described in detail in Chapter 2. However, in general, determining enzymatic levels in 

cell lysates has the limitation of not providing the amount of enzyme which is active, 

since the cells need to be lysed prior to imaging. Also, since the cells are broken down, 

certain molecular effectors which augment enzyme activity may be lost. For this reason, 

in vivo assays are a more powerful approach, as they provide real time measurements of 

enzyme activity in the endogenous environment. Alternatively, ABPs, such as the ones 

noted in Chapter 1 based on cyclophellitol[166] developed by the Overkleeft group, are 

extremely useful chemical tools which enable monitoring of active enzymes in cellular 

environments. One notable example is the monitoring of active GBA1 levels in cell 

lysates and imaging GBA in fixed cells. This approach of using CBE-based ABPs allows 

for potential optimization of current therapies for Gaucher's disease since beneficial 

information about GBA levels in individual patients can be gained. Such ABPs are very 

useful tools for study of GHs, however, they report on the absolute levels of enzyme 

rather than enzyme activity, which can be influenced by levels of associated proteins or 

cofactors, as well as the sub-cellular environment itself. An elegant example of direct live 

cell monitoring of GBA1 activity was described by Yadav et al using the quenched 

substrate described in Chapter 1 (BODIPY/BHQ2 substrate, Figure 1.22).[181] In this 
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example, the use of a quenched fluorogenic substrate allows for real-time monitoring of 

GBA activity, and provides a platform for live cell imaging and high-throughput imaging 

of GBA1 activity, including in inhibitor screening. Quenched substrates have an 

advantage over ABPs because they are  not covalently bound to the enzyme and as a 

result do not inhibit their activity. Accordingly, there are, as mentioned above, many 

advantages of applying quenched substrates to study GHs and enzymes in general, 

something which will be further discussed in this chapter. 

3.1. Using quenched substrates is beneficial for live cell 
imaging 

A frequently used approach to monitor enzyme activity and interactions between 

biomolecules employs Förster Resonance Energy Transfer (FRET) where a fluorescent 

donor and fluorescent acceptor, tethered to a biomolecule, with overlapping emission 

and absorption spectra, respectively, are studied. Alternatively, FRET quenched 

substrates are used for monitoring enzyme activity. These substrates consist of a 

fluorescent donor and a non-fluorescent acceptor covalently bound to a molecule of 

interest. For FRET quenching to occur, the donor and acceptor moieties must have 

significant spectral overlap, and must be bound in close proximity to each other. Upon 

cleavage of the substrate by the target enzyme, the donor and acceptor diffuse apart, 

preventing FRET-quenching and allowing the fluorescent donor to emit fluorescence and 

be detected. Using a dark non-fluorescent quencher helps to eliminate the background 

signal of the substrate, and therefore overcomes one of the main limitations of using 

simple fluorogenic substrates by allowing even small levels of substrate hydrolysis to be 

detected.   

Optimizing fluorescence-quenched substrates to incorporate red-shifted or near-

infra-red (IR) fluorophores is important for successful live cell imaging, making it easier 

to visualize activity using fluorescence microscopy due to background cellular auto-

fluorescence that is abundant in the visible range of the electromagnetic spectrum (380 

nm to 750 nm)[257]. Low auto-fluorescence combined with low background fluorescence 

of the substrate due to quenching is important for sensitive and accurate images of the 

endogenous activities of GHs. Another aspect to consider when designing probes for live 
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cell imaging is the need to optimize the physicochemical properties of the substrate to 

enable it to penetrate cell membranes and render the appropriate cellular compartment. 

This issue can be addressed by considering the balance between water solubility and 

lipophilicity and keeping the molecule as small as possible.   

The chemical tools used thus far for studying increased O-GlcNAc levels in cells 

and animals are strictly inhibitors, including those mentioned in Chapters 1 and 2. 

Currently, there are no chemical tools available to monitor hOGA activity in live cells, 

which would be useful for both exploratory science and for evolution of therapeutic 

compounds. Thus, my research described in this chapter focuses on the goal of 

designing fluorescence-quenched substrates for hOGA that could be used to monitor  

the enzyme in live cell assays, as was achieved with GBA[181]. Fluorescent quenched 

substrates have not been widely explored for the live cell assessment of GH 

activities[181, 258] and is entirely unexplored when it comes to hOGA. Notably, there are 

no examples of GH quenched substrates undergoing photoinduced electron transfer 

(PET) quenching, as opposed to FRET quenching. In this chapter, I describe my 

research focused on design of hOGA substrates in which I prepare and assess 

fluorophore and quencher pairs by varying the fluorophore at the anomeric position of 

GlcNAc, and quenchers at either the 2 or 6 positions of the GlcNAc residue (Figure 3.1) 

in collaboration with Evan Perley-Robertson and Dr. Samy Cecioni. This thesis chapter 

covers the research associated with the quencher at the 2 position of the GlcNAc 

residue. 

           

Figure 3.1. The functionalization of GlcNAc with fluorophores at the anomeric 
position and quenchers at the 2' (left) or 6' (right) positions. 

To understand the reasoning behind the substrate design it is necessary to first 

elaborate on the various forms of non-radiative energy transfer responsible for 
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fluorescence quenching, and to assess a few relevant examples which influenced my 

research goals and have impact on future work. 

3.2. Fluorescence quenching can occur through Förster 
Resonance Energy Transfer (FRET) 

FRET occurs between two chromophores in a distance dependent photophysical 

manner, a concept described by Theodor Förster in 1948.[259] A donor chromophore in 

which an electron has been excited to an excited singlet state (S1) relaxes back to the 

ground state (So) by transferring energy to a nearby acceptor chromophore through a 

non-radiative, long-range, dipole-dipole coupling. This coupling is enabled by the 

spectral overlap between the emission spectrum of the donor and absorption spectrum 

of the acceptor. The donor absorbs energy at a shorter wavelength, while the acceptor 

does so at a longer wavelength.[260] The acceptor then fluoresces, emitting a photon 

that can be detected and quantified (Figure 3.2). Alternatively, this energy transfer can 

also result in quenching, instead of fluorescence, in cases where the acceptor, in its 

excited singlet state (S1) undergoes relaxation through non-radiative processes including 

thermal relaxation. 
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Donor Acceptor D        A D        A 

Figure 3.2.  FRET occurs through non-radiative energy transfer from the excited 
donor to the ground state acceptor where the emission of the 
acceptor can be quantified. 
The electronic transitions for both donor (D) and acceptor (A) are 
described on the right. This figure was adapted from Wikipedia. 

In order to maximize FRET efficiency, the two chromophores must be within a 

few nanometers of one another. A distance of greater than 10 nm generally eliminates 

FRET. Due to the distance-dependent nature of this method, it's use has been effective 

in biology for the evaluation of dynamic interactions between biomolecules[261], as well 

as for the detection of conformational changes in biomolecules in cases where donor 

and acceptor chromophores are positioned on the same structure.[262] The FRET 

efficiency (E) depends on the donor-acceptor distance according to Equation 3.1. The 

Förster distance,   , refers to the distance at which the energy transfer efficiency 

between donor and acceptor is 50% and this term largely depends on the extent of 

overlap between the emission spectrum of the donor and absorption spectrum of the 

acceptor.[263-265] Noteworthy is that E is inversely proportional to the 6th power of r, the 

distance between donor and acceptor, highlighting the strong dependence of FRET 

efficiency on the distance between the donor/acceptor pair.[266] 
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Equation 3.1. The efficiency of FRET (E)   
   represents the Förster distance with a 50% transfer efficiency, and r is 
the distance between donor and acceptor. 

3.2.1. FRET-based probes have been developed for monitoring 
protease activity 

The concepts behind fluorescent quenched substrates have been discussed from 

as early as the 1970's[267], and this strategy has been applied to many enzyme families 

including most notably for the proteases in the context of enzymatic assays, live cell 

imaging and imaging in organisms.[268-272]  Although there have been many examples 

of ABPs being used for probing enzyme activity, there are limitations with this approach, 

the largest limitation being the covalent irreversible enzyme inhibition that results when 

using them. Each probe molecule labels an enzyme active site, meaning that the 

fluorescent signal that results cannot be amplified, potentially limiting sensitivity and 

leading to a measurement of active enzyme level rather than level of enzymatic activity 

in the cell. In the case of quenched substrates, these limitations are circumvented since 

there is no inhibition of the enzyme being studied, and the fluorescent signal can be 

amplified since one enzyme can cleave numerous substrate molecules, leading to signal 

amplification.[273] Consequently, the approach of using quenched substrates instead of 

covalent labeling strategies may have certain benefits when it comes to drug discovery 

because direct effects of competitive inhibition of the target enzyme can be quantified 

during live cell imaging studies[274] and the effect of cellular factors influencing enzyme 

activity rather than enzyme level can be interrogated. 

An example where the advantage of using FRET quenched substrates instead of 

ABPs has been demonstrated in the monitoring of lysosomal cysteine cathepsin activity 

in live cells.[275] This family of cathepsin proteases contains different members having 

varying substrate specificities. For example, a pharmaceutical target of high interest is 

cathepsin K, which is involved in the progression of osteoporosis.[276] Watzke et al 

reported on the development of cell-permeable and selective quenched substrates 
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specifically targeting cathepsins K and S, this second enzyme being important for 

immune function, by replacing the electrophilic domain of known selective cathepsin 

inhibitors with a cleavable peptide bond. Consequently, instead of inactivating these 

enzymes and forming a covalent bond, the resulting quenched substrate could be turned 

over. Spontaneously immortalized human keratinocyte (HaCaT) cells, which possess 

elevated expression of cathepsins S and L in the lysosome were used for monitoring 

cathepsin S and L activity in live cell imaging assays by incubating cells with quenched 

substrates 2, 4 and 5 (Figure 3.3), whose structures were modified from well-established 

cathepsin inhibitors 1 and 3. These substrates showed great promise for future in vivo 

studies due to their fast turnover (e.g. kcat/Km = 15100 M-1s-1 for cathepsin S with probe 

4) and low Km values (e.g. Km = 1.3 x 10-6 M for cathepsin S with probe 4).[275]   

Substrate 5 was designed for cellular imaging since the photophysical properties 

of the fluorophore/quencher (BODIPY TMR-X/QSY-7) pair were optimized for this 

purpose. A clear fluorescence increase in the lyososomes of HaCaT cells was observed 

upon incubation with 8 µM of 5. When 15 µM of broad-spectrum cathepsin inhibitor or 15 

µM of cathepsin S and L inhibitor were pre-incubated with the HaCaT cells, there was 

almost complete suppression of substrate-associated fluorescence, indicating that the 

increased signal in the lysosome upon incubation of substrate 5 resulted from 

processing by cathepsins S and L. This study demonstrates how optimization of the 

fluorophore/quencher pair can be done to enable cellular imaging and that modifying the 

structure based on the well-established structure-activity relationships of known 

inhibitors which have already been shown to penetrate cells can be a valuable approach 

to rational quenched substrate design and a strategic way to achieve selectivity. This is 

particularly useful for proteases, since quenched reporter substrate structures are 

usually based on peptide substrates attached to a reporter group, and their identification 

is typically performed through positional scanning combinatorial libraries[277] which can 

be time-consuming.  
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Figure 3.3. ABP substrates 2, 4 and 5 which target cathepsins S, K, B, L (probes  
2 and 4) and cathepsins S and L (probe 5), whose structures were 
modified from known, cell-permeable, cathepsin inhibitors 1 and 3. 
The fluorophore/quencher pair for probes 1 and 2 are 5-((2-
aminoethyl)amino)napthalene-1-sulfonic acid (EDANS) and  4-{[4-
(dimethylamino)-phenyl]-benzoic acid (DABCYL), respectively. The 
fluorophore/quencher pair for probe 5 is BODIPY TMR-X/QSY-7, which 
better accommodates in vivo experiments by enhancing cell permeability 
and including a red-shifted fluorophore for cell imaging. 

