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Abstract 

 

High Throughput Screening Tools to Probe and Inhibit Core Fucosylation  

 

Maxim Soroko 

 

 

 We report a chemo-enzymatic transglycosylation synthesis of the 4-

methylumbelliferyl glycoside of a complex-type oligosaccharide substrate for core fucosylation. 

We demonstrate the use of the glycoconjugate in a newly developed enzyme assay to probe the 

activity and inhibition of fucosyltransferase VIII, which catalyzes the core fucosylation of N-

glycans found on eukaryotic glycoproteins. In our assay, the fucosyltransferase VIII reaction is 

coupled to a specific glycosidase enzyme, allowing to distinguish an unmodified 4-

methylumbelliferyl oligosaccharide probe from the fucosylated probe. Our results demonstrate 

that the assay is very sensitive and specific to the detection of enzymatic activity, while also 

enabling the identification of potential fucosyltransferase VIII inhibitors.
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1 Introduction 

1.1 Glycobiology introduction 
 Glycobiology—the study of the structures, functions, and biology of glycans (also known 

as carbohydrates, saccharides, or sugars)—has been a field mostly unexplored. Thanks to the 

recent technological developments, researchers are now able to delve deeper into the field. Glycans 

are believed to be the most complex biological molecules found in nature (1) due to the sheer 

number of existing molecules, as one database reports more than 700 existing monosaccharide 

building blocks across all living organisms (2). Fortunately, the human glycome (the entirety of 

carbohydrates in a cell) is much less daunting; consisting primarily of only nine monosaccharide 

building blocks, most of which are structurally similar and often vary from one another by a single 

carbon configuration (3). These nine building blocks are D-glucose, N-acetyl-D-glucosamine, D-

galactose, N-acetyl-D-galactosamine, D-mannose, D-xylose, D-Glucuronic acid, L-Fucose and N-

acetylneuraminic acid (Figure 1.1). In contrast to amino acids in proteins or nucleotides in nucleic 

acids which are assembled in a linear sequence, glycans are assembled in a branched-like sequence. 

Monosaccharides units are linked to one another in one of two possible stereochemical 

configurations (α and β), usually from the anomeric center of one monosaccharide to any of the 

three or four hydroxyl groups of the other monosaccharide, but there are also scenarios where the 

anomeric center is not involved, and units are linked through the other hydroxyl groups. These 

different structural possibilities are what gives rise to the great glycan diversity. To better illustrate 

this diversity, three different monosaccharides can combine to make over 1000 structures while 

three different amino acids can combine to make only 6 distinct structures (4). 

 

Figure 1.1. Common monosaccharides found in vertebrates. 
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Monosaccharides are assembled into complex glycan structures by glycosyltransferase 

enzymes, in a process known as glycosylation. These complex glycans are usually found on 

proteins or lipids, and they form the glycocalyx of every living eukaryotic or prokaryotic cell (5). 

Glycans are synthesized and secreted on proteins as either N-glycans (nitrogen linked) attached to 

asparagine residues on an Asn-X-Ser/Thr motif, or as O-glycans (oxygen linked) attached to serine 

or threonine residues (6) (Figure 1.2). N-glycans possess a common core structure, consisting of 

three mannose and two acetylglucosamine residues (Man3GlcNAc2Asn). N-glycans are also 

classified into three different categories: oligomannose type which contain only mannose residues 

attached to the core structure; complex type which possess similar oligosaccharide sequences on 

both of their antenna; and hybrid types which have an oligomannose sequence on the 1,3 arm and 

a complex type-like sequence on the 1,6 arm (7). In contrast, O-glycans do not have a starting 

common core structure. Rather, they are classified into one of four different core structures that 

start with an O-GalNAc attached to the Ser/Thr residues and the cores can be either extended, 

branched or terminated with Fucose, Sialic acid or blood group antigens (8).  
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Figure 1.2. Examples of some types of N-glycans and O-glycans. 

The synthesis of the glycans present on glycoproteins occurs as a post-translational 

modification in the endoplasmic reticulum or in the Golgi apparatus and aids in the proper folding 

and stabilization of nascent protein structures (9). Mature proteins are then transported to cell 

surface membranes, where their glycans can be recognized by specific molecules known as glycan-

binding proteins (GBPs) (10). GBPs are complementary proteins because they each possess a 

carbohydrate recognition domain, capable of binding to a specific grouping of about two-to-seven 

monosaccharides in specific configurations (11). Through their interactions with GBPs, glycans 

participate in a vast number of biological functions which can be divided into four distinct 

categories (10): 1) structural and modulatory roles; 2) intrinsic recognition; 3) extrinsic 

recognition; and 4) molecular mimicries. 

Structural and modulatory roles: glycans provide many protective, stabilizing, 

organizational, and barrier-like functions. For example, β-linked polymers of glucose or N-

acetylglucosamine come together to form cellulose or chitin, respectively. These structures are 
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very difficult to break down by any physical, chemical, or enzymatic means as they possess a 

certain strength and rigidity that provides structural integrity and support to the cell walls of 

plants/fungi and arthropod exoskeletons (12, 13). Intrinsic (intraspecies) recognition: glycans 

participate in many specific biological roles in cell-cell recognition and cell-matrix interactions. 

For example, glycan-recognition processes are involved in several steps of sperm-egg interactions 

during fertilization and reproduction; these include migration of the sperm to the site of 

fertilization, destruction of sperm carrying nonspecies-specific antigens, implantation of the 

fertilized egg and placental development (14). The examples above are regulated and coordinated 

by the glycans found on cell surfaces and are not only limited to fertilization. Extrinsic 

(interspecies) recognition: this category concerns glycans involved in interactions between host 

cells and microbes. Pathogens and symbionts have evolved many mechanisms to better recognize 

specific structures of cell surface glycans in their target host species (15). For example, bacteria 

and viruses can recognize the sialic acid moieties at the non-reducing ends of complex glycans and 

use these sugars as the initial binding sites to their targets, and it is through the different sialic acid 

linkages that pathogens such as the influenza virus can differentiate human hosts from avian hosts 

(16). Finally, molecular mimicries: pathogens decorate themselves with glycans identical to those 

present on host cell surfaces. Since the host immune system can recognize typical glycans found 

on pathogens, microorganisms have evolved different mechanisms to better mimic the host’s cell 

surface glycans and avoid detection by the immune system. These mechanisms range from 

acquisition of host sialoglycans (glycans with sialic acids at the non-reducing terminals) (17) to 

transfer of sialic acids from host to pathogen by the host’s enzymes (18), to efficient uptake of free 

cellular sialic acids (19). In short, pathogens invade the host glycosylation machinery and avoid 

detection from the host’s immune system. 

 

1.2 Cell-surface carbohydrates 
Complex glycans expressed on cellular glycoproteins and glycolipids are essential for 

proper development and cellular differentiation in higher organisms as these carbohydrates 

regulate cell adhesion, recognition and signaling (20). In this sense, glycans encode the 

information necessary to perform cellular processes. These processes are communicated by lectins 

(a type of GBPs) that specifically recognize the complex carbohydrate structures and transduce the 
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information into a cellular signaling event (21). There are several different types of lectins that 

exist in nature, we will describe a selected few example below. 

 

1.2.1 Cell-surface carbohydrates – cell adhesion 

Integrins are a family of GBPs involved in cell adhesion. Integrins interact with the 

extracellular matrix and function as signal-transducing receptors by activating different pathways 

for cell activation and proliferation (22). Previous studies have demonstrated how integrin 

activation is modulated by the presence of oligosaccharides. For example, when human fibroblasts 

were cultured with an inhibitor of alpha-mannosidase II (an enzyme that cleaves mannose residues 

from oligosaccharides), the fibroblasts displayed immature α5β1 integrin on their cell surfaces and 

fibronectin dependent adhesion was greatly reduced (23). The inhibitor was inactivating alpha-

mannosidase II, thus preventing processing of N-glycans into their mature form during 

glycoprotein synthesis. Another study demonstrated treatment of purified α5β1 integrin with N-

glycosidase F resulted in a blockage of α5β1 integrin adhesion to fibronectin since the N-linked 

oligosaccharides have been cleaved off from the asparagine residues due to N-glycosidase F (24). 

Lastly, increased sialylation (a form of glycosylation involving sialic acids) of the β1 subunit of 

α5β1 integrins correlated with decreased adhesiveness properties to fibronectin (25), whereas 

enzymatic removal of sialic acids from the α5 integrin subunit completely inhibited cell adhesion 

to fibronectin (26). Thus, these studies demonstrated the importance of N-glycosylation of integrin 

α5β1 in its interactions with fibronectin for cell adhesion. 