Another significant example of FRET quenched substrates being used is the 

development of such a substrate for monitoring β-secretase-1 (BACE1) activity in live 

cells. BACE1, one of the three proteases responsible for cleaving the amyloid precursor 
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protein (APP), is a membrane anchored aspartic protease which cleaves APP in the 

extracellular domain. Development of BACE1 inhibitors has been a target for many 

researchers since there is strong evidence pointing to the BACE1-catalyzed cleavage of 

APP being a facilitator of Alzheimer disease.[278, 279] Although it is possible to screen 

inhibitors of BACE1 in vitro using FRET substrates, the analysis of BACE1 activity in 

cells is much more complex due to BACE1 having to be incorporated into endosomes, 

where the pH is between 4 and 5, in order be activated.[280] Many inhibitors and FRET 

substrates are unable to be incorporated into endosomes and therefore the activity of 

BACE1 is difficult to analyze in this environment. To overcome these obstacles, Folk et 

al developed a β-secretase membrane-anchored probe (β-MAP) used for monitoring 

BACE1 activity in live cells.[281] Similar to the strategy mentioned for targeting 

cathepsins, known BACE1 structural features were incorporated into the FRET 

quenched substrate with some modifications to the amino acid composition to include 

those which were previously shown to be compatible with BACE1 cleavage. The 

fluorophore/quencher FRET pair used was 7-dimethylamino-coumarin-4-acetic acid/4-

(dimethylaminoazo)benzene-4-carboxylic acid (DMACA/DABCYL) since DMACA is 

functional at the desired lower pH 4.5 as well as pH 7.4, and DABCYL was small enough 

not to interfere with enzyme hydrolysis. The structure and description of the membrane 

anchored substrate ABP is shown in Figure 3.4.  
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Figure 3.4. The β-MAP ABP substrate used for monitoring BACE1 activity in live 
cells.  
The fluorophore used for fluorescence quantification is 7-dimethylamino-
coumarin-4-acetic acid (DMACA) (λex: 370 nm, λem: 480 nm) located at the 
N-terminus of the BACE substrate. The quencher, 4-
(dimethylaminoazo)benzene-4-carboxylic acid (DABCYL) (λex: 420-520 
nm) is attached to a lysine residue at the opposite end. The cell 
membrane anchor is a dihydrocholesterol modified aspartic acid, which is 
linked to the rest of the probe with a poly(ethylene glycol) (PEG) linker, 
enabling the probe substrate to attach to lipid rafts within the cell 
membrane.[281]The cleavage site is shown in red, between the leucine 
and aspartic acid residues[282]. 

The β-MAP substrate (200 nM) was tested in live HeLa cells, and the 

fluorescence intensity stemming from the release of DMACA from β-MAP gradually 

increased over time within acidic intracellular vesicles, indicating that the substrate was 

turning over in the expected cellular location. Once the method was validated, the 

BACE1 activity was monitored in the presence of a known BACE1 inhibitor, Axon 1125 

(0-500 nM), using 200 nM of β-MAP. A consistent dose-dependent decrease in 

fluorescence signal was observed with increasing inhibitor concentrations. β-MAP was 

useful in this study for concluding that the inhibitor Axon 1125 is a BACE1 inhibitor in a 

cellular setting, which is something that was not previously established due to the 

limitations of previous assays. Additionally, this study validated the potential for using β-

MAP as an effective probe for screening future BACE1 inhibitors in cells, as well as for 
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visualizing BACE1 in real time while altering other cellular conditions which could play a 

role in Alzheimer disease-related studies related to BACE1. 

Interestingly, from the perspective of this thesis, even though there are several 

excellent examples of FRET quenched substrates for visualizing protease activities in 

live cells, examples of such substrates for GHs in the literature are extremely sparse. 

There are examples displaying the use of fluorogenic substrates to monitor activity of 

bacterial enzymes such as Escherichia coli β-galactosidase[283] or mammalian 

senescence-associated β-galactosidase[284] but the only instance where normal 

endogenous levels of a GH are monitored in live mammalian cells using a quenched 

substrate is the example mentioned in Chapter 1 (Figure 1.22) for GBA1. The reason for 

this could be because proteases contain a cleft-like binding pocket, which makes it more 

simple to design substrates which could be accommodated, whereas most GHs are 

pocket-shaped. 

3.3. Non-radiative energy transfer can also occur through 
Photoinduced Electron Transfer (PET) 

Photoinduced electron transfer (PET) is a different method of non-radiative 

energy transfer that occurs when an electron rich donor absorbs light and donates an 

electron to an electron deficient acceptor, thereby creating a charge transfer complex. 

Quenching through a PET mechanism can occur through electron transfer from an 

excited donor to an acceptor (donor-excited PET, or d-PET), or from a ground state 

donor to an excited acceptor (acceptor-excited PET, or a-PET). During a d-PET 

mechanism, the excited fluorophore donates an electron from an excited singlet state 

(S1) to the lowest unoccupied molecular orbital (LUMO) of the quencher. Alternatively, 

during an a-PET mechanism absorption of a photon prompts transfer of an electron from 

the highest occupied molecular orbital (HOMO) of the quencher to the lower energy 

semi-occupied orbital of the fluorophore.[285] Besides the fact that FRET involves long 

range dipole-dipole interactions while PET involves electron transfer between donor and 

acceptor, the nature of PET quenching differs from FRET since the direction of electron 

transfer can occur either from fluorophore to quencher or vice-versa, contrary to FRET, 

where during energy transfer the donor species is always the fluorophore donating 
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energy to the quencher acceptor. The most common direction of PET is the case where 

the fluorophore acts as an acceptor,[286] but regardless of the direction, there is always 

a resulting donor/acceptor radical ion pair that is formed. The mechanisms of PET 

quenching are summarized in Figure 3.5.  

 

Figure 3.5. The mechanisms of PET quenching through d-PET (A) and a-PET 
(B).  
A) The excited fluorophore donates an electron from S1 to the lowest 
unoccupied molecular orbital (LUMO) of the quencher B) An electron is 
transferred from the highest occupied molecular orbital (HOMO) of the 
quencher donor which is higher in energy than the lower partially 
occupied molecular orbital (So) of the acceptor fluorophore. Ultimately, the 
result of PET is the formation of a donor/acceptor radical ion pair.[285] 

Contrary to the conditions necessary for the occurrence of FRET, PET between a 

donor and acceptor is not dependent on the spectral overlap, which avoids one of the 

major limitations of FRET. However, both types of quenching still require proximity 
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between the donor and acceptor. In order for efficient PET quenching to occur, the donor 

and acceptor need to be in van der Waals contact, meaning that they must be within 

sub-nanometre distance from each other.[287] As a result, PET quenching probes have 

been developed for biomolecules that contain monomers close together, such as amino 

acids in peptides and proteins or nucleotides in DNA.[288] In addition to the strict 

distance requirement, PET efficiency is regulated by the redox potentials of the donor 

and the acceptor. In fact, the direction of electron transfer is governed by reduction and 

oxidation potentials of the excited and ground states. The Rehm-Weller model (Equation 

3.2)[289] is used to define the energy change occurring during PET. The sign of the 

Gibbs free energy of electron transfer (∆GET) is used to predict the spontaneity of 

electron transfer between a donor and acceptor and as a result dictates whether 

quenching can occur. In this equation, a negative ∆GET indicates that PET is favourable, 

whereas a positive value indicates that PET is unfavourable.[286] 

                                  
  

  
 

Equation 3.2. The Rehm-Weller model. 

      represents the Gibbs free energy of electron transfer; F is the 
Faraday constant (9.65 x 104 C/mol); Eox(D) is the oxidation potential of 
the donor; Ered is the reduction potential of the acceptor; E0,0 is the zero 
vibrational electronic excitation energy of the fluorophore (average of 
fluorophore absorption and emission wavelengths) and e2/   is the 
constant for Coulombic interactions occurring in the ion pair where ε is the 
solvent dielectric constant and d is the distance between the ions. This 
last term is relevant in cases where the ions are considered point 
charges, which typically applies in non-polar solvents. The value for this 
term in aqueous solution is negligible.[287, 290, 291] 

Equation 3.2. stems from the free energy relationship in Equation 3.3 which 

defines the free energy change for moving charge in an electric potential, tying the 

relationship between the redox potential and free energy of electron transfer between 

donor and acceptor. 
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Equation 3.3 The change in free energy for a moving charge in an electric 
potential. 
∆E is the change in electric potential, n is the number of electrons, F is 
the Faraday constant (9.65 x 104 C/mol) and ∆G represents the energy 
change associated with moving 1 mol of electrons through an electric 
potential ∆E.   

3.3.1. PET quenching can be categorized as dynamic or static 

The mechanism of PET quenching can be carried out through dynamic 

(collisional) or static paths. In order for quenching to occur in solution between donor 

and acceptor molecules, the two species are required to collide. When these collisions 

are diffusion-limited, this translates into efficient quenching of all fluorophores in the 

excited state by the quencher, resulting in dynamic quenching. Experimentally, this type 

of mechanism can be detected by observing a decrease in the steady-state fluorescence 

intensity, since only the fluorophore excited state (F*) is affected by the quencher. This is 

reflected in reduced fluorescence lifetimes as well as reduced quantum yields (ɸ), since 

PET is occurring between the excited donor and quencher faster than emission. 

Dynamic quenching can be experimentally confirmed and graphically expressed by 

using the Stern-Volmer equation described by Equation 3.4, where the linear relationship 

between fluorescence intensity (I) and quencher concentration (Q) or fluorescence 

lifetime ( ) and Q can be correlated in a graph. 

  

 
 

  

 
      

      

Equation 3.4. The Stern-Volmer equation.  
I0 and I are the fluorescence intensities in the absence and presence of 
quencher (Q), respectively;  0 and   are the lifetimes of the excited 
fluorophore in the absence and presence of (Q), respectively; kq is the 
bimolecular rate constant of the excited fluorophore with Q. kq 

0 can also 
be collectively expressed as KD. 

Alternatively, PET quenching can occur via a static mechanism if the acceptor 

and donor are in extremely close proximity, allowing for rates of PET in excess of those 

allowed by diffusion. In this case, the excited state of the fluorophore is not affected. 
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Instead, the ground state fluorophore interacts with the quencher, resulting in the 

formation of a non-emissive ground state complex which causes ɸ to be so low that it 

approaches zero.[287] Experimentally, this can be detected by the lack of change in the 

fluorescence lifetime with varying amounts of quencher, since only the excited state 

fluorophore contributes to the fluorescence lifetime, which in this case is not affected. 

Static quenching has been observed in cases where there is contact between molecules 

including van der Waals interactions, pi stacking, or other non-covalent interactions 

driving direct interaction between donor and acceptor. When considering rational 

designs for PET quenched substrates, bringing the fluorophore/quencher pair into close 

enough proximity on the same molecule would allow them to interact through both static 

and dynamic quenching and this could result in efficient quenching. 

3.3.2. Many fluorescent probes are able to undergo PET quenching 

PET quenching has been used to examine interactions stemming from 

conformational dynamics of biomolecules such as DNA and proteins. This has been 

successfully achieved by exploiting the strong electron donating properties and low 

oxidation potentials of tryptophan (Trp)[292] in peptides and proteins, and guanine 

(G)[293] in DNA, and using these attributes for quenching organic fluorophores tethered 

onto the appropriate biomolecules. Many common fluorophores have been explored in 

combination with Trp and G (Figure 3.6). Applications have included assaying proteolytic 

enzymes using fluorescent-labelled peptide probes which are self-quenched by Trp[294], 

and for studying the folding of a fluorophore/quencher labelled DNA hairpin 

molecule[295]. 
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Figure 3.6. Tryptophan (Trp) and deoxyguanosine (dG) are useful natural 
electron donors which serve as useful PET quenchers for 
fluorophores such as the ones shown above.  

Although this area of assessing biomolecule conformation by PET quenching 

systems has been continuously elaborated, there are few examples of fluorescent 

quenched substrates that are quenched by PET which have been used for assaying 

enzyme activities in live cells or tissues. A recent example of a PET quenched substrate 

used in this manner was published in 2013 by Wang et al [296], who described the 

selective probing of N-acetyl transferase 2 (NAT2) both in vitro and in vivo with a near-

infrared (IR) fluorescent probe based on sulfonated-cyanine dyes (Figure 3.7).  

NAT2 is a metabolic enzyme predominantly found in colorectal and liver tissues, 

which is responsible for transferring an acetyl group from acetyl CoA to aromatic amines 



 

95 

and arylhydroxylamines. It is of interest to monitor endogenous enzyme activity of NAT2 

because the homozygous NAT2 genotype has been shown to be a bladder and lung 

cancer susceptibility factor[297]. The CYP1 substrate shown below in Figure 3.7 

contains an arylamine, which fills a dual role as both the PET quencher as well as the 

recognition feature for the enzyme. In its native state, the CYP1 dye is quenched since 

the free amine acts as an electron donor. However, acetylation of the amine by NAT2 

greatly reduces the electron donating ability of the nitrogen, preventing quenching and 

allowing the substrate to be detected by fluorescence.  

 

Figure 3.7. The structure of CYP1 used for in vitro and in vivo studies to 
examine the endogenous levels of NAT2.  
The excitation and emission wavelengths are both in the NIR region, at 
780 nm and 790 nm, respectively.  

For the in vivo studies, mice were treated with the CYP1 probe (1.5 mg kg-1) in 

parallel with a saline control via intravenous injection, and NIR fluorescence images and 

X-ray images were taken after 10, 30, 60 minutes and 24 hours. The X-ray images were 

used for contrasting purposes in order to detect the location of the tissues of interest 

based on the position of the bones. It was evident that there was a gradual increase in 

fluorescence over time in the liver, and after 30 minutes in the intestine, followed by 

complete clearance of the compound by 24 hours. To confirm the in vivo results, CYP1 

was also quantified in tissue homogenates. A similar activity profile was observed in both 

cases, where the highest levels of CYP1 was detected in the liver and lungs. The levels 

of NAT2 were established in liver and compared to other tissues such as kidney, heart, 

spleen and brain. Although the endogenous levels of active NAT2 were not established 

in real time and the enzyme was quantified from tissue homogenates, this study was a 

useful example that illustrates the value of incorporating near-IR emitting fluorophores in  
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PET quenched substrates for in vivo use because of the low autofluorescence and good 

tissue penetration at these wavelengths. 

This strategy of applying PET quenching in vivo is the long-term goal for making 

quenched substrates for hOGA. Interestingly, there are currently no examples of PET 

quenched substrates used to study the activity of glycosidases. The remainder of this 

chapter focuses on the development of PET quenched probe substrates for hOGA, 

using a thioamide as a small and convenient PET quencher. 

3.4. Applications of thioamides as efficient PET quenchers 

Currently, the most common PET quenchers of various fluorophores are large 

and bulky conjugated molecules. DABCYL (quenching range 400-550 nm) is a common 

collisional quencher, as well as a FRET quencher, which is compatible with many 

different fluorophores. The Black Hole Quencher (BHQ) dyes are also common static 

PET quenchers[298] and FRET quenchers, and are compatible with an even broader 

range of fluorophores since the different BHQ derivatives available have a broad 

absorption spectrum (450 to 750 nm) (Figure 3.8). 

 

Figure 3.8. The structures of common dark quenchers DABCYL and BHQ 
derivatives. 

Interestingly, thioamides have recently emerged as efficient PET quenchers of a 

wide spectrum of bright  fluorophores excited with visible light, including Alexa Fluor 488, 

coumarin and Rhodamine 6G (Figure 3.6), amongst others.[291] This discovery was a 
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follow-up to previous work which was done by the Petersson group, involving the 

examination of thioamides incorporated into peptide structures as quenchers of Trp and 

tyrosine (Tyr) fluorescence.[299, 300] Thioamides are particularly attractive in this 

context because of their small size, which has a comparably small effect on the solubility 

of molecules to which they are tethered relative to many other hydrophobic, high 

molecular weight quenchers, which confers improved solubility in aqueous solutions. 

Additionally, owing to their small size, thioamides should contribute minimally to steric 

conflicts with enzyme active sites and may therefore be structurally compatible for use in 

quenched substrates that are processed by enzymes having a constrained binding 

pocket.  

The distance-dependent quenching capabilities of fluorophores by Trp have been 

extensively exploited to examine conformational dynamics of macromolecules. However, 

the obvious drawback of using Trp in this capacity is having to incorporate such a bulky 

quencher within a protein, which may affect its dynamics. Goldberg et al. found that 

incorporating a thioamide instead of an amide directly into the polypeptide backbone 

quenches the fluorescence of both Trp and Tyr of chicken (CaM) protein calmodulin in 

aqueous buffer and in a distance-dependent manner.[299] A very small spectral overlap 

region was observed between the thioamide and Tyr (between 275 and 300 nm), and no 

spectral overlap between Trp and the thioamide. However, since in both cases similar 

quenching efficiencies were observed, it was evident that the principle quenching 

mechanism was likely mediated through a mechanism other than FRET. Since there is a 

large difference between the oxidation potential of oxoamides (3.75 eV) and thioamides 

(1.21 eV)[301] and there were previous observations of thioamides quenching 

fluorophores without any spectral overlap, it was predicted by Goldberg et al [299] that 

quenching was occurring through an electron transfer process.  

An extension of this work assessed whether thioamides cause PET quenching of 

common fluorophores. In 2013, Goldberg et al evaluated the quenching effects of 

thioacetamide with 16 bright fluorophores.[291] The steady-state fluorescence of each 

fluorophore in solution was recorded at pH 7 in 100 mM sodium phosphate buffer 

containing either 50 mM acetamide or 50 mM thioacetamide. The quenching efficiency, 

EQ(SS), was then determined by comparing the fluorescence intensities between the 
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acetamide and thioacetamide solutions for each fluorophore and their results are 

summarized in Table 3.1.  
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Table 3.1. Thioamide quenching efficiencies of bright fluorophores. This table 
was extracted from the results obtained by Goldberg et al.[291] 

Fluorophore λex/λem (nm) EQ(SS) (%)a 

Coumarin102 393/487 0 

NBD 467/538 27±1 

Alexa Fluor 488 488/518 47±1 

5-carboxyfluorescein 492/518 44±1 

Fluorescein isothiocyanate 492/517 41±1 

Fluorescein maleimide 492/516 44±1 

Fluorescein click 494/521 44±1 

BODIPY FL 502/510 61±1 

Acridine Orange 502/525 3±1 

Rhodamine R6G 526/556 16±1 

BODIPY R6G 528/547 45±1 

Cy3 550/570 0 

Resorufin 571/585 51±1 

Texas Red 582/602 0 

Cy5 651/674 0 

ATTO655 655/684 7±1 

aThe quenching efficiency was calculated using EQ(SS) = 1-(Fthioamide/F0); Fthioamide = fluorescence at λem in 
100 mM sodium phosphate buffer with 50 mM thioacetamide at pH 7.0; F0 = fluorescence at λem in 100 mM 
sodium phosphate buffer at pH 7.  

It can be seen from this data that red-shifted fluorophores that are commonly 

used for cellular imaging (500 nm and higher) undergo efficient intermolecular quenching 

by thioacetamide. This result brought to light the possibility of designing quenched 

substrates for hOGA, since we would be able to use these properties of thioamides and 

apply them to sugar-based glycosidase substrates by directly tethering a small thioamide 

quencher and fluorophore onto the same sugar residue. 

3.5. Design of thioamide quenched hOGA substrates  

The previous examples discussed in this chapter highlight the important qualities 

to consider when optimizing the structure of quenched substrates with the long-term goal 

of applying them to live cell or in vivo imaging studies. These desirable features include 
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using a dark quencher, a bright fluorophore that is preferably red-shifted and keeping the 

substrate small to enhance membrane permeability and processing efficiency by the 

enzyme of interest. The general substrate structure that we hypothesized may have  all 

these traits is shown in Figure 3.9.  

 

Figure 3.9. The general structure of the target probe substrate containing a 
fluorophore at the anomeric position and thioamide at the 2' 
position. 
The fluorophores to be initially studied are 4-methylumbelliferone (4MU) 
and resorufin. 

The rationale for the substrate design can be explained as follows: 

1) Using a thioamide as a small quencher should increase the likelihood 
of cell permeability as compared to using large, high molecular weight 
quenchers. 

2) Since it was observed[291] that there is 51% quenching of resorufin 
(Figure 3.9) with thioacetamide in buffer, installing this red-shifted 
fluorophore at the anomeric position should result in even more 
efficient quenching since the effective concentration of the quencher 
would be greatly increased by tethering the  fluorophore and quencher 
onto the same molecule. For synthetic simplicity, we chose to start 
with 4-methylumbelliferone (4MU) as the fluorophore, for a proof-of-
concept. 

3) Incorporation of resorufin as the fluorophore is also likely to maximize 
the cell permeability of the probe since resorufin-based substrates 
have often successfully been used in cellular imaging studies [302-
304] and resorufin has been shown to be a cell-permeable inhibitor of 
protein kinase CK2[305].   

4) Based on the structure-activity relationships observed in the inhibitor 
design study discussed in Chapter 2, by placing a chain which is at 
least 5 atoms in length at the 2 position of the sugar, we should be 
able to achieve high selectivity for hOGA over the lysosomal 
hexosaminidases. 
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3.6. Results and Discussion  

3.6.1. Outline of substrate synthetic methods  

The synthesis of quenched fluorogenic substrates of hOGA can be focused on 

two different structures: one containing 4MU and one containing resorufin as the 

fluorogenic leaving group. 4MU was chosen as the initial fluorophore for proof-of-concept 

studies since synthesis of the 4-methylumbelliferyl 3,4,6-tri-O-acetyl 2-amino-2-deoxy-β-

D-glucopyranoside is known to be facile and high yielding.[84, 251] As mentioned 

previously, resorufin is a useful fluorophore for cell-based assays, and also showed 51% 

quenching by thioacetamide in buffer in the study by Goldberg et al (Table 3.1).[291] For 

this reason, resorufin was chosen as the fluorophore which would be used to make the 

quenched substrate to be assessed in cellular assays, after the proof-of-of concept was 

evaluated using the 4MU glycoside.  

The synthesis of both quenched substrates was approached through a 

convergent synthesis by coupling 2-(methylamino)-2-thioxo-acetic acid (4) with the per-

O-acetylated glucosamine sugar with the fluorogenic leaving group already installed 

(Scheme 3.1).  
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Scheme 3.1. Retrosynthetic outline for the synthesis of quenched fluorogenic 
substrates bearing resorufin and 4MU fluorophores. 

3.6.2. Synthesis of the thioamide quencher 

Both sugars containing fluorophores were coupled to acid 4, which was 

synthesized conveniently in three steps. Starting from monomethyl oxalyl chloride 

reaction with methylamine hydrochloride in the presence of triethylamine provided 

methyl 2-(methylamino)-2-oxoacetate (2) (Scheme 3.2). This first step was modified from 

a literature procedure by Mecinovic et al who made a series of amino oxoacetates in 

reasonable yields.[306]  

 

Scheme 3.2. The synthetic summary for 2-(methylamino)-2-thioxo-acetic acid (4). 