 

1.2.2 Cell-surface carbohydrates – cell differentiation 

Human epidermal growth factor receptors (EGFR) play key roles in cell growth and 

differentiation. The receptors are composed of an extracellular epidermal growth factor (EGF) 

binding domain, a transmembrane spanning portion, an intracellular protein-tyrosine kinase 

domain for signaling, and a carboxyl terminal tail (27). To exert its activity, human EGFR 

dimerizes upon binding of EGF ligands, thus activating the protein-tyrosine kinase and initiating 

a downstream signaling cascade (28). Human EGFR possesses 11 well-established N-

glycosylation sites involved in modulating the receptor’s activity (29). Previous studies revealed 

that elimination of N-linked oligosaccharides at the Asn420 position causes spontaneous 

dimerization of EGFR and a constitutively activated kinase domain even in absence of EGF (30). 
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The result is an uncontrollable activated receptor, leading to increased growth and proliferation. 

Through this example, we can see the importance that carbohydrates play in modulating the 

activity of receptors in cell growth and differentiation.  

 

1.2.3 Cell-surface carbohydrates – immune system 

There exist several functions for glycans in immunology, and by extension, GBPs are also 

implicated in the immune system. The different carbohydrate structures found on cell surfaces of 

host cells and pathogenic invaders constitute the basis of immune responses, including immune 

cell activation, trafficking, and regulation (31). For example, in response to inflammation, selectins 

are mobilized to the vascular endothelial cell surfaces facing the blood vessel lumen, where they 

bind to complementary glycans on the surface of passing neutrophils. Neutrophils will then roll on 

the endothelium lining until other cell mechanisms are triggered that allow neutrophil 

extravasation into infected tissues and combat the pathogenic invaders (32). This mechanism 

known as leukocyte rolling, is mediated by P-selectin (platelet) and E-selectin (endothelial). These 

two selectins are structurally similar and bind to closely related glycans on neutrophil surfaces 

(33). Their binding target is a tetrasaccharide structure called sialyl LewisX (sLex) with key 

recognition features being a sialic acid and a fucose residue (34). If the sLeX antigen is not 

expressed, then selectins fail to bind to circulating leukocytes (35) and an immune response cannot 

be mediated. Thus, glycans are important for the immune system to respond to inflammation. 

Surface-localized glycoproteins of the immune system are not the only proteins affected 

by glycans; secreted glycoproteins such as antibodies can also have their activity modulated by 

glycans. Antibodies are large, Y-shaped proteins consisting of three roughly equal-sized domains. 

The two arms of the Y are termed the Fab fragments and constitute the antigen-binding sites of the 

molecule, whereas the trunk of the Y, called the Fc fragment, is responsible for interacting with 

effector cells (cells that respond to a stimulus) (36). The Fc region is formed of two heavy 

polypeptide chains, each with a single N-glycan attached at Asn297 that is responsible for 

imparting the antibody conformation of the fragment via glycan-protein and glycan-glycan 

interactions (37). Humans have a total of six Fc receptors (FcγRI, FcγRIIa, FcγRIIb, FcγRIIc, 

FcγRIIIa and FcγRIIIb) all expressed at different levels on all innate immune cells and it is the 

shape of the Fc region that defines the capability of the antibody to interact with the Fc receptors 
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of effector cells (38). In fact, the Fc region of antibodies is heavily glycosylated and these glycans 

enable antibody-receptor binding - removal of glycans of the Fc region results in a complete loss 

of Fc receptor binding to the antibodies (39). One recent discovery showed that N-glycans on the 

Fc portion modulate antibody activity by sending inhibitory signals to responding immune cells if 

terminal sialic acids are present on the glycans, or by sending activating signals if terminal sialic 

acids are missing (40, 41). This discovery led to the use of glyco-engineered antibodies for 

therapeutic purposes (42), which will be further addressed later in the text. Taken together, these 

findings demonstrate the role and importance that glycans have on antibodies, and in the immune 

system. 

 

1.2.4 Cell-surface carbohydrates – cancer 

Knowing that glycans are prime targets of pathogenic invaders like microbes and viruses 

(15, 16), it is not surprising that they are also targets of different types of cancers. Most cancer 

related deaths are attributed to the metastatic spread of cancer cells to vital organs rather than due 

to the primary tumor growth. Malignant cells acquire characteristics that enable them to dissociate 

from the initial tumor site, degrade the extracellular matrix, invade into the blood stream, adhere 

onto secondary colonization sites, and metastasize (43, 44). These characteristics are acquired from 

the abnormal carbohydrates found on tumor cell-surfaces due to altered glycosylation (45), which 

then enable cancer cells to hijack the lectins expressed on endothelial cells, on immune cells or in 

the extracellular matrix to grow and proliferate at the host’s detriment (46). Altered glycosylation 

arises from one of four contributing factors or a combination of some factors. The first is altered 

glycan expression from overexpression of glycosyltransferases. Enzymes that contribute to cancer 

metastasis are overexpressed in the tumor cell whereas enzymes that prevent cancer metastasis are 

repressed. These changes in expression levels can be caused either due to dysregulation of gene 

expression at the transcriptional level (47), dysregulation of chaperone function resulting in the 

synthesis of tumor-specific neo-epitopes (48), or altered glycosidase activity resulting in protection 

against programmed cell death (49). The second is altered glycan expression due to changes in the 

tertiary structure of proteins. Genomic mutations of associated glycosyltransferases could result in 

amino acid substitutions or changes in folding conformations, giving rise to new sites of 

glycosylation, or resulting in deletion of wild-type sites of glycosylation necessary for regulatory 

enzymatic activity (50). The third is the variety and abundance of sugar nucleotide donors. Tumor 
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cells rewire their metabolism to promote growth and proliferation by increasing uptake of various 

monosaccharides. This leads to an abundance of sugars in tumor cells that can be utilized for the 

synthesis of sugar nucleotide donors that will then participate in the synthesis of common tumor-

cell epitopes (51). Lastly, the fourth is expression of relevant glycosyltransferases in the Golgi 

apparatus. The acidification of Golgi environment results in disorganization and fragmentation of 

the Golgi apparatus, and the acidic Golgi pH is critical for cancer-associated glycosylation and the 

expression of cancer-associated carbohydrate antigens (52). Taken together, these factors 

contribute to the expression of common tumor-cell epitopes such as sialyl LewisX and sialyl 

LewisA found in almost every type of cancer (45). For example, an increased expression of 

fucosyltransferase VII and α-2,3-sialyltransferase ST3Gal1—two enzymes involved in the 

synthesis of sialyl LewisX/A—has been observed (53). These glycans are critical for metastasis as 

they are the ligands of selectins found on endothelial blood vessel lining and allow cancer cells to 

adhere to secondary colonization sites. 

An important function hijacked by cancer cells to facilitate metastasis is the epithelial-

mesenchymal transition (EMT). The EMT is a biological process during which an epithelial cell 

undergoes multiple biochemical changes to transform into a mesenchymal cell with enhanced 

migratory capabilities (54). Epithelial tumor cells exploit EMT to acquire an invasive phenotype, 

facilitating their dissociation from the primary tumor and entering the blood circulation (55). This 

phenotype is gained by expressing the relevant glycans that participate in EMT. In short, cancer 

cells would overexpress enzymes that build the necessary glycans for EMT to occur and 

downregulate others that prevent altered glycosylation from happening. Furthermore, metastatic 

colonization at distant organs requires recovery of the epithelial characteristics, essentially 

reversing EMT in a process called mesenchymal-epithelial transition (MET) (56). It was only 

recently discovered that MET plays a role in cancer, and little is currently known compared to the 

extensive studies of EMT in tumor metastasis. This discovery sparked the hypothesis that tumor 

cells might exist in a partial-EMT state, changing between epithelial and mesenchymal phenotypes 

as needed (57). Thus, this example illustrates the importance of cell-surface carbohydrates in 

cancer metastasis. 
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1.3 Fucosylation - overview 
The cellular processes described above are controlled by a biological process called 

fucosylation. Fucosylation is observed in vertebrates, invertebrates, plants, fungi, and bacteria, 

wherein the monosaccharide L-fucose is incorporated into complex glycans. These fucosylated 

carbohydrates are involved in a wide variety of biological functions including cell adhesion, cell 

development, angiogenesis, fertilization, immune response and activation, malignancy, and tumor 

metastasis (58, 59). Fucosylation is carried out by fucosyltransferase enzymes that catalyze the 

transfer of fucose residue from guanosine diphosphate fucose (GDP-Fuc) to acceptor molecules. 