The synthesis of thioamide 3 was done by refluxing amide 2 in toluene with 

Lawesson's reagent (Figure 3.10). Lawesson's reagent is commonly used to convert 

amides to thioamides, and more generally can be used to convert carbonyls to 

thiocarbonyl functionalities.[307, 308] Literature precedence showed cases where an 

amide in the presence of an ester was transformed to a thioamide without affecting the 

ester.[309]  



 

103 

 

Figure 3.10. Lawesson's reagent: a common reagent for conversion of carbonyls 
to thiocarbonyls. 

Initially, efforts were geared toward starting with oxalyl chloride 5 and using this 

to monoacylate an appropriate amine by using 0.5 equivalents of the amine and then 

hydrolyzing the remaining acyl chloride in situ with water to make acid 7 in one pot 

(Scheme 3.3). However, this approach proved problematic after observing that the 

majority of the product was generally the di-amide, making it difficult to obtain desired 

acid 7.  Decreasing the temperature of the reaction to -78 oC helped to obtain the 

desired mono-amide product, though some di-amide was still observed. Additionally, 7 is 

polar enough to be  in the aqueous layer upon work-up and as a result was difficult to 

isolate and purify using column chromatography or crystallization. The solubility of the 

acid in water was problematic since the triethylammonium chloride salt, which was 

formed during the course of the reaction on converting 5 to 7 was also soluble in water, 

making them difficult to separate. Visualization of 7 was difficult during TLC analysis, 

even with carboxylic acid bromocresol green stain, making it difficult to monitor the 

progress of the reaction. Furthermore, after isolating 7, its reaction with Lawesson's 

reagent to make the thioamide 8 resulted in degradation observed by TLC and the 

formation of multiple products. These difficulties prompted us to start with monomethyl 

oxalyl chloride. 

 

Scheme 3.3. General initial approach to make the target thioamide coupling 
partner starting with oxalyl chloride. 

The advantage of starting with the monomethyl oxalyl chloride to make ester 2 

instead of making 7 from 5 was that the triethylammonium chloride salt, which forms a 

precipitate over the course of the reaction was simply eliminated by filtration prior to 

work-up, and residual salt partitions into the aqueous phase, while the desired ester 3 

partitions into the organic phase enabling its convenient isolation. Additionally, the ester 

could be readily monitored by TLC using either ultraviolet (UV) light or KMnO4 stain. 
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When amide 2 was reacted with Lawesson's reagent to generate compound 3, it 

was important to reflux the reaction under an inert atmosphere, while closely monitoring 

the reaction. No conversion of starting material to product was observed at room 

temperature, in accord with the literature that indicates heating is required to activate 

Lawesson's reagent by fragmentation into reactive monomers (Scheme 3.4).[310] 

Carbonyl functional groups can then react with a dithiophospine ylide monomer to form a 

4-membered thiaoxaphosphetane intermediate, which collapses to the resulting 

thiocarbonyl and oxothiophosphine. The driving force of this collapse is the formation of 

the thermodynamically favored P=O bond, similar to the Wittig reaction.[307, 310, 311] 

1H and 13C NMR analysis of the isolated products revealed that thioamide 3 and not the 

thioester was formed based on the change in chemical shifts of the amide proton and 

carbon. This outcome is consistent with literature observations that esters are the least 

reactive functional groups with Lawesson's reagent[307] and amides can be smoothly 

converted to thioamides in their presence. 

 

Scheme 3.4. The reaction of Lawesson's reagent to form 2-(methylamino)-2-
thioxo-acetic acid (4).  
The dissociation of Lawesson's reagent into reactive monomeric 
dithiophosphine ylides generates an electrophile for attack of a carbonyl 
nucleophile. The formation of 4-membered thiaoxaphosphetane 
intermediate follows, and this species collapses to form the thioamide. 
[307] 

To obtain the desired acid 4 from ester 3, ester hydrolysis was performed using 

1N LiOH in 1,4-dioxane. For detailed procedures refer to methods as described in 

Section 3.7.1.  
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3.6.3. Synthesis of the 4-Methylumbelliferyl 2-deoxy-2-[(2-
methylamino)-2-thioacetamido]-β-D-glucopyranoside 
substrate 

The fluorogenic substrate bearing a 4-methylumbelliferyl leaving group, 2-deoxy-

2-[(2-methylamino)-2-thioxo-acetamido]-β-D-glucopyranoside 11, was made by coupling 

4-methylumbelliferyl 2-amino-2-deoxy-β-D-glucopyranoside 9, (provided by Evan Perley 

Robertson), with 4 using standard 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) peptide coupling conditions.[312-316] De-protection using 

K2CO3 in methanol afforded target glycoside 11. The overall synthetic scheme for the 

synthesis of substrate 11 is shown in Scheme 3.5. During the coupling to form 

compound 10, it was important to react acid 4 and HBTU to pre-form the activated 

benzyltriazol-1-yl ester intermediate which serves as the electrophile for amine 9. 

Diisopropyl ethyl amine (DIPEA) was added at least 30 minutes after the addition of 

amine 9 to ensure that the basic conditions required for the reaction to proceed to 

completion are maintained. The desired product 11 was purified by column 

chromatography, followed by HPLC purification to ensure that there was no free 4MU 

present that could complicate photophysical characterization of this substrate. The 

synthesis and purification conditions are described in Methods Section 3.7.2. 

 

Scheme 3.5. Synthesis of fluorogenic substrate containing 4-MU as a fluorophore 
at the anomeric position. 

3.6.4. Synthesis of the Resorufin 2-deoxy-2-(2-methylamino-2-
thioxo-acetamido)-β-D-glucopyranoside substrate 

To synthesize the resorufin fluorogenic PET-quenched substrate, the resorufin 

glycoside 17 was prepared in six steps and coupled to acid 4, followed by the same 

coupling and deprotection sequence as described for glycoside 9 (Scheme 3.6). The 

starting material for making 19 was N-acetylglucosamine 12 which was per-O-acetylated 
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and then converted to the glycosyl chloride1,3,4,6-tetra-O-acetyl-2-acetamido-2-deoxy-

α-D-glucopyranosyl chloride (13), using literature procedures.[317] Donor 13 was then  

reacted with the sodium salt of resorufin in a biphasic reaction of DCM and water using 

tetrabutylammonium hydrogen sulfate (TBAHS) as a phase-transfer catalyst. The phase 

transfer catalyst forms an organic soluble complex with the phenolate allowing it to react 

with the donor sugar. Vigorous stirring of the reaction mixture is required to ensure that 

the reactants come in contact. Extraction using EtOAc as the organic phase and 

extensive washing with saturated NaHCO3, followed by washes of water, enabled 

isolation of the glycoside without contaminating resorufin. A series of protecting group 

manipulations was next required to obtain the 2-amino glycoside. Protection of the 

amide with a tert-butyloxy carbonyl (Boc) protecting group installed using di-tert-butyl 

dicarbonate (Boc-anhydride) enabled global deacetylation using K2CO3/MeOH. 

Subsequent O-acetylation using acetic anhydride in pyridine afforded N-Boc protected 

16. Treatment of compound 16 with TFA using standard deprotection conditions yielded 

amino glycoside 17. The use of 17 for coupling was found to best be done as soon as 

possible in order to avoid decomposition of 17.  The coupling of 17 to 4 was performed 

using the same HBTU peptide coupling conditions with as used for glycoside 9. De-O-

acetylation of 18 to provide 19 was performed in the same way as for compound 10. The 

final product was purified by column chromatography, followed by HPLC purification to 

ensure that there was no free resorufin present that might complicate subsequent 

photophysical characterization of this substrate. Detailed descriptions of the synthetic 

procedures for substrate 19 can be found in Methods Section 3.7.3.  
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Scheme 3.6. Synthesis of the resorufin fluorogenic substrate 19. 

3.6.5. Photophysical properties of substrate 11 

Following its preparation, substrate 11 was studied to establish some basic 

photophysical properties, and compared to the natural fluorogenic substrate, 4MU-

GlcNAc (Figure 3.11) and free 4MU. The excitation and emission bands (Figure 3.11 A 

and B) for all 3 compounds were obtained by fluorescence spectroscopy to enable 

optimization of quenching and kinetic studies. The excitation maximum for all 3 

compounds was 320 nm and the emission maxima were 375 nm for 4MU-GlcNAc and 

substrate 11, and 460 nm for 4MU. Although the excitation and emission scans were 

evaluated at the same concentration (500 µM) of substrate 11 and 4MU-GlcNAc, there is 

a drastic difference in their fluorescence, indicating likely quenching of fluorescence in 

compound 11 in comparison to 4MU-GlcNAc.  

The quenching efficiency of 11 was then evaluated at a range of concentrations 

by comparing fluorescence to that of 4MU-GlcNAc at the same concentrations. The 

overall % quenching was determined by taking the average of the quenching efficiencies 

between 11 and 4MU-GlcNAc at 5 different concentrations, with 2-fold dilutions starting 

from 500 µM to 31.25 µM (Figure 3.11, C) The average quenching efficiency of 11 was 



 

108 

determined to be 92% and no concentration dependence of quenching was observed, 

since this value hardly varied across all concentrations studied.    

Typically, the wavelengths which are used for enzymatic assays with 4MU 

substrates such as 4MU-GlcNAc or 4MU-Glu are 355-365λex/440-450λem for both 

screening assays[84, 179, 318-320] and cell-based assays[318, 321]. When considering 

potential applications of this substrate, it is important to note that liberation of the 

fluorescent phenolate anion is being detected, which is why the typical emission 

wavelength that is used with 4MU-substrates is 445 nm, the emission maximum for free 

4MU. Since the excitation maximum of 4MU overlaps with that of substrate 11 and 4MU-

GlcNAc at 320 nm, the quenching efficiency of substrate 11 was evaluated with an 

excitation wavelength of 320 nm and emission of 445 nm (Figure 3.11, C), which we 

observed to be over 90%. Accordingly, even though the emission spectra of substrate 11 

and 4MU overlap at 445 nm, the background fluorescence of the intact substrate 11 is 

almost eliminated since the quenching efficiency at 445 nm is very high with an average 

quenching efficiency of 92%.  
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Figure 3.11. The photophysical properties and quenching efficiency of substrate 
11. 
A) The excitation spectra of 500 µM 4MU-GlcNAc, substrate 11 and 10 
µM 4MU.The excitation maximum of all three compounds is 320 nm when 
the emission is measured at 445 nm. B) The emission spectra of 500 µM 
4MU-GlcNAc, substrate 11 and 10 µM 4MU. The emission maximum for 
4MU-GlcNAc and substrate 11 are at 375 nm, and 460 nm for 4-
methylumbelliferone when excited at 320 nm. C) The quenching efficiency 
of substrate 11 was evaluated by comparison to fluorescence of 4MU-
GlcNAc at a range of concentrations using an excitation wavelength of 
320 nm and an emission wavelength of 445 nm. The average quenching 
efficiency is 92%, in 10% DMSO/H2O. 

3.6.6. Basic photophysical properties of substrate 19 

Fluorescence spectra and quenching efficiency were also evaluated for substrate 

19 in the same manner as was done for substrate 11. The fluorescence spectra were 

evaluated in comparison to free resorufin and resorufin β-D-glucopyranoside (Res-β-Glu, 

Figure 3.12), a commercially available GH substrate bearing a resorufin leaving group. 

The absorption maxima (λmax) measured by monitoring fluorescence emission at 600 nm 

for 19 and Res-β-Glu are 470 nm, and 570 nm for free resorufin by monitoring emission 
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at 640 nm (Figure 3.13, A). The λmax values for commercially available Res-β-Glu and 

resorufin are in accord with literature reports.[177] The emission maximum determined 

for both substrate 19 and Res-β-Glu was 570 nm, while for resorufin the emission 

maximum was 590 nm, also in accord with the literature values.[177, 318]  Both the 

absorption and emission spectra show differences in the intensities between substrate 

19 and Res-β-Glu, indicating that fluorescence is being quenched, but not nearly as 

much as compared to substrate 11 and 4MU-GlcNAc (Figure 3.11 A and B). Since the 

absorption and emission spectra of 19 overlap with Res-β-Glu, this was determined to 

be an appropriate reference compound to use for comparison to substrate 19 in 

quenching efficiency assays. 

 

Figure 3.12. The structure of Resorufin β-D-glucopyranoside, Res-β-Glu.  

The quenching efficiency of 19 was determined by measuring fluorescence at 

both 590 nm and 610 nm at a range of concentrations in a solution of 10% DMSO/H2O 

and comparing these values to measurements made for Res-β-Glu at the same 

concentrations. It was predicted based on the studies mentioned by Goldberg et al that 

the quenching efficiency would be higher than that reported for free resorufin in buffer 

containing 50 mM thioacetamide [291] (Table 3.1). Measurements were made for both 

substrate 19 and Res-β-Glu with excitation at 470 nm or 570 nm, and emission at 590 

nm or 610 nm. The quenching efficiencies varied, depending on the excitation and 

emission wavelengths. The highest quenching efficiency was observed at an excitation 

wavelength of 470 nm (λmax of 19), with a quenching efficiency of 53% and 54% for 

emission wavelengths of 590 and 610 nm, respectively. This was a surprising result, 

considering that with substrate 11, there was consistently over 90% quenching across all 

substrate concentrations. Precautions were taken during HPLC purification to ensure 

there was no free resorufin in the commercial Res-β-Glu or substrate 19. Since the 

retention times for the substrate and free fluorophore were 1.5 to 2 minutes apart (see 

Methods section 3.7.2.), care was taken not to collect the fractions before and after 

elution of resorufin. Additionally, if there was free resorufin in the samples, there would 
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have been an evident absorption peak observed at 570 nm when the absorption scan 

was performed for both substrate 19 and Res-β-Glu, but this was not the case.  

Typically, in assays involving resorufin substrates such as Res-β-Glu, which is 

often used to study GBA1, the excitation and emission wavelengths used in enzymatic 

and cellular assays are 560-570ex/590-610em, since the liberation of the resorufin 

phenolate is being monitored as a detector of enzymatic activity.[176, 302, 322] As 

mentioned in Chapter 1, Section 1.4, the pKa of resorufin (5.8) makes it an attractive 

fluorophore to use at lower pH and physiological pH, since the abundance of the 

phenolate is higher than the phenol ionization state, which means that more 

fluorescence can be detected when compared to 4MU substrates (pKa of 7.8). However, 

inconsistent quenching was observed which ranges from 40-55% depending on the 

excitation/emission wavelengths used in the quenching assay (Figure 3.13). Although 

the highest quenching efficiency was observed when exciting at the maximum of 470 nm 

for both emissions of 590 and 610 nm (53 and 54%, respectively), if these wavelengths 

were used in a cellular assay there would still be a high fluorescent background detected 

from the intact substrate 19. When substrate 19 and Res-β-Glu are excited at 570 nm, 

the excitation maximum of free resorufin, the quenching is 10% lower for both emissions 

at 590 nm and 610 nm. The maximum emission of Res-β-Glu and substrate 19 overlap 

at 570 nm and are close to the free resorufin emission maximum at 590 nm. In terms of 

applying this to a cellular assay, this could be problematic for result interpretation 

because there would be some quenching by substrate 19 of the fluorescence of free 

resorufin, since the emission spectra overlap, which could decrease the amount of signal 

that is being detected. Additionally, it would not be possible to determine whether the 

fluorescence detected comes from the intact substrate 19 fluorescence background or 

the phenolate fluorophore since there is only ~50% quenching at an emission of either 

570 nm or 610 nm.  
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Figure 3.13. Summary of photophysical properties and quenching efficiency for 
substrate 19.  
A) The absorption spectrum of 500 µM Res-β-Glu, substrate 19 (Em: 600 
nm) and 20 µM resorufin (Em: 640 nm).The absorption maxima of Res-β-
Glu and substrate 19 are 470 nm, and 570 nm for resorufin. B) Emission 
spectrum of 500 µM Res-β-Glu, substrate 19 (Ex: 470 nm) and 20 µM 
resorufin (Ex: 580 nm). Emission maxima for Res-β-Glu and substrate 19 
are 570 nm and 590 nm for resorufin. C) Ex: 470 nm, Em: 590 nm, 
quenching = 53%; D) Ex: 470 nm, Em: 610 nm, quenching = 54%; E) Ex: 
570 nm, Em: 590 nm, quenching = 43%; F) Ex: 570 nm, Em: 610 nm, 
quenching = 42% in 10% DMSO. 
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3.6.7. Kinetic properties of substrates 11 and 19 

The kinetic parameters governing the hOGA catalyzed hydrolysis including Km, 

kcat and kcat/Km, were determined for both substrates 11 and 19 to assess their suitability 

as substrates for hOGA and their potential for their use in cellular assays. For substrate 

11, it was observed that the kcat/Km (1.49 x 10-5 µmol min-1 mg-1 µM-1) was very low 

compared to the kcat/Km for 4MU-GlcNAc (9.77 x 10-1 µmol min-1 mg-1 µM-1). The Km 

values between 11 and 4MU-GlcNAc were comparable (435 and 548 µM, respectively) 

(Figure 3.14, A, Table 3.2). Although the quenching efficiency of 11 was high, the 

turnover rate being low limits the potential for this substrate to be used in cell-based 

assays because there might not be enough turnover by hOGA to be detected. 

Furthermore, the emission wavelength is not suitable for cell based studies in any event, 

since it is far into the visible region of the electromagnetic spectrum and the 

autofluorescence detected would be problematic. 

In contrast, substrate 19 not only had a low Km value of 8 µM, but the kcat/Km was 

comparable 4MU-GlcNAc (3.09 x 10-2 µmol min-1 mg-1 µM-1), showing only a 30-fold 

decrease (Table 3.2). Although substrate 19 had a lower quenching efficiency than 

substrate 11, it might still be a better contender than substrate 11 for cell-based studies 

since the Km value is low and kcat/Km is comparable (Figure 3.14 B, Table 3.2). The 

second order rate constant is the important kinetic parameter in cases where there are 

competing substrates, such as in the cellular environment. Accordingly, less material 

would be needed to permeate into the cell to see enzymatic turnover. It was not entirely 

surprising that the better substrate contained resorufin as the fluorophore, since 

resorufin is a better leaving group than 4MU due to the more extensive conjugation 

across three ring systems as opposed to the two rings of 4MU. As mentioned previously, 

the pKa of resorufin is 5.8, whereas for 4-MU it is 7.8. According to the Henderson-

Hasselbalch equation, the dominant ionization state of resorufin at physiologial pH would 

be the phenolate, compared to 4MU which would be mainly the neutral phenol (Figure 

3.15). As mentioned previously, this difference in pKa is important for use in cellular 

systems because it is the phenolates that are the highly fluorescent species. 

With regard to the physicochemical properties of these molecules, it is clear that 

their solubility is lower than that of 4MU-GlcNAc. The Michaelis Menten curve for 11 is 
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presented up until the highest concentration of substrate (500 µM) which did not 

precipitate out of solution during the 20 minute assay at 37 oC when using PBS buffer 

containing 6.5% DMSO. Substrate 19 was less soluble than substrate 11, with the 

substrate precipitating from PBS containing 6.5% DMSO after 20 minutes at 37 oC at 

concentrations as low as 200 µM. However, because the Km of the substrate is so low, 

full saturation kinetics can be determined. 

0 100 200 300 400 500
0.000

0.002

0.004

0.006A)

[Substrate 11] M

R
a
te

 (


m
o

l 
m

in
-1

m
g

-1
)

0 10 20 30 40
0.00

0.02

0.04

0.06

0.08B)

[Substrate 19] M

R
a
te

 (


m
o

l 
m

in
-1

m
g

-1
)

 

Figure 3.14. Summary of kinetic parameters for substrates 11 and 19.  
A) The Michealis-Menten curve for substrate 11. Substrate concentrations 
range from  500 µM to 8 µM with 2-fold dilutions throughout. The [hOGA] 
in this assay was 2.4 µM. B) The Michaelis-Menten curve for substrate 
19. Substrate concentrations range from 31.25 µM to 0.5 µM with 2-fold 
dilutions throughout. The [hOGA] used in this assay was 367 nM.  
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Table 3.2. Summary of kinetic parameters for quenched substrates.  

Substrate Km  (µM) 
kcat 

(µmol min-1 mg-1) 

kcat /Km 

(µmol min-1 mg-1 µM-1  ) 

4MU-GlcNAc  548 ± 74  a5.35 x 102 b9.77 x 10-1 

11 435 ± 173  a6.48 x 10-3  b1.49 x 10-5  

19  8 ± 0.5  2.47 x 10-1  3.09 x10-2  

aValues were estimated by nonlinear regression of the Michaelis-Menten data. 
bCalculated by determination of the 2nd order rate constant in the linear portion of the Michaelis-Menten 
curve. 

 

 

Figure 3.15. The difference between the pKa for resorufin and 4MU. 
At pH 7.4, resorufin exists mainly as the phenolate (A), while 4MU is 
mainly in its neutral state (B). 

Lastly, substrates 11 and 19 were evaluated for turnover with human 

Hexosaminidase A and B from placenta. No turnover was observed at substrate 

concentrations ranging from 500 µM to 8 µM when using an enzyme concentration of 15 

nM, indicating that these substrates are selective for hOGA over the human lysosomal 

hexosaminidases. This observation is in line with our predictions based on what was 
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observed with the amino-thiazoline inhibitor family (Chapter 2), where selectivity for 

hOGA over hHexB is observed on increasing the size of 2' position of the thiazoline. 

3.6.8. Future directions 

In future studies, substrate 19  will be tested for use in cells. As discussed above, 

problems which may arise are high background fluorescence from the intact substrate 

since quenching only ranges between 40-50% at the emission wavelength or not enough 

fluorescent signal being detected due to the overlap in the emission spectra of substrate 

19 and free resorufin. Additionally, the solubility of substrate 19 could be problematic, 

depending on the concentration that would be used in cellular assays, since precipitation 

was observed to occur at concentrations as low as 200 µM after a 20 minute kinetic 

assay in buffer at 37oC. 

A possible way to overcome challenges which may be presented with resorufin is 

to consider using different phenolate fluorophores whose quenching efficiency with 

thioamides may be higher and which could be turned over efficiently by hOGA when 

conjugated to a sugar at the anomeric position. Commercial dyes such as fluorescein 

(λex 494 nm/λem 521 nm) and a substituted fluorescein derivative with a high quantum 

yield described by Zhang et al[323] (Figure 3.16, A and B) could be a reasonable 

starting point, since PET quenching efficiencies for fluorescein derivatives were already  

observed to be around 45% in buffer containing 50 mM thioacetamide (Table 3.1)[291]. 

Additionally, the pKa of the fluorescein phenolate is 6.35,[324] which is a value falling 

directly in the middle of free 4MU and resorufin. This could be beneficial because at 

physiological pH, the liberated fluorescein, like resorufin, would be mainly in its 

phenolate fluorescent form. Accordingly, it can be predicted that the cleavage by hOGA 

of leaving groups containing the fluorescein phenolate would occur more readily than 

4MU substrates and with comparable efficiency as with resorufin substrates. 