There are thirteen fucosyltransferase enzymes identified in humans, which catalyze either α-(1,2)-

, α-(1,3/4)-, α-(1,6)- or O- fucosylations (60). O-fucosylation is an O-linked glycosylation that 

occurs on serine and threonine residues of glycoproteins, whereas the others are N-linked 

glycosylations that can be divided into two categories: core fucosylation catalyzed by α-(1,6)-

FUTs that occur on the innermost moieties of N-glycans, and terminal fucosylation catalyzed by 

α-(1,2)- and α-(1,3/4)- FUTs at the non-reducing ends (60). 

 

1.3.1 Fucosylation – terminal fucosylation 

Ten fucosyltransferases (FUT1-7 and FUT9-11) are responsible for carrying out the 

addition of fucose residues for terminal fucosylation to generate sialyl-Lewis antigens. These 

antigens are the ligands of selectins expressed on glycoproteins and glycolipids involved in 

leukocyte adhesion, migration, and trafficking of the E-, P- and L- selectins mentioned previously 

(61). Sialyl antigens also play a role in facilitating cancer metastasis as a byproduct of their natural 

role in promoting selectin-mediated rolling and adhesion of white blood cells to endothelial tissue 

linings (62). These antigens are upregulated in several malignant cancers such as lung, breast and 

colorectal cancers and are usually indicators of poor prognosis (63). For example, studies have 

shown that elimination of fucose residues from sialyl antigens impairs the ability of cancer cells 

to roll on the endothelial lining (64), whereas elimination of terminal fucosylation by knocking 

down certain FUT genes inhibits tumor growth altogether (65). 
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1.3.2 Fucosylation – core fucosylation 

In contrast to terminal fucosylation, core fucosylation is the more commonly occurring 

type of fucose modification and is exclusively catalyzed by FUT8. Core fucosylation plays 

essential roles in normal physiological developments. For example, knocking out FUT8 in mice 

significantly decreases postnatal survival, with 70% of mice dying within three days of age, 

whereas the remaining 30% display severe growth retardation (66). FUT8-null mice also exhibit 

multiple abnormal behaviors associated with schizophrenia, such as increased locomotion (67). 

These phenotypes are due to the lack of core fucose, resulting in abnormal lung development and 

a decreased regulation of the TGF-β1 signaling pathway (66). 

Wang et al. (68) were the first to investigate the effect of core fucosylation of N-glycans 

on the binding of EGF to its receptor. The authors reported a down-regulation of EGF-induced 

phosphorylation of EGFR in FUT8-null cells, resulting in a decreased EGFR-mediated 

downstream signaling (which controls biological responses such as proliferation, differentiation, 

cell motility and survival). However, these FUT8-null cells were rescued upon the reintroduction 

of the Fut8 gene. Furthermore, the authors uncovered that there exist two classes of EGFR, a high 

binding affinity class and a low binding affinity class. Both classes are detectable in FUT8 wild 

type cells and restored cells, but only the low binding affinity class is detectable in FUT8-null 

cells. The authors postulated that core fucosylation is only required for the high binding affinity 

class, but further studies are necessary to elucidate the exact mechanism involved. 

Similarly, Zhao et al. (69) reported that core fucosylation also plays an essential role in 

α3β1 integrin functions because cells deficient in core fucosylation displayed a blockage in α3β1 

integrin-mediated cell migration and cell signaling. Once again, reintroduction of the Fut8 gene 

into FUT8-null cells partly rescued the cells. These results correlated with their observations that 

purified α3β1 integrin possessed several bi-, tri-, and tetra-antennary complex type glycans that 

were mostly core fucosylated. Integrins and growth factor receptors share several elements in their 

signaling pathways, which could explain why core fucosylation is essential for integrins, but the 

molecular mechanisms remain to be elucidated. 

Core fucosylation is also important in regulating the immune system, specifically in 

modulating antibody-dependent cellular cytotoxicity (ADCC) (70), a mechanism of immune 

defense where an effector cell lyses a target cell that displays surface antigens for the antibody to 
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bind. As was described previously, antibodies are Y-shaped molecules composed of two antigen-

binding sites (the arms of the Y) and an Fc region (the stem of the Y). The Fc region of antibodies 

is heavily fucosylated with two N-linked biantennary complex-type oligosaccharides bound to an 

asparagine residue at position 297 (70). These oligosaccharides possess a core fucose residue that 

can influence the binding affinity of the effector cell receptor (FcγRIIIa) to the antibody’s Fc 

region. Previous studies have demonstrated that removal of the core fucose from the Fc region 

oligosaccharides can greatly enhance the effector cell’s ADCC potency (71, 72). Co-crystal 

structure analysis revealed that the receptor is incapable of high affinity binding when the core 

fucose is present because the core fucose causes a steric clash which weakens carbohydrate-

carbohydrate interactions with neighboring oligosaccharides (73). When the core fucose is 

removed from the oligosaccharide at Asn297, a small conformational change takes place that 

allows the neighboring Tyr296 to hydrogen bond with its environment in a way that it previously 

was not capable of doing due to the core fucose hydrogen bonding in the Tyr296 environment (74). 

This small conformational change allows for ADCC potency to be enhanced from by 50- to 100-

fold (75). 

Fucosylated glycans on certain glycoproteins also serve as important cancer biomarkers 

(76). For example, elevated levels of α-fetoprotein (a fetal analog of serum albumin with 

fucosylated carbohydrate moieties) are used as a reliable biomarker for hepatocellular carcinoma 

(liver cancer) (77); core fucosylated haptoglobin has been identified as a biomarker for detecting 

pancreatic cancer which previously lacked reliable methods of early detection (78); in patients 

with prostate cancer, core fucosylation of prostate-specific antigen is another reliable marker that 

allows for the differentiation of prostate cancer from diseases like benign prostate hyperplasia that 

also affect prostate-specific antigens (79). These are just some examples to illustrate how frequent 

core fucosylation is hijacked by malignant cancers. In fact, several studies (80) have reported that 

silencing core fucosylation in cancer cells that express high levels of FUT8 resulted in the 

inhibition of cell invasion (81), cell migration (82), proliferation (83), colony formation (84), 

tumor growth and metastasis (85). The specific molecular mechanisms by which core fucosylation 

is involved in all these biological processes is through the regulation of important growth factor 

signaling pathways such as TGFβ (85), EGFR (86), and VEGFR (87), as well as impacting the 
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activity of membrane proteins involved in cell adhesion such as integrins (88) and E-cadherins 

(89). 

These signaling pathways and membrane proteins are all implicated in the epithelial-

mesenchymal transition (EMT), a process hijacked by cancer cells to dissociate from their primary 

tumor site, circulate in the blood stream and colonize secondary distal tumor sites. Tu et al. (85) 

identified a novel mechanism for breast cancer EMT triggered by TGFβ signaling. They observed 

that FUT8 is upregulated during TGFβ-induced EMT in breast carcinoma cells which lead to a 

remodeling of the N-glycans on cell surface receptors TGFβ RI and RII, resulting in enhanced 

ligand binding and increased downstream signaling activity. These remodeling events facilitated 

the transformation of epithelial cancer cells into mesenchymal cancer cells with increased 

migratory and invasive capabilities, allowing for distal lung metastasis. However, pharmacological 

inhibition or gene knock-down of FUT8 was sufficient to interrupt FUT8-promoted TGFβ 

signaling and suppressed the mobility, invasiveness, and lung metastasis of breast carcinoma cells 

both in vitro and in vivo. Further studies exploring the structural and functional effects of TGFβ 

receptors during EMT after being core fucosylated could shed light on the precise molecular 

mechanisms involved.  

 

1.3.2.1 Core Fucosylation – anti-cancer treatments 

Core fucosylation effects many biological functions of glycoproteins but the molecular 

mechanisms remain to be elucidated. Insights into the downstream effects of core fucosylation 

could be aided by using specific small molecule inhibitors that influence the activity of FUT8. 