Interestingly, there has been precedence for the development of a fluorogenic 

substrate, fluorescein di(N-acetyl-β-D-glucosaminide (FDGlcNAc, Figure 3.16, C) for 

human hOGA which consists of fluorescein as the fluorophore conjugated to two O-

GlcNAc moities.[325] This substrate was shown to have a higher affinity and catalytic 
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efficiency (Km = 85 µM, kcat/Km = 1.6 x 104 M-1s-1 than one of the conventional substrates, 

para-nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside (pNP-GlcNAc, Km = 1.1 mM, 

kcat/Km = 3.0 x 103 M-1s-1), and a higher affinity than 4MU-GlcNAc (Km = 0.430 mM).  

Hydrolysis by OGA of FDGlcNAc forms fluorescein mono(N-acetyl-β-D-glucosaminidine, 

FMGlcNAc), which tautomerizes and generates fluorescence in its quinoid form (Figure 

3.16, C). It was observed that FMGlcNAc can be further cleaved by OGA, if the enzyme 

concentration and reaction time is further increased.[325] 

Overall, literature precedence showing that fluorescein conjugated to GlcNAc can 

serve as a good fluorogenic substrate for hOGA[325] and that thioamides are able to 

efficiently quench free fluorescein-derived fluorophores in buffer containing 50 mM 

thioacetamide as the source of thioamide[291], as well as the pKa of fluorescein falling 

within a range that would make its phenolate form dominant at physiological pH are all 

strong reasons which support the proposed direction which this project could take. 
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Figure 3.16. Possible future directions using fluorescein as a fluorophore. 
The structure and photophysical parameters of fluorescein (A) and its 
chlorinated derivative (B) which could both be potential fluorophores for 
future quenched substrates. C) An example of a fluorogenic substrate for 
hOGA, fluorescein di(N-acetyl-β-D-glucosaminide (FDGlcNAc, Km = 85 
µM, kcat/Km = 1.6 x 104 M-1s-1, λex = 485 nm, λem = 535 nm).[325] 

3.7. Methods 

3.7.1. Preparation of thioamide acid (4) 

Methyl-2-(methylamino)-2-oxoacetate (2): The method used was modified from 

Mecinovic et al.[306] To a round-bottom flask, methylamine hydrochloride (3.6 g, 53.3 

mmol) and triethylamine (16.3 mL, 117.3 mmol) were added and dissolved in anhydrous 

DCM (180 mL) under argon at 00C, after which monomethyl oxalyl chloride (4.5 mL, 48.5 

mmol) was added drop-wise to the mixture. The reaction mixture was stirred for 20 

minutes at 0oC and gradually warmed up to room temperature over one hour. The 

resulting yellow solid was then filtered and the filtrate was diluted with EtOAc (15 mL) 

and washed once with 10 mL of H2O. The organic layer was dried over MgSO4 and the 
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solvent evaporated under reduced pressure to afford the product as a yellow solid.  

Purification was performed using flash column silica gel gradient chromatography using 

DCM, to 1:1 Et2O:DCM as the mobile phase (1.3 g, 25% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.17 (bs, 1H), 3.91 (s, 3H), 2.95 (d, J = 5.2 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 161.14 , 156.96 , 53.60 , 26.49. HRMS (m/z): [M+H]+ calculated for C4H8NO3: 

118.0459; found 118.0500; [M+Na]+ calculated for C4H7NNaO3: 140.0324; found 

140.0322. 

2-(methylamino)-2-thioxo-acetate (3): Methyl-2-(methylamino)-2-oxoacetate 

(100 mg, 0.85 mmol)  was dissolved in toluene. Lawesson's reagent was then added 

(190 mg, 0.47 mmol), and the reaction was heated to reflux for 30 minutes. The solvent 

was evaporated from the reaction mixture and purification was performed using column 

silica gel column gradient flash chromatography using DCM, to 5% Et2O/DCM as the 

mobile phase to afford the pure product as a yellow solid (77 mg, 68% yield). 1H NMR 

(400 MHz, CDCl3) δ 9.05 (bs, 1H), 3.95 (s, 3H), 3.27 (d, J = 5.3 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 183.47, 159.81, 54.53, 32.73. HRMS (m/z): [M+H]+ calculated for 

C4H8NO2S: 134.0276; found 134.0271. 

2-(methylamino)-2-thioxo-acetic acid (4): 2-(methylamino)-2-thioxo-acetate 

(300 mg, 2.3 mmol) was dissolved in 1,4 dioxane (25 mL), followed by the drop-wise 

addition of 1M LiOH (3.8 mL, 3.8 mmol). The reaction mixture was stirred for 1.5 hours at 

room temperature. After the reaction was judged complete by TLC analysis, the solvent 

was removed under reduced pressure and the product purified by silica gel column 

chromatography using 18% MeOH/DCM as the mobile phase to afford the pure yellow 

solid product. (216 mg, 80% yield). 1H NMR (400 MHz, CD3OD) δ 10.08 (bs, 1H), 3.13 

(s, 3H); 13C NMR (101 MHz, CD3OD) δ 195.91, 166.22, 31.19. HRMS (m/z): [M-H]- 

calculated for C3H4NO2S: 117.9968; found 117.9968.  

3.7.2. Preparation of 4-Methylumbelliferyl 2-deoxy-2-(2-
methylamino-2-thioxo-acetamido)-β-D-glucopyranoside (11) 

4-Methylumbelliferyl 3,4,6-tri-O-acetyl-2-deoxy-2-(2-methylamino-2-thioxo-

acetamido)-β-D-glucopyranoside (10): 2-(methylamino)-2-thioxo-acetic acid (16 mg, 

0.11 mmol) and 3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide 
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hexafluorophosphate (HBTU, 133 mg, 0.35 mmol) were dissolved in anhydrous THF (2 

mL) under argon at 0oC. The resulting mixture was stirred for 3 hours. 4-

methylumbelliferyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-β-D-glucopyranoside (50 mg, 0.10 

mmol) was added to the reaction mixture and the combined solution was stirred for a 

further hour. N,N-Diisopropylethylamine (DIPEA, 0.06 mL, 0.35 mmol) was then added 

drop-wise at 0oC and the reaction mixture was stirred for 16 hours. Water (10 mL) and 

EtOAc (10 mL) were added to the reaction mixture, and the organic layer was collected, 

isolated, dried over MgSO4 and the solvent removed under reduced pressure. The final 

product was isolated using silica gel flash column chromatography using 1:1 Et2O:DCM 

as the mobile phase to isolate the product as a light yellow solid (48 mg, 86% yield). 1H 

NMR (400 MHz, CDCl3) δ 9.47 (d, J = 5.5 Hz, 1H), 8.51 (d, J = 8.7 Hz, 1H), 7.45 (d, J = 

8.8 Hz, 1H), 6.94 – 6.84 (m, 2H), 6.15 (d, J = 1.2 Hz, 1H), 5.63 – 5.53 (m, 2H), 5.19 – 

5.12 (m, 1H), 4.31 (dd, J = 12.3, 5.8 Hz, 1H), 4.23 – 4.09 (m, 2H), 4.01 (ddd, J = 9.7, 5.8, 

2.6 Hz, 1H), 3.18 (d, J = 5.3 Hz, 3H), 2.36 (d, J = 1.3 Hz, 3H), 2.11 (s, 3H), 2.07 (s, 3H), 

2.04 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 185.98, 170.74, 170.28, 169.62, 160.90, 

159.33, 158.99, 154.91, 152.26, 125.78, 115.65, 114.11, 113.32, 104.43, 97.82, 72.64, 

70.76, 68.44, 62.13, 55.74, 32.96, 20.87, 20.80, 20.73, 18.81. HRMS (m/z): [M+H]+ 

calculated for C25H29N2O11S: 565.1447; found 565.1496; [M+Na]+ calculated for 

C25H28N2NaO11S: 587.1312; found 587.1312. 

4-Methylumbelliferyl 2-deoxy-2-(2-methylamino-2-thioxo-acetamido)-β-D-

glucopyranoside (11): 10 (20 mg, 0.035 mmol) was dissolved in anhydrous methanol 

(1.5 mL). A catalytic amount of dry K2CO3 (1.0 mg) was added to the reaction, and the 

resulting mixture was stirred for 3 hours. The solvent was evaporated under reduced 

pressure and the crude product was isolated using silica gel flash column 

chromatography using 3% MeOH/DCM as the mobile phase (11.6 mg, 77% yield). HPLC 

purification conditions: A 20 mM solution of compound in DMSO was manually injected 

into a semi-prep C18 column and eluted using a solvent gradient system of 40 to 55% 

MeOH in H2O over 30 minutes at a flow rate of 2 mL/min. The elution was monitored by 

measuring absorbances at 254 nm, 320 and 365 nm and the retention times of 11 and 

free 4MU were 15.2 and 16.5 min, respectively. 1H NMR (400 MHz, Methanol-d4) δ 7.69 

(d, J = 9.5 Hz, 1H), 7.05 – 6.99 (m, 2H), 6.22 (d, J = 1.3 Hz, 1H), 5.44 (d, J = 8.3 Hz, 

1H), 4.05 – 3.92 (m, 2H), 3.79 (ddd, J = 20.2, 11.2, 7.2 Hz, 2H), 3.62 – 3.55 (m, 1H), 
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3.48 (dd, J = 9.8, 8.6 Hz, 1H), 3.17 (s, 3H), 2.46 (d, J = 1.2 Hz, 3H). 13C NMR (151 MHz, 

Methanol-d4) δ 186.61, 161.38, 159.91, 159.69, 154.12, 153.53, 125.42, 114.36, 113.26, 

111.09, 103.21, 98.15, 76.56, 73.25, 69.99, 60.60, 56.57, 31.09, 16.73. HRMS (m/z): 

[M+H]+ calculated for C19H23N2O8S: 439.1130; found 439.1170; [M+Na]+ calculated for 

C19H22N2NaO8S: 461.0995; found 461.0992; [M+K]+ calculated for C19H22N2KO8S: 

477.0734; found 477.0727.  

3.7.3. Preparation of Resorufin 2-deoxy-2-[(2-methylamino)-2-
thioxo-acetamido]-β-D-glucopyranoside (19) 

2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (12): N-

Acetylglucosamine (10 g, 0.045 mol) was dissolved in acetyl chloride (70 mL, 0.9 mol) 

and the mixture was stirred for two days. The reaction mixture was then diluted with 

chloroform to 500 mL and washed 3 times with cold H2O and then with saturated 

NaHCO3. The organic layer was collected, dried over MgSO4 and the solvent was 

removed under reduced pressure. The compound was isolated as a sticky solid with no 

further purification, and was used directly in the next step (12.5 g, 72% yield).  

Resorufin 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside (13): 

12 (2 g, 5.5 mmol) was combined with resorufin sodium salt (2.57 g, 11 mmol) in a 

round-bottom flask under argon. The solids were dissolved in DCM (35 mL) and H2O (35 

mL) and tetra-butyl ammonium hydrogen sulfate (TBAHS, 1.86 g, 5.5 mmol) was added 

to the mixture. The reaction was vigorously stirred overnight at 700 rpm. Once the 

reaction was judged to be completed, the mixture was diluted with EtOAC and washed 

with saturated NaHCO3 three times, then several times with H2O until the resorufin salt 

was entirely removed from the organic layer. The organic layer was isolated, dried and 

the solvent removed under reduced pressure. Purification of the desired compound was 

performed using gradient silica gel flash column chromatography with 1:1 EtOAc:DCM, 

followed by EtOAc to elute the product out as a dark red solid (340 mg, 12% yield). 1H 

NMR (600 MHz, CDCl3) δ 7.77 (d, J = 8.8 Hz, 1H), 7.50 – 7.45 (m, 1H), 7.06 (dd, J = 8.8, 

2.6 Hz, 1H), 7.01 (d, J = 2.6 Hz, 1H), 6.90 (dd, J = 9.8, 2.0 Hz, 1H), 6.35 (d, J = 2.0 Hz, 

1H), 5.68 (d, J = 8.4 Hz, 1H), 5.54 – 5.49 (m, 2H), 5.20 (t, J = 9.6 Hz, 1H), 4.33 (dd, J = 

12.3, 6.0 Hz, 1H), 4.27 (dd, J = 12.2, 2.6 Hz, 1H), 4.19 – 4.14 (m, 1H), 4.02 (ddd, J = 
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9.0, 6.0, 2.6 Hz, 1H), 2.17 (s, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.04 (s, 3H). 13C NMR (151 

MHz, CDCl3) δ 170.80, 170.48, 170.45, 169.42, 160.09, 146.83, 134.82, 134.69, 131.59, 

115.06, 106.95, 103.42, 98.21, 91.83, 72.52, 71.62, 70.85, 68.33, 68.15, 67.85, 62.15, 

54.89, 52.17, 23.40, 20.69, 20.66. HRMS (m/z): [M+Na]+ calculated for C26H26N2NaO11: 

565.1434; calculated 565.1451. 

Resorufin 2-[acetamido (tert-butyl-carbamoyl)]-3,4,6-tri-O-acetyl-2-deoxy-β-

D-glucopyranoside (14):  13 (70 mg, 0.12 mmol) was dissolved in anhydrous THF (3 

mL) under an atmosphere of argon. Dimethylamino pyridine (DMAP, 3 mg, 0.02 mmol) 

and di-tert-butyl dicarbonate (36 mg, 0.16 mmol) were then and the reaction mixture was 

heated at reflux for 3 hours. The solvent was then removed under reduced pressure and 

the product purified using silica gel column chromatography by gradient elution using 

DCM to 20% EtOAc:DCM as the mobile phase to afford the pure product as an orange 

powder (65 mg, 78% yield). 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.4 Hz, 1H), 7.44 

(d, J = 9.8 Hz, 1H), 7.01 – 6.92 (m, 2H), 6.86 (dd, J = 9.8, 2.0 Hz, 1H), 6.31 (d, J = 2.0 

Hz, 1H), 6.12 (d, J = 8.2 Hz, 1H), 5.84 (d, J = 38.4 Hz, 2H), 5.19 (t, J = 9.5 Hz, 1H), 4.57 

(s, 1H), 4.38 – 4.17 (m, 2H), 4.05 (d, J = 11.9 Hz, 1H), 2.19 (s, 3H), 2.15 (s, 3H), 2.09 (s, 

3H), 2.04 (s, 3H), 1.64 – 1.51 (m, 9H). 13C NMR (151 MHz, CDCl3) δ 186.26, 170.48, 

170.11, 169.62, 169.42, 160.00, 153.08, 149.56, 146.82, 145.13, 134.79, 134.69, 

131.55, 129.52, 114.96, 106.93, 103.52, 97.08, 72.16, 70.19, 69.11, 62.22, 61.05, 56.35, 

28.01, 20.72, 20.69, 20.68, 20.55. HRMS (m/z): [M+Na]+ calculated for C31H34N2NaO13: 

665.1992; calculated 665.1974. 

Resorufin 3,4,6-tri-O-acetyl-2-deoxy-2-[(tert-butyl)-carbamoyl]-β-D-

glucopyranoside (16): 14 (245 mg, 0.39 mmol) was dissolved in anhydrous MeOH (10 

mL) under argon. K2CO3 (12 mg) was then added and the reaction mixture was stirred at 

room temperature for one hour. After the reaction was judged complete, the solvent was 

removed under reduced pressure and the crude material was dissolved into dry pyridine 

(20 mL) under an atmosphere of argon. Acetic anhydride (0.4 mL, 10 eq) was added 

drop-wise to the mixture and stirred for another three hours. The pyridine was then 

removed under reduced pressure and the mixture diluted with EtOAc. The organic layer 

was collected and dried over MgSO4 and the solvent removed under reduced pressure. 

The product was isolated using silica gel column chromatography using 1:1 Et2O:DCM 
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as the mobile phase to afford the product as an orange powder (223 mg, 98% yield). 1H 

NMR (601 MHz, CDCl3) δ 7.64 (d, J = 8.8 Hz, 1H), 7.37 – 7.32 (m, 1H), 6.94 (dd, J = 8.8, 

2.6 Hz, 1H), 6.90 (d, J = 2.6 Hz, 1H), 6.80 – 6.75 (m, 1H), 6.24 – 6.19 (m, 1H), 5.38 (s, 

1H), 5.34 – 5.29 (m, 1H), 5.05 (t, J = 9.6 Hz, 1H), 4.75 (s, 1H), 4.21 (dd, J = 12.3, 6.1 Hz, 

1H), 4.14 (dd, J = 12.3, 2.5 Hz, 1H), 3.90 – 3.84 (m, 1H), 3.76 (q, J = 9.0 Hz, 1H), 2.04 

(s, 3H), 2.03 (s, 3H), 2.00 (s, 3H), 1.36 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 186.30, 

170.47, 170.43, 169.50, 160.31, 154.97, 149.57, 146.76, 145.13, 134.80, 134.65, 

131.56, 129.50, 115.13, 106.92, 103.50, 98.62, 72.47, 71.61, 68.54, 62.20, 55.70, 29.73, 

28.25, 20.69, 20.68, 20.66. HRMS (m/z): [M+Na]+ calculated for C29H32N2NaO12: 

623.1853; found 623.1865.  

Resorufin 3,4,6-tri-O-acetyl-2-amino-2-deoxy-β-D-glucopyranoside (17): 16 

(200 mg, 0.34 mmol) was dissolved in cold, anhydrous DCM (10 mL) and trifluoroacetic 

acid (TFA, 2 mL, 5.2 mmol) was added drop-wise over a period of 20 minutes. The 

reaction mixture was stirred and the progress of the reaction was carefully monitored for 

3 hours, at which it was judged complete and the product was isolated by using silica gel 

chromatography using a gradient elution system with 1:1 EtOAc:DCM, EtOAc, then 10% 

MeOH/DCM to afford the desired product as a dark red powder (126 mg, 74% yield). δ 

1H NMR (500 MHz, (CD3)2CO) δ 7.74 (t, J = 7.0 Hz, 1H), 7.46 (d, J = 9.8 Hz, 1H), 7.25 – 

7.05 (m, 2H), 6.77 (dd, J = 9.8, 2.0 Hz, 1H), 6.18 (d, J = 2.0 Hz, 1H), 5.80 (d, J = 7.8 Hz, 

1H), 5.54 (t, J = 9.6 Hz, 1H), 5.13 (t, J = 9.5 Hz, 1H), 4.41 – 4.15 (m, 4H), 3.49 – 3.40 

(m, 1H), 2.07 – 2.05 (m, 9H); 13C NMR (126 MHz, (CD3)2CO) δ 169.84 , 169.48 , 169.06 

, 160.23 , 149.79 , 146.69 , 145.15 , 134.95 , 134.15 , 131.40 , 129.27 , 114.73 , 106.03 , 

103.15 , 98.92 , 73.04 , 72.19 , 72.06 , 68.58 , 63.61 , 61.99 , 60.96 , 19.80 , 19.70; 

HRMS (m/z): [M+H]+ calculated for C24H25N2O10: 501.1464; found 501.1506.  

Resorufin 3,4,6-tri-O-acetyl-2-deoxy-2-[(2-methylamino)-2-thioxo-

acetamido)]- β-D-glucopyranoside (18): 4 (23 mg, 0.26 mmol) and HBTU, (264 mg, 

0.70 mmol) were dissolved in anhydrous cold THF (8 mL) under an atmosphere of argon 

and the reaction mixture was stirred at 0oC for 3 hours. Resorufin glucosamine salt  (100 

mg, 0.20 mmol) was added to the reaction mixture as a 63 mg/mL solution in dry THF 

under an atmosphere of argon via syringe and the resulting solution was stirred for one 

more hour at 0oC. N,N-Diisopropylethylamine (DIPEA, 0.12 mL, 0.70 mmol) was then 
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added drop-wise and the reaction mixture was stirred for 16 hours. The crude reaction 

collected, dried with MgSO4, and the solvent reduced under reduced pressure. The 

desired product was isolated using silica gel column chromatography 1:1 EtOAc:DCM as 

the mobile phase to afford the title compound as a dark red powder (60 mg, 42% yield). 

1H NMR (400 MHz, CDCl3) δ 9.41 (d, J = 5.8 Hz, 1H), 8.53 (d, J = 8.5 Hz, 1H), 7.73 (d, J 

= 8.7 Hz, 1H), 7.44 (d, J = 9.8 Hz, 1H), 7.04 – 6.96 (m, 2H), 6.87 (dd, J = 9.8, 2.0 Hz, 

1H), 6.32 (d, J = 2.0 Hz, 1H), 5.68 – 5.56 (m, 2H), 5.18 (t, J = 9.3 Hz, 1H), 4.38 – 4.24 

(m, 2H), 4.17 – 3.99 (m, 2H), 3.25 (d, J = 5.3 Hz, 3H), 2.14 (s, 3H), 2.13 (s, 3H), 2.08 (s, 

3H). 13C NMR (151 MHz, CDCl3) δ 186.28 , 185.82 , 170.44 , 170.10 , 169.48 , 159.79 , 

158.82 , 149.53 , 146.94, 145.10, 134.80, 134.75, 131.59, 129.62, 115.09, 106.99, 

103.63, 97.53, 72.62, 70.37, 68.30, 62.12, 55.61, 32.87, 29.73, 20.68, 20.60; HRMS 

(m/z): [M+H]+ calculated for C27H28N3O11S: 602.1400; found 602.1434; [M+Na]+ 

calculated for C27H27N3NaO11S: 624.1264; found 624.1251. 

Resorufin 2-deoxy-2-[(2-methylamino)-2-thioxo-acetamido]-β-D-

glucopyranoside (19): 18 (15 mg, 0.025 mmol) was dissolved in anhydrous MeOH (2 

mL). K2CO3 was added (1 mg) and the reaction mixture was stirred for 1.5 hours. The 

solvent was removed under reduced pressure and the desired material was isolated 

using silica gel column chromatography using a gradient of 5% MeOH/DCM to 18% 

MeOH/DCM as the mobile phase to yield the title compound as an orange powder (9 

mg, 76% yield). HPLC purification conditions: A 20 mM solution of compound 19 in 

DMSO was manually injected into a semi-prep C18 column and eluted using a gradient of 

50 to 60% MeOH in H2O over 30 minutes at a flow rate of 2 mL/min. The elution of 

products was monitored by UV absorption at 254 nm, 470 and 610 nm and the retention 

times of 19 and free resorufin were 11.3 and 13.1 min, respectively. 1H NMR (600 MHz, 

DMSO-d6) δ 10.85 (t, J = 5.1 Hz, 1H), 8.67 (d, J = 9.8 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 

7.55 (d, J = 9.8 Hz, 1H), 7.06 (d, J = 2.5 Hz, 1H), 7.00 (dd, J = 8.9, 2.5 Hz, 1H), 6.81 (dd, 

J = 9.8, 2.0 Hz, 1H), 6.29 (d, J = 2.0 Hz, 1H), 5.54 (d, J = 8.4 Hz, 1H), 5.23 (dd, J = 13.5, 

5.6 Hz, 2H), 4.68 (t, J = 5.8 Hz, 1H), 3.90 (td, J = 10.1, 8.4 Hz, 1H), 3.77 (ddd, J = 11.9, 

5.4, 2.1 Hz, 1H), 3.67 (ddd, J = 10.2, 8.6, 5.9 Hz, 1H), 3.51 (dd, J = 11.9, 6.1 Hz, 1H), 

3.44 (ddd, J = 9.9, 6.0, 2.0 Hz, 1H), 3.28 – 3.22 (m, 1H), 3.04 (d, J = 4.9 Hz, 3H). 13C 

NMR (151 MHz, DMSO-d6) δ 186.99 , 185.38 , 160.62 , 159.57 , 149.62 , 146.03, 

144.89, 134.98, 133.99, 131.34, 128.69, 114.78, 105.80, 102.80, 98.39, 77.86, 74.02, 
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70.28, 61.55, 56.40, 32.74. HRMS (m/z): [M+H]+ calculated for C21H21N3O8S: 476.1083; 

found 476.1127; [M+Na]+ calculated for C21H21N3NaO8S: 498.0947; found 498.0942; 

[M+K]+ calculated for C21H21N3KO8S: 514.0686; found 514.0668.  