These small molecule inhibitors can be used either as chemotherapeutic agents in the treatment of 

malignant cancers or in the production of therapeutic glycoproteins for cancer immunotherapy. It 

was reported that FUT8 is upregulated up to four times more in metastatic cancers than it is 

expressed in normal healthy cells (85). This difference in expression levels can provide a 

therapeutic window to combat cancer metastasis. At the right concentration of chemotherapeutic 

agent, FUT8 expression in cancer cells may be greatly hindered while FUT8 expression in healthy 

cells is only minimally affected. This would hopefully prevent the severe propagation of metastatic 

cancers in a host and allow for a tighter control over the disease’s development. 
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Similarly, afucosylated monoclonal antibodies can be produced to selectively and 

efficiently kill cancer cells through ADCC, because monoclonal antibodies lacking core fucose 

bind more tightly to the FcγRIIIA receptors on natural killer cells than do their core-fucosylated 

counterparts (72, 90). In fact, the discovery that ADCC can be enhanced by inhibiting core 

fucosylation sparked the development of monoclonal antibodies to be used for therapeutic 

purposes by several pharmaceutical companies (91). For example, two afucosylated mAbs have 

been approved by the FDA for use in cancer patients, mogamulizumab which targets a signal 

transducer upregulated in leukemia and lymphoma (92), and obinutuzumab which is used in the 

treatment of chronic lymphocytic leukemia (93). Most in vivo studies on the effect of enhanced 

ADCC activities by afucosylated antibodies have been performed using genetic manipulation 

techniques to generate the glycoengineered antibodies (94). While genetic manipulation is 

certainly efficient, production of afucosylated antibodies by pharmacological inhibition of core 

fucosylation may also be of interest to the scientific community. One advantage of 

pharmacological inhibition (among others) is that the protein function is merely blocked and the 

protein remains in the cell, whereas in genetic manipulation the protein is completely removed; 

this may shed light on some mechanisms of ADCC enhancement because the protein can still 

interact with binding partners. 

Thus, the development of small molecule inhibitors for core fucosylation can be of great 

interest to the scientific community, however developing such inhibitors remains a challenge (95). 

To better understand how to design FUT8 inhibitors, it is worthwhile to investigate the protein 

structure and function of the enzyme. FUT8 catalyzes the transfer of a fucose residue from GDP-

Fucose donors to the innermost N-acetylglucosamine residue of acceptor N-glycans substrates by 

forming an α-1,6-linkage with inversion of the anomeric carbon center of the transferred fucose 

residue (96). FUT8 is abundant in brain tissue (97) and was originally isolated from porcine brain 

(98) and human gastric cancer cells (99). 

FUT8 was reported as a type II transmembrane protein localized in the Golgi apparatus 

(99). The crystal structure of FUT8 in its unbound form was determined at 2.6 A resolution (100). 

The structure consists of three domains: an N-terminal coiled-coil domain, a catalytic domain and 

a C-terminal SH3 domain, a characteristic beta-barrel conformation consisting of six β-strands 

(100). The catalytic region is closely similar to GT-B glycosyltransferases with the C-terminus 
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end of the catalytic domain including a Rossman fold essential for enzymatic activity and 

consisting of three regions that are conserved among α-1,6-, α-1,2- and O-fucosyltransferase 

proteins (100). FUT8 requires the presence of the nitrogenous base portion and the diphosphoryl 

group of GDP to recognize the donor substrate molecule (101). The enzyme’s specificity towards 

acceptor substrates is rather unusual as it recognizes an N-glycan with a tri-mannose core 

containing a β-1,2-acetylglucosamine residue linked to the α-1,3-mannose arm (102) but the 

presence of a bisecting acetylglucosamine in the tri-mannose core or an α-1,3-linked fucose to the 

innermost acetylglucosamine at the reducing end (103) can prevent the enzymatic reaction. Lastly, 

the glycosidic linkage between the acetylglucosamine moiety at the reducing end and the 

asparagine residue of the peptide consensus sequence appears to not be necessary for the enzymatic 

reaction (104). Based on the docking model of FUT8 in complex with the GDP-Fucose donor and 

oligosaccharide acceptor substrate, FUT8 was proposed to perform a SN2 mechanism with base-

catalyzed deprotonation of the acceptor substrate, in which Arg365 plays crucial roles in binding 

and stabilizing the GDP-Fucose donor (105). While the catalytic domain has been studied and 

described, the physiological functions of the other two accessory domains remains unclear. 

 

1.4 Hypothesis and research project 
Complex glycans attached to cell surface proteins play essential roles in biological 

processes, making them important structures to study. However, the lack of tools and the inherent 

complexity of glycans proved to be major roadblocks in studying glycobiology. It is only due to 

recent technological advances that enabled researchers to study glycans in biology (106). Core 

fucosylation is no exception – much is still unknown about its mechanisms and functionalities. 

The current tools available to monitor FUT8’s activity are designed to detect nucleotide by-

products released from coupled reaction, rather than detecting the oligosaccharide products 

generated from the FUT8-catalyzed reaction. 

For this reason, we developed a strategy to efficiently assay the activity and inhibition of 

FUT8 in a high throughput manner. Our approach was built upon a previously developed method 

that detects the activity and inhibition of glycosyltransferases (107). The previous method in 

question is a fluorescence-based assay that uses a fluorogenically labeled oligosaccharide probe 

coupled with a specific glycosidase enzyme to distinguish unmodified probes from those modified 
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by a glycosyltransferase. As such, we have synthesized a 4-methylumbelliferyl oligosaccharide, 

MU-G0, as a substrate and fluorogenic probe for FUT8 by chemo-enzymatic synthesis. The probe 

can also be recognized by a chitinase enzyme, which will release the fluorophore, 4-

methylumbelliferone, from the oligosaccharide, producing a fluorescent signal. However, if the 

fluorogenic probe is first treated with FUT8 and becomes fucosylated, the chitinase will no longer 

be able to digest the fucosylated-fluorogenic probe and no fluorescent signal will be detectable. 

Using this method, we can measure the activity of FUT8 using only picomole concentrations of 

probe and enzyme. 
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2 Materials and Methods 

2.1 Recombinant proteins 
N-terminally His6- or His7-tagged proteins EndoM N175Q (108), BgaA (109), SpHex (110), 

and FKP (111) were each expressed in Escherichia coli BL21(DE3) cells that were transformed 

with one of several plasmids (pET29-EndoM-N175Q, pET28-BgaA, p3AHEX-1.8, or pET15-

FKP) which were provided by the lab of Stephen Withers (University of British Columbia), and 

cultured in LB medium. Cultures were grown to an OD600 of ~0.6 at 37 °C, at which point 0.5 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added, following by overnight incubation at 

18 °C. Cells were harvested by centrifugation and lysed by sonication. Each protein was purified 

from soluble cell extract using a 1 mL HisPur Ni-NTA column and the proteins were buffer 

exchanged into 20 mM sodium phosphate (pH 7.5) and 150 mM NaCl for storage (at 4 °C for up 

to two months or at -80 °C for longer). 

Recombinant exo-α-neuraminidase from Clostridium perfringens (NanH) was purchased from 

New England Biolabs (P0720S), and chitinase from Streptomyces griseus was purchased from 

Millipore Sigma (C6137). Recombinant FUT8 was the kind gift of Kenta Yamato (Kaico Ltd.), 

Jae Man Lee (Kyushu University), and Takahiro Kusakabe (Kyushu University). 

 

2.2Chromatography 

2.2.1 Bio-Gel P-2 Gel 

 Bio-gel P-2 Gel was used as the resin in size exclusion columns (Bio-Rad, #1504118). The 

small size of the beads prevents particles over 45 μm from entering the beads. The estimated 

exclusion limit of the column is 100 to 1800 Da. The applied flow rate during size exclusion 

chromatography was 0.2 mL/min. 0.1 M ammonium bicarbonate was used as the elution buffer of 

sialoglycopeptide. Distilled water was used for the elution of oligosaccharides. UV signals were 

monitored at 234 nm and 280 nm since some of compounds absorbed UV light at those 

wavelengths. Loaded sample volumes were between 1 and 2 mL, allowing for sedimentation into 

the column before loading of buffer. 
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2.2.2 Carbon-celite column 

 A 1:1 slurry composed of 10 g Activated Charcoal (Fisher, #7440-44-0) and 10 g Celite 

(Fisher, #68855-54-9) was mixed in a beaker using a magnetic stir bar and used as the resin to 

pack the carbon-celite column. The applied flow rate was 0.2 mL/min with 25 % Acetonitrile 

(ACN) + 0.1 % TFA as the elution buffer. UV signals were monitored at 234 nm and 280 nm. 

Samples were loaded in volumes between 1 and 5 mL using a peristaltic pump and allowed to 

enter the resin completely before addition of buffers. 

 

2.2.3 Sephadex G25 

 Sephadex G25 (Sigma-Aldrich, #G2580) was the resin used for size exclusion 

chromatography of sugar-oxazoline with beads size of 20 to 80 μm. The fractionation range is 

estimated at 1000 to 5000 Da. The flow rate was set at 0.2 mL/min and the elution buffer used was 

0.01 % aqueous ammonia. UV signals were monitored at 234 nm and 280 nm. Samples loaded on 

the column had volumes of 1.5 mL and allowed to sediment into the column before addition of 

buffer. 

 

2.2.4 Hydro-RP C-18 

 A reverse phase HyperSep C18 cartridge (ThermoFisher, 60108-301), containing particle 

sizes of 40 to 60 µm, was used for purifications of fluorogenic probe. Elutions were performed 

using solutions of 10 %, 20 % and 30 % methanol, with fractions collected by gravity; no flow rate 

was applied. Loaded sample volumes were 1 mL and allowed to sediment before applying buffers. 

 

2.3 HPLC-MS analysis 

2.3.1 Hydro-RP C18 

Analysis was performed using an Agilent 1290 Infinity II UHPLC instrument in conjunction 

with an Agilent 6560 Ion Mobility Q-TOF mass spectrometer. Samples obtained from enzymatic 

assays were diluted 1:1 with distilled water, and 20 μl of each dilution was injected for 

chromatography using a Phenomenex 150 mm X 2.00 mm Synergi 4 μM Hydro-RP column. 

Samples were eluted from the column with the following gradient (buffer A being water + 0.1 % 

formic acid and buffer B being ACN + 0.1 % formic acid): 1 to 10 % buffer B at a flow rate of 0.3 
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mL/min over 4.0 min, 10 to 85 % buffer B at a flow rate of 0.3 mL/min over 1.0 min, 85 % buffer 

B at a flow rate of 0.4 mL/min for 1.2 min, 1 % buffer B at a flow rate of 0.4 mL/min for 2.1 min, 

and 1 % buffer B at a flow rate of 0.3 mL/min for 2.7 min. Detection of analytes by mass 

spectrometry was carried out by QTOF in negative mode with a source voltage of 2000 V and a 

scan rage of m/z 50 – 1750. 

 

2.3.2 HILIC 

Analysis was performed using an Agilent 1290 Infinity II UHPLC instrument in conjunction 

with an Agilent 6560 Ion Mobility Q-TOF mass spectrometer. Samples obtained from enzymatic 

assays were diluted 1:1 with ACN, and 20 μl of each dilution was injected for chromatography 

using a GlycanPac AXH-1 150 mm X 2.10 mm 3 μM HILIC column. Samples were eluted from 

the column with the following gradient (buffer A being 100 % ACN and buffer B being 100 % 80 

mM Ammonium Formate pH 4.4): 1 to 10 % buffer B at a flow rate of 0.4 mL/min over 3.0 min, 

10 to 20 % buffer B at a flow rate of 0.4 mL/min over 2.0 min, 20 to 55 % buffer B at a flow rate 

of 0.4 mL/min over 15.0 min, 55 % buffer B at a flow rate of 0.4 mL/min for 0.1 min, and 1 % 

buffer B at a flow rate of 0.4 mL/min for 6.9 min. Detection of analytes by mass spectrometry was 

carried out by QTOF in negative mode with a source voltage of 2000 V and a scan rage of m/z 50 

– 1750. 

 

2.3.3 Choice of column 

 Both Hydro-RP C18 and HILIC columns were tested for HPLC-MS analysis of enzymatic 

digestion reactions and demonstrated successful separation. The choice of column used was based 

on the availability of the column and showed no differences in capabilities for separation of 

analytes. 
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3 Results and discussion 
 

3.1 Preparation of glycan and glycopeptide acceptor substrates for FUT8 from chicken 

egg yolk. 

3.1.1 Background 

 A major obstacle in glycobiology research is the need for pure and easily accessible 

carbohydrates that can be studied. Despite the well-established importance of glycosylation, tools 

for studying glycans and general methods for the routine preparation of glycan substates are 

lacking (112). For this reason, various methods to produce these carbohydrate compounds have 

been developed (113). One such method involves the chemical or enzymatic deglycosylation of 

glycoproteins from natural sources, such as chicken egg yolk (114, 115). Chicken egg yolk is an 

abundant source of sialoglycopeptide (SGP), having an A2G2S2 structure attached to the 

pentasaccharide core of complex type N-glycans, where A stands for N-acetyl-glucosamine 

(GlcNAc), G stands for Galactose (Gal), and S stands for Neuraminic acid (Neu5Ac) (116) (Figure 

3.1). While natural sources are rich sources of glycans, the several purification steps involved 

make the procedures expensive, time consuming and produce only small yields of the desired 

product (117). In 2017, a recent study reported the isolation of gram quantities of homogenous 

SGP from commercially available egg yolk powder using solid/liquid extraction and hydrophilic-

interaction-chromatography purification (118). The main advantages of this method are 1. the use 

Figure 3.1. Chemical structure of Sialoglycopeptide. 



 

20 
 

of egg yolk powder instead of chicken eggs yolk which eliminates the need of cracking, separation 

and lyophilization of hundreds of eggs, and 2. the use of an active carbon/celite column which 

greatly reduces the amount of chromatography purification steps. We took advantage of this 

procedure to generate cheap and convenient starting materials to produce our FUT8 substrates.  

 

3.1.2 Isolation of sialoglycopeptide 

 Our procedure for extracting SGP from egg yolk powder was adapted from the above report 

(118) and was further tweaked several times to arrive to an optimal procedure. Our initial attempt 

was carried out using 7 g of egg yolk powder, to validate the procedure described by Liu et al. 

(118). The ethanol washes and lipid extraction were performed using 13 mL of 95 % and 40 % 

ethanol respectively, and the crude SGP extract was chilled at 4 °C for 30 mins to precipitate 

proteins before being applied on an 8 mL carbon/celite column. The carbon/celite column was 

washed with 10 mL of 0 %, 5 %, and 10 % Acetonitrile (ACN) + 0.1 % TFA before eluting SGP 

with 10 mL of 25 % ACN + 0.1 % TFA. The fractions containing SGP were pooled, concentrated 

down to 1 mL by rotary evaporation, and purified on a 90 mL P-2 size exclusion column eluting 

with 0.1 M ammonium bicarbonate. This initial attempt resulted in a yield of 7 mg of SGP, or 1 

mg per g of egg yolk powder. MS analysis of the product confirmed presence of SGP in the form 

of a doubly charged and triply charged species (Figure 3.2). 

 

 

Figure 3.2. MS analysis of SGP extraction from chicken egg yolk. ESI-MS spectrum of the [M - 2H]2- ion at 1431.579 m/z and [M - 
3H]3- ion at 954.050 m/z, both corresponding to SGP. Analysis was performed on purified of SGP. 
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Next, we were interested in scaling up the extraction protocol to allow us to generate 

hundreds of milligrams of SGP. For this reason, the first modification we made was the preparation 

of a 50 mL carbon/celite column that would be capable of separating a higher capacity of egg yolk 

powder. One issue that we encountered when applying a larger sample volume on the smaller 8 

mL carbon/celite column was a diminished flow rate due to overpacking of the column, and we 

were able to resolve our column clogging issues by increasing the size of the carbon/celite column. 

To accommodate the increase in column volume, we also increased the volumes of our washes 

and elution steps (with ACN) to better separate SGP from the contaminants. Since the column 

volume was increased 6-fold from 8 mL to 50 mL, we increased the volumes of the washes and 

elution steps to 60 mL to keep approximately the same ratio. 

Additionally, scaling up the starting SGP mass into the hundreds of milligrams would mean 

that the total filtrate collected could easily exceed 1 L volumes. This increase in volume 

necessitated changing the chilling conditions for protein precipitation. As such, we decided to 

change our protein precipitation step from 30 mins at 4 °C to an overnight chilling at -20 °C. Going 

from 4 °C to -20 °C allowed for the residual lipids remaining after extraction to coagulate together 

into a single mass that was easily removable using a spatula. Following centrifugation, the 

supernatant was resulted in a lime-yellowish color and clear of visible precipitates. 