3.7.4. Analysis of substrates 11 and 19 

Assessment of excitation and emission spectra: Excitation and emission 

spectra for substrates 11 and 19 were obtained using a Varian Cary Eclipse 

Fluorescence spectrophotometer and a 40 µL quartz cuvette. A slitwidth of 10 nm (11) 

and 5 nm (19) was used for both excitation and emission in conjuncition with a Xenon 

flash lamp with sensitivities set at 520 to 1000. Each substrate was evaluated in a 

solution of 10% DMSO in milli-Q H2O in duplicate, at 5 different concentrations ranging 

from 500 µM to 32.5 µM in volume of 40 µL and temperature of 25oC. The free 

fluorophores were evaluated at 10 µM (4-methylumbelliferone) or 20 µM (resorufin). A 

blank was obtained for 10% DMSO/H2O at each sensitivity between readings and 

subtracted from the fluorescence spectra obtained. 

Absorption scans for substrate 19, Res-β-Glu and resorufin (Figure 3.14 A): 

The maximum absorbance (λmax) of the three compounds were assessed using a BioTek 

(SynergyTM H4) plate reader in 96-well plates (Thermoscientific, FloroNunc, lot # 

139825) in triplicate with the slitwidth set to 10 nm. The compounds were dissolved in 

10% DMSO/phosphate buffered saline (PBS) buffer adjusted to pH 7.4 at a 

concentration of 500 µM for substrate 19 and Res-β-Glu and 20 µM for free resorufin. 

Evaluation of quenching efficiency: Fluorescence quenching was evaluated 

using a Varian Cary Eclipse Fluorescence spectrophotometer with a 40 µL the slitwidth 

set to 5 or 10 nm in combination with a Xenon flash lamp set to sensitivities ranging from 

520 to 1000. 10 mM solutions of each substrate in DMSO were diluted to 5 mM, 2.5 mM, 

1.25 mM, 0.625 mM and 0.3125 mM in DMSO. Each resulting solution was then diluted 

10-fold into milli-Q H2O to result in a final concentration of 10% DMSO, immediately 

before taking a measurement, in order to ensure there was no substrate precipitation 

prior to measurement. The excitation and emission measurements were made 10 times 

for each compound at each concentration, and in duplicate. The fluorescence 

measurements were made at the same sensitivity setting for 19 and Res-β-Glu and the 



 

126 

measurement of a blank (10% DMSO in H2O) was subtracted from each measurement 

at that sensitivity. The ratio of the fluorescence for 19/Res-β-Glu was determined for 

each concentration to obtain the quenching efficiency. The overall quenching efficiency 

was defined as an average of quenching efficiencies determined at each concentration.  

Michealis-Menten kinetic assessment: A 20 mM solution of 11, 19 or the 

appropriate control compound were prepared in 100% DMSO and diluted 10-fold to 10 

mM on a serial dilution plate into 100% DMSO with a final volume of 200 µL. 2-fold serial 

dilutions were then generated from 5 mM to 0.005 mM in a final volume of 100 µL per 

well in 100% DMSO. On a black 96-well plate (Thermoscientific, FloroNunc, lot # 

139825) 10 µL of each serial dilution was added into 90 µL of pH 7.4 PBS buffer, 

resulting in a final DMSO concentration of 10%. To the diluted compound in buffer at 

10% DMSO was added 50 µL of a stock solution of enzyme that was maintained at 4oC 

to yield the appropriate final enzyme concentration in a final volume of 150 µL of buffer 

containing 6.5% DMSO. The substrate hydrolysis was monitored for 20 minutes at 37oC 

using a continuous fluorescence assay with excitation and emission wavelengths as 

follows: 365ex/445em for substrate 11 and 571ex/610em for substrate 19. The rates in RFU 

for each substrate concentration were obtained, from the time period of 10 to 20 

minutes. The kcat/Km was determined from the linear, second order region, of the 

Michaelis Menten plot for substrate 11, since saturation kinetics were not observed. For 

substrate 19, the kcat/Km was determined from the Vmax value obtained. RFU values were 

converted to concentration of product by generating two standard curves using each free 

fluorophore that covered a range of concentrations from 0 to 0.3 µM. 
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Figure A1. Lineweaver-Burke plots for inhibition of hOGA by compounds 15e-15h 
(left panels) and the Km

app vs. [I] plots for each inhibitor (right panels). The inhibitor 
concentrations used for each experiment are indicated in the legend of the Ki plots and 
the [hOGA] used in all cases was 1 nM.  
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Figure A2. Morrison Ki plots for compounds 11a, 15b and 15d. 11a: [hOGA] = 15 nM, 
[4MU-GlcNAc] = 170 µM; 15b: [hOGA] = 10 nM, [4MU-GlcNAc] = 60 µM; 15d: [hOGA] = 
10 nM, [4MU-GlcNAc] = 180 µM. 

 

-0.015 0.000 0.015 0.030

0.0005

0.0010

0.0015

0.0020

0.0025
150.0 M

50.0 M

16.7 M

5.6 M

1.9 M

0 M

R
a
te

 (
R

F
U

-1
)

A)

[S]
-1

 (M)

-0.01 0.00 0.01 0.02 0.03

0.0002

0.0004

0.0006

0.0008

0.0010

0.7 M

0.2 M

0.07 M

0 M

6.0 M

2.0 M

R
a
te

 (
R

F
U

-1
)

B)

[S]
-1

 (M)

Figure A3. Lineweaver-Burke plots for inhibition of hHexB by compounds 11a (panel 
A) and 15a (panel B) using 4MU-GlcNAc as the substrate. Inhibitor concentrations are 
presented in each graph.  
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Figure A4. Dixon plot analysis of inhibition of hHexB by compounds 11b, 15d-15h 
using 4MU-GlcNAc as a substrate. A) [E] = 5 nM, [S] = 230 µM; B) [E] = 5 nM, [S] = 500 
µM; C) [E] = 2 nM, [S] = 60 µM;  D) [E] = 2nM, [S] = 60 µM; E) [E] = 5 nM, [S] = 220 µM; 
F) [hHexB] = 5 nM, [4MU-GlcNAc] = 220 µM; G) [E] = 5 nM, [S] = 220 µM.  Inhibitors 
were serially diluted 3-fold from the highest concentration. The Ki values were 
determined by assessing the point of intersection between the 1/Vmax (dotted) line and 
the linear regression curve.  



 

157 

0 250 500 750 1000
0

5

10

15A)

[18a] M

R
a
te

 (


m
o
l 
m

in
-1

m
g

-1
)

0 100 200 300 400 500
0

20

40

60

80B)

[18b] M

R
a
te

 (


m
o
l 
m

in
-1

m
g

-1
)

0 100 200 300 400 500
0

2

4

6C)

[18c] M

R
a
te

 (


m
o
l 
m

in
-1

m
g

-1
)

0 100 200 300 400 500
0

2

4

6D)

[18d] M
R

a
te

 (


m
o
l 
m

in
-1

m
g

-1
)

0 25 50 75 100 125
0.00

0.02

0.04

0.06E)

[18e] M

R
a
te

 (


m
o
l 
m

in
-1

m
g

-1
)

0 500 1000 1500 2000
0

200

400

600

800

1000F)

[MUGlcNAc] M

R
a
te

 (


m
o
l 
m

in
-1

m
g

-1
)

 

Figure A5. Michaelis-Menten plots obtained for urea substrates 18a-18e and 4MU-
GlcNAc with hOGA. All assays were performed in triplicate using pH 7.4 PBS buffer 
(0.03% BSA) containing 2.5% DMF. A) [E] = 0.1 µM  B) [E] = 0.1 µM  C) [E] = 0.2 µM  D) 
[E] = 0.5 µM  E) [E] = 12 µM  F) [E] = 0.010 µM.  
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Figure A6. The difference between the chemical shifts of the thiazoline carbon 

resonances (∆ ppm) for NButGT as a function of the fractional protonation (n) of 3-
nitrophenol, which has a pKa of 8.42. The chemical shift changes (∆ ppm) of the C-O 
carbon in 3-nitrophenol and the 2' carbon of NButGT were monitored to define the 
fractional protonation of 3-nitrophenol, where n = (δ-δd)/(δp-δd). The data was fit to 
equation 3.  R (Ka

NButGT/Ka
r) = 0.0006 ± 0.0001; R2 = 0.9865. 
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15c 15f 15g 15h NButGT 

N-C-N C-O N-C-N C-O N-C-N C-O N-C-N C-O C-C-N C-O 

162.77 167.24 162.89 167.25 163.11 167.26 163.20 167.26 176.01 167.27 

162.83 166.65 162.90 167.25 163.11 167.25 163.20 167.25 176.01 166.45 

162.94 165.66 162.90 167.24 163.11 167.25 163.20 166.50 176.01 165.86 

163.04 164.85 162.92 166.85 163.11 167.05 163.20 164.55 176.01 165.09 

163.19 163.94 162.97 164.16 163.12 165.51 163.20 162.57 176.01 163.85 

163.31 163.31 163.20 160.75 163.12 163.12 163.20 160.90 176.01 162.91 

163.49 162.48 163.78 158.42 163.18 160.55 163.23 158.87 176.01 161.99 

163.69 161.61 165.79 157.07 163.35 158.12 163.39 157.17 176.01 161.14 

163.95 161.09 167.34 156.75 164.34 156.94 165.10 156.65 176.01 159.84 

164.22 160.69 168.31 156.63 166.28 156.71 166.79 156.62 176.01 158.94 

164.50 159.99 170.01 156.62 168.54 156.64 168.93 156.62 176.02 158.09 

164.90 159.36 170.02 156.62 171.02 156.61 170.94 156.61 176.03 157.16 

165.02 159.23 

  

171.26 156.61 172.00 156.61 178.14 156.61 

165.50 158.82 

      

181.83 156.61 

166.19 158.12 

      

186.57 156.6 

166.76 157.76 

        167.20 157.48 

        167.74 157.22 

        168.34 157.1 

        168.93 156.77 

        
Figure A7. 13C chemical shifts (δ, ppm) for compounds 15c-15h and NButGT which 
were used to measure the parameters necessary for ∆pKa determination. The chemical 
shifts which were directly compared were those of the amino-thiazoline carbon (N-C-N) 
for inhibitors 15c-15h and those of the C-O carbon of 3-nitrophenol. 15c: 0.161 mmol of 
each compound titrated with 1M HCl in 10 µL increments (20 injections); 15f: 0.0262 
mmol (12 injections), 15g: 0.0302 mmol (13 injections), 15h: 0447 mmol (13 injections) 
of each compound, titrated with 0.5 M HCl in 10 µL increments. NButGT: 0.161 mmol of 
each compound titrated with 1M HCl in 10 µL increments for a total of 15 injections. 
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NMR spectra for 2'-aminothiazoline inhibitors and urea substrates:  
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NMR spectra of substrates 11 and 19 
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