Lastly, the purification was performed using a gradient on an FPLC instrument, instead of 

a step gradient as previously described, to automate the overall procedure. The carbon/celite 

column, loaded with egg yolk extract, was first washed with 60 mL of distilled water + 0.1 % TFA, 

followed by an increasing gradient from 0 % ACN + 0.1 % TFA to 25 % ACN + 0.1 % TFA over 

400 mL, and then SGP was eluted with 60 mL of 25 % ACN + 0.1 % TFA, all collected in fractions 

of 5.0 mL volume. Fractions were spotted on TLC and stained with p-anisaldehyde to identify 

presence of SGP and contaminants. Positive fractions were then developed on TLC using 2:1:1 

BuOH/AcOH/H2O, the SGP-containing fractions were pooled together, and the pool was 

concentrated down to a 5 mL volume by rotary evaporation. Finally, the concentrate was applied 

to a 90 mL P-2 size exclusion column, with the remainder of the procedure being the same as 

before. The exact same procedure as above was repeated for the second batch of SGP extract. 

Overall, this procedure resulted in 148 mg of SGP from 200 g of egg yolk powder (or 0.74 mg of 

SGP per g of egg yolk powder), with the closest yield obtained to the literature reported value of 
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0.8 mg SGP per g of egg yolk powder (118), and thus is the optimal procedure to use for future 

extraction. 

 

3.1.3 Conversion of sialoglycopeptide into acceptor substrates for FUT8 

As a preliminary test before the synthesis of our fluorogenic probe, we wanted to confirm 

the substrate recognition of FUT8. For this, we carried out the enzymatic digestion of our freshly 

generated SGP material and prepared two potential FUT8 substrates that were later used to test the 

enzymatic activity of FUT8 – the glycan-peptide (G0-hexapeptide) and the free glycan (G0). We 

used recombinant exo-α-neuraminidase from Clostridium perfringens (NanH) (119) to remove the 

sialic acid residues and recombinant exo-β-galactosidase from Streptococcus pneumoniae (BgaA) 

(109) to remove the galactose residues on the non-reducing end of SGP, yielding the G0-

hexapeptide compound. In a parallel reaction, we repeated the enzymatic digestion using NanH 

and BgaA, but we also added peptide-N-glycosidase F (PNGaseF) (120) which cleaves the 

glycosidic bond between the peptide sequence and the oligosaccharide, producing the free glycan 

G0. Following enzymatic digestion, both G0 and G0-hexapeptide were purified on a 90 mL P-2 

size exclusion column eluting with distilled water and resulted in yields of 2.7 mg and 3.6 mg 

respectively, from a starting mass of 8 mg of SGP. MS analysis of each product confirmed presence 

of the free glycan G0 (Figure 3.3) and of the glycopeptide G0-hexapeptide (Figure 3.4). 

 

3.1.4 Experimental details for preparing substrates for FUT8 from chicken egg yolk 

3.1.4.1 SGP extraction and purification 

Sialoglycopeptide (SGP) was extracted and purified from chicken egg yolk powder 

following previously reported procedures, with slight modifications (118). Prior to extraction, egg 

yolk powder was first washed with 95 % ethanol. A 200 g portion of egg yolk powder (Modernist 

Pantry) was suspended in 400 mL of 95 % ethanol and stirred at room temperature for 30 minutes. 

The mixture was filtered over a Buchner funnel and dried by suction using a water aspirator. The 

filtrate containing ethanol-soluble contaminants was discarded, whereas the dry material was 

resuspended in 400 mL of 95 % ethanol for an additional wash. The mixture was stirred for another 

30 minutes and dried by suction, after which the filtrate was discarded, and the solid material saved 

for further extraction. To extract SGP, the solid material was suspended in 400 mL of 40 % ethanol 
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and stirred at room temperature for 30 minutes. The mixture was filtered and dried as before, and 

the filtrate containing SGP was collected. The solid material was subjected to a second extraction 

(with an additional 400 mL of 40 % ethanol) and the filtrates were pooled and chilled at -20 °C 

overnight (over 12 hours) to precipitate proteins, which were pelleted by centrifugation (10000 

 

 

 

Figure 3.3. Preparation of G0 free glycan. Top: Scheme of enzymatic digestion of SGP to G0 using PNGaseF, NanH and BgaA. 
Bottom: ESI-MS spectrum of the [M - H]- ion at 1315.479 m/z, corresponding to G0. Analysis was performed following 
purification of enzymatic digestion reaction with PNGaseF, NanH and BgaA. 
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rpm, 4 °C, for 15 minutes). The supernatant was collected, separated in two and both batches were 

purified using the same procedure, as below. The supernatant was concentrated by rotary 

evaporation to 5 mL and applied to a 20 g (50 mL) carbon/celite column (1:1 by weight) that had 

been equilibrated with distilled water + 0.1 % TFA. The column was washed with 60 mL of 

distilled water + 0.1 % TFA, then eluted with a gradient between buffer A (distilled water + 0.1 % 

TFA) and buffer B (25 % ACN + 0.1 % TFA) as follows: 0 to 100 % buffer B over 400 mL 

followed by 100 % buffer B for 60 mL. The eluate was collected in 5.0 mL fractions, and those 

containing the desired material were identified by TLC and confirmed by mass spectrometry. SGP-

Figure 3.4. Preparation of G0-hexapeptide. Top: Scheme of enzymatic digestion of SGP to G0-hexapeptide using NanH and 
BgaA. Bottom: ESI-MS spectrum of the [M – 2H]2- ion at 977.930 m/z, corresponding to G0-hexapeptide. Analysis was 
performed following purification of the enzymatic digestion reaction with NanH and BgaA. 
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containing fractions were pooled and concentrated by rotary evaporation, then applied to a 90 mL 

P-2 size exclusion column previously equilibrated with 0.1 M ammonium bicarbonate. The column 

was eluted with 0.1 M ammonium bicarbonate, and fractions containing pure SGP were 

lyophilized to dryness, yielding a white, fluffy powder. 

 

3.1.4.2 Preparation of G0 

Preparation of G0 (free glycan) was performed in a one-pot reaction of 400 μL volume. 

Purified SGP (8.0 mg, 2.8 µmol) was dissolved into a 50 mM sodium phosphate-buffered solution 

containing 3000 U/mL of PNGaseF (New England Biolabs). To the same reaction were also added 

300 U/mL of NanH (New England Biolabs) and 60 μg/ml of BgaA. The reaction was left to 

incubate at 37 °C overnight until complete digestion, cleaving off the sialic acids, galactose 

residues and the peptide portion of the glycoprotein. The reaction mixture containing the free 

glycan G0 was applied on a Bio-gel P-2 size exclusion column (90 mL resin) using distilled water 

as the eluent. Product-containing fractions were pooled and lyophilized to dry mass. 

 

3.1.4.3 Preparation of G0-hexapeptide 

A one-pot enzymatic preparation of G0-hexapeptide was carried out in a 400 μL reaction 

volume. Purified SGP (8.0 mg, 2.8 µmol) was dissolved into a 50 mM sodium phosphate-buffered 

solution. 300 U/mL of NanH (New England Biolabs) and 60 μg/ml of BgaA were added to the 

reaction and left to incubate at 37 °C overnight. Following complete digestion, cleaving off the 

sialic acids and galactose residues, G0-hexapeptide was purified on a Bio-gel P-2 size exclusion 

column (90 mL resin) with distilled water as the eluent. Fractions containing G0-hexapeptide were 

pooled and lyophilized to dry mass. 
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3.2 Synthesis of MU-G0 as a fluorogenic probe for FUT8 activity 

3.2.1 Background 

 To develop a sensitive and specific enzymatic assay for FUT8 activity, we started from 

previously reported literature which described the use of synthetic fluorogenic oligosaccharides to 

probe for glycosidase activity in highly sensitive fluorescence-based assays (121, 122). In this 

work, Zhang et al. used a 4-methylumbelliferone fluorophore attached to the reducing end of 

oligosaccharides, which upon enzymatic hydrolysis catalyzed by specific glycosidase enzymes, 

would release the fluorophore and produce a detectable fluorescent signal. However, if the 

synthetic fluorogenic oligosaccharides were not treated with the specific glycosidases, the 

fluorophore would remain attached to the oligosaccharides and no fluorescence would be 

observed. This strategy could be adapted with slight adjustments to probe for the activity of 

glycosyltransferases (namely FUT8) instead of glycosidases. For this purpose, we sought to 

synthesize a fluorogenic oligosaccharide substrate that could be recognized by FUT8. Inspired 

from literature, we devised two strategies that could be used for the synthesis of our fluorogenic 

oligosaccharide (Figure 3.5). The two strategies differ in the manner in which the oligosaccharide 

is coupled to the fluorogenic methylumbelliferyl moiety—one involves an SnCl4-catalyzed 

chemical glycosylation to couple the oligosaccharide and fluorogenic tag (123) and the other 

involves chemo-enzymatic transglycosylation by a mutant endoglycosidase (124). Without 

knowing a priori which of these synthetic routes would be more successful or effective, we began 

with the first steps that the SnCl4-catalyzed chemical glycosylation and the chemo-enzymatic 

transglycosylation share between them. 

Since FUT8 recognizes the core N-glycan structure (Manα1–6(Manα1–3)Manβ1–

4GlcNAcβ1–4GlcNAcβ), the first step in either strategy would be to generate an oligosaccharide 

structure that resembles a FUT8-substrate, starting from the naturally occurring sialoglycopeptide 

isolated from egg yolk powder. Both the SnCl4-catalyzed chemical glycosylation and chemo-

enzymatic transglycosylation routes require, as the first steps, enzymatic trimming of the 

sialoglycopeptide glycan to remove terminal sugar residues at the non-reducing branched ends 

followed by enzymatic cleavage at the reducing end of the oligosaccharide to remove the peptide 

portion of the molecule. In both cases, trimming of the sugars at the non-reducing branched ends 

makes use of a recombinant exo-α-neuraminidase from Clostridium perfringens (NanH) (119) to  
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Figure 3.5. Proposed schemes for the synthesis of MU-G0 from SGP. Overview of the SnCl4-catalyzed chemical glycosylation route 
(left branch) and chemo-enzymatic transglycosylation route (right branch).  
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remove the sialic acids residues, and a recombinant exo-β-galactosidase from Streptococcus 

pneumoniae (BgaA) (109) to remove the galactose residues. For the SnCl4-catalyzed chemical 

glycosylation route, the oligosaccharide intermediate is generated by enzymatic hydrolysis at the 

reducing end, using a Peptide-N-glycosidase F (PNGaseF) (120), to cleave the peptide from the 

glycan and producing the heptasaccharide core structure (G0). Alternatively, for the chemo-

enzymatic transglycosylation route an Endo-β-N-acetylglucosaminidase from Mucor hiemalis 

(EndoM) (124) is used to cleave the peptide with an N-acetylglycosamine residue producing a 

hexasaccharide structure, which is the core N-glycan structure with one less residue at the reducing 

end. Following purification of the produced glycan structures, coupling of either 4-

methylumbelliferone to the reducing end of the heptasaccharide or 4-methylumbelliferyl -N-

acetylglucosamine to the reducing end of the hexasaccharide is performed to generate the synthetic 

fluorogenic oligosaccharide substrate (Figure 3.5). 

The two synthetic routes largely diverge in the coupling strategy by which a fluorogenic 4-

methylumbelliferyl tag is installed on the oligosaccharide. In the SnCl4-catalyzed chemical 

glycosylation route, the heptasaccharide product from the enzymatic digestions requires a 

protection step involving acetic anhydride before coupling can occur with the use of stannic (IV) 

tetra chloride. Following successful coupling, the generated glycoside would be deprotected using 

methanol in sodium methoxide and purified on column to yield the purified 4-MU-G0 probe. In 

the chemo-enzymatic transglycosylation route, the enzymatically trimmed hexasaccharide is used 

as a reagent in an oxazoline ring formation reaction with 2-chloro-1,3-dimethylimidazolinium 

chloride (DMC), producing an intermediate with an oxazoline functional group at the reducing 

end of the glycan. A transglycosylation reaction is then carried out on the sugar-oxazoline with a 

4-methylumbelliferyl N-acetylglucosamine in the presence of an Endo-β-N-acetylglucosaminidase 

N175Q from Mucor hiemalis (EndoM-N175Q) mutant enzyme, which after purification yields the 

fluorogenic probe MU-G0. 

 

3.2.2 SnCl4-catalyzed chemical glycosylation route 

While researching potential strategies for our probe synthesis, we came across a similar 

reaction reported by Huang G. L. (123) describing the synthesis of 4-methylumbelliferyl-penta-N-

acetylchitopentaoside. The procedure involved a protecting group strategy, reacting a 
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chitooligosaccharide with acetic anhydride, to generate a peracetylated chitooligosaccharide. The 

collected peracetylated chitopentaoside was then reacted with 4-methylumbelliferone, using 

stannic (IV) tetra chloride as the catalyst, to generate the peracetylated methylumbelliferone 

chitopentaoside with the fluorophore group attached to the reducing end of the oligosaccharide. 

The fluorogenic product was deacetylated using sodium methoxide and purified on an ion-

exchange column to yield the 4-methylumbelliferyl-penta-N-acetylchitopentaoside. Thus, the 

coupling reaction between 4-methylumbelliferyl and the oligosaccharide could be summarized in 

three major steps. The first, a protection step of all hydroxyl groups; the second, a coupling reaction 

at the reducing end using a Lewis acid catalyst; the last, a deprotection step to regenerate the 

hydroxyl groups. With this strategy in mind, we aimed to perform the coupling reaction between 

the heptasaccharide G0 and 4-methylumbelliferone. 

Since we have already demonstrated production of the desired oligosaccharide G0 for the 

chemical coupling reaction, we decided to scale up our procedure to generate more of the 

oligosaccharide material. As such, 40.2 mg of purified SGP was dissolved in a 50 mM sodium 

phosphate-buffered solution containing 3000 U/mL of PNGaseF, 300 U/mL of NanH and 50 μg/ml 

of BgaA. The reaction was left to incubate at 37 °C overnight until complete digestion then purified 

on a Bio-gel P-2 size exclusion column (90 mL resin) using distilled water as the eluent. Product-

containing fractions were pooled and lyophilized to dry mass to yield 27.9 mg of G0 (Figure 3.6). 

Following production of our G0 compound, we looked to perform the SnCl4-catalyzed chemical 

glycosylation as was described by Huang. G. L. (123) (Figure 3.7). In the first protection reaction 

with acetic anhydride, the hydroxyl groups would be replaced by acetate groups. We would then 

react the peracetylated G0 with 4-methylumbelliferone using stannic (IV) tetra chloride. Lastly, 

the hydroxyl groups would be regenerated by adding sodium methoxide to the mixture and 

purifying our compound. However, once we had performed the enzymatic trimming to produce 

our G0 core N-glycan structure we found ourselves at a crossroads as to whether proceed with the 

chemical glycosylation strategy, or instead attempt the chemo-enzymatic transglycosylation. 
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Figure 3.6. Enzymatic digestion reaction for the SnCl4-catalyzed chemical glycosylation route. Top: Scheme of the enzymatic 
digestion reaction of SGP into G0 using PNGaseF, NanH and BgaA. Bottom: LC-MS chromatogram of the peak containing G0 and 
LC-MS/MS spectrum of the [M - H]- ion at 1315.479 m/z, corresponding to G0. Analysis was performed following purification of 
enzymatic digestion reaction with PNGaseF, NanH and BgaA. 
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Figure 3.7. Scheme for the chemical glycosylation of 4-methylumbelliferone with G0 into MU-G0 in the SnCl4-catalyzed chemical 
glycosylation route. 

 

We weighed the alternatives and took several points into consideration. Firstly, when 

performing organic synthesis with a complex oligosaccharide such as G0, there is a risk of creating 

undesired side products; this is critical due to the number of hydroxyl groups that need to be 

protected then deprotected, making the reaction very tedious. Secondly, although the desired -

anomer is predicted to be favored in the SnCl4-catalyzed chemical glycosylation, control over the 

regioselectivity of the glycosidic bond between the fluorophore and the oligosaccharide is not 

absolute, yet it is imperative for the bond to be in the β-orientation to be recognized by FUT8. It 

is very difficult to separate the two anomers from one another, and thus an enzymatic coupling 

with strict regioselectivity may be favorable compared to a chemical coupling. Lastly, the coupling 

reaction necessitates the use of stannic (IV) tetra chloride as the Lewis acid catalyst which is a 

very hazardous compound. In an age where a big emphasis is placed on green chemistry and 

environmentally friendly reactions, this step breaks several principles of green chemistry, thus 

making the coupling strategy less favorable. With these factors in mind, we decided to put this 

strategy on hold and attempt the chemo-enzymatic transglycosylation route first. 
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3.2.3 Chemo-enzymatic transglycosylation route 

As with the SnCl4-catalyzed chemical glycosylation route, the chemo-enzymatic 

transglycosylation strategy was based on previous literature. In a report by Umekawa et al. (124), 

the authors describe the utility of the transglycosylation activity of a mutant Endo-β-N-

acetylglucosaminidase N175Q from Mucor hiemalis (EndoM N175Q) as a tool for glycoconjugate 

syntheses. This mutant enzyme is capable of performing efficient transglycosylation reactions on 

both sialo-complex sugar oxazolines and natural sialo-complex N-glycans (108). Since the sugar 

oxazoline is an intermediate formed during the two-step reaction mechanism of the 

transglycosylation catalyzed by EndoM, we hypothesized that using the sugar oxazoline as the 

starting material for our transglycosylation reaction would result in a higher yield. Thus, we turned 

to literature and found an article describing the synthesis of sugar oxazolines using 2-chloro-1,3-

dimethylimidazolinium chloride (DMC) and triethylamine in water (125). Comparing to the 

chemical coupling strategy, the chemo-enzymatic reaction is carried out in water, allowing for a 

greener, less harmful, and abundant solvent; the reaction is also less harsh because it uses an 

enzyme as the catalyst instead of a reactive chemical catalyst. One concern with using DMC is the 

release of hydrochloric acid over the course of the reaction, but the triethylamine can neutralize 

the molecules of hydrochloric acid because it is added in excess. Thus, with the transglycosylation 

reaction and oxazoline synthesis in mind, the missing piece is generating the oligosaccharide 

reagent for the oxazoline reaction, which will be produced by enzymatic digestion of SGP as was 

demonstrated previously. 

It is worth mentioning here that the glycan precursor in the chemo-enzymatic 

transglycosylation reaction is a hexasaccharide structure, which is the oligosaccharide G0 with one 

less acetylglucosamine residue at the reducing end. As such, 18.0 mg of purified SGP was 

dissolved in 50 mM of sodium phosphate-buffered solution containing 300 U/mL of NanH, 50 

μg/ml of BgaA and 50 μg/ml of EndoM. The reaction was incubated at 37 °C overnight and 

purified on a Bio-gel P-2 size exclusion column, eluting with distilled water. From this reaction 

was recovered 5.7 mg of hexasaccharide (Figure 3.8). This is a much lower yield compared to 

enzymatic digestion in the chemical coupling strategy. We reasoned that this difference may be 

due to the usage of EndoM, instead of PNGaseF, which has an optimal temperature of 30 °C despite 
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being reported as functional at 37 °C (108). Therefore, for future reactions, we decided to perform 

the enzymatic digestions at the reducing end first, using EndoM, and at the non-reducing end last, 

using NanH and BgaA. 

 The next step in the chemo-enzymatic synthesis was to generate the oxazoline ring at the 

reducing end of our hexasaccharide to be used as the substrate for the transglycosylation reaction 

to follow. We repeated the above enzymatic digestion reactions a few more times in order to obtain 

Figure 3.8. Enzymatic digestion reaction for the chemo-enzymatic transglycosylation route. Top: Scheme for the enzymatic 
digestion reaction of SGP into Hexasaccharide using EndoM, NanH and BgaA. Bottom: LC-MS chromatogram of the peak 
containing Hexasaccharide and LC-MS/MS spectrum of the [M + Cl]- ion at 1148.377 m/z and [M – H + Cl]2- ion at 591.673 m/z, 
corresponding to Hexasaccharide. Analysis was performed following purification of enzymatic digestion reaction with EndoM, 
NanH and BgaA. 
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sufficient starting material to produce at least one milligram of the fluorogenic probe product. We 

pooled all of our purified hexasaccharide products before proceeding. Thus, 14.1 mg of 

hexasaccharide was dissolved in 1 mL of distilled water and chilled on ice. To the solution was 

added 220 μL of triethylamine and 90.1 mg of DMC, and the mixture was stirred using a magnetic 

stir bar for 1 hour on wet ice. In this reaction, triethylamine works by abstracting a proton from 

the hemiacetal hydroxyl group at the reducing end, thus allowing the oxygen anion to react with 

DMC and form a reactive intermediate. This then leads to the carbonyl oxygen of the 2-acetamido 

group to perform an intramolecular attack on anomeric carbon and form the oxazoline ring. The 

reaction between the hemiacetal oxygen and DMC can occur in both in the α and β configuration 

(125), however intramolecular ring formation is sterically prohibited in the α configuration (125) 

and the reactive intermediate is hydrolyzed to regenerate the free sugar and DMC. Thus, this 

reaction effectively allows to solve the regioselectivity issue that occurred in the chemical coupling 

strategy. Once the ring formation reaction was completed, the mixture was purified on a Sephadex 

G10 column using 0.01 % ammonium hydroxide as the eluent and immediately freeze dried to dry 

mass, since the sugar-oxazoline product is rather unstable in solution, for a yield of 5.5 mg of 

product (Figure 3.9). 

The final step of the coupling strategy is the transglycosylation reaction of MU-GlcNAc 

with the hexasaccharide-oxazoline to generate the synthetic fluorogenic oligosaccharide MU-G0. 

The key component in this reaction is the mutant enzyme EndoM N175Q. While the wild type 

EndoM has a higher hydrolytic activity, the mutant enzyme has an abolished hydrolytic activity 

due to the amino acid mutation, and consequently has a much higher transglycosylation activity, 

which was only minimally observed in the wildtype enzyme (108). Furthermore, since MU-

GlcNAc is a cheap and commercially available reagent, we supplied this reagent in excess, to 

ensure that our hexasaccharide-oxazoline was the only limiting reagent in our transglycosylation 

reaction. Thus, 0.7 mg of hexasaccharide-oxazoline was dissolved in a 50 mM sodium phosphate-

buffered solution containing 300 μg/mL of EndoM N175Q. To the solution was added 10 mM 

MU-GlcNAc in 100 % DMSO (for a final DMSO concentration of 10 %) and the reaction was 

incubated at 30 °C for 20 mins. Afterwards, 50 μg/mL of exo-β-N-acetylhexosaminidase from 
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Streptomyces plicatus (SpHex) was added to digest any unreacted MU-GlcNAc (into the free 

acetylglucosamine sugar and the free 4-methylumbelliferone) and the solution was reacted at 37 

°C for 30 mins. Once the reaction completed, the enzymes were heat-inactivated at 95 °C for 5 

mins and the whole mixture was loaded onto a C18 reverse phase column, washed with 10 mL of 

0 % and 10 % methanol, and eluted with 20 % methanol. Fractions containing the MU-G0 product 

were pooled and lyophilized to dry mass, as well as analyzed by mass spectrometry (Figure 3.10). 

This reaction yielded only 4.5 μg of MU-G0, as determined by a MU fluorescence standard curve. 

Unfortunately, we had several unsuccessful attempts before finally achieving the 

transglycosylation reaction, thus we were unable to repeat the chemo-enzymatic transglycosylation 

strategy with more starting material. Due to the complexity and challenges we encountered 

previously, we decided to modify our strategy altogether. 

Figure 3.9. Oxazoline synthesis reaction in the chemo-enzymatic transglycosylation route. Top: Scheme for the synthesis of sugar-
oxazoline from Hexasaccharide. Bottom: ESI-MS spectrum of the [M - H]- ion at 1094.389 m/z and [M + Cl]- ion at 1130.365 m/z, 
corresponding to sugar-oxazoline. Analysis was performed following purification of product from the oxazoline synthesis 
reaction. 
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Figure 3.10. Transglycosylation reaction in the Chemo-enzymatic transglycosylation route. Top: Scheme for the transglycosylation 
reaction of sugar-oxazoline into MU-G0 using EndoM N175Q. Bottom: ESI-MS spectrum of the [M + Cl]- ion at 1509.492 m/z and 
[M + 2 formate]2- ion at 782.256 m/z, corresponding to MU-G0. Analysis was performed following purification of product after 
performing the transglycosylation reaction. 

 

3.2.3.1 Improved Chemo-enzymatic transglycosylation route on natural N-glycan 

One issue with the chemo-enzymatic transglycosylation strategy is the several column 

chromatography purification steps in the procedure which are in great part responsible for lowering 

the final yield of the fluorogenic product. Unfortunately, it is not possible to cut out any of the 

purification steps in the procedure. The first purification step after enzymatic digestion of SGP is 

crucial for separating the hexasaccharide compound of interest from any asymmetrically cleaved 

oligosaccharides and free glycans that may act as substrates for the subsequent oxazoline ring 

formation reaction. The second purification step is necessary to remove the DMC-byproduct salt 

as the salt directly inhibits the transglycosylation reaction catalyzed by EndoM N175Q (124). The 

third purification yields the final product, and it is imperative to remove any unreacted reagents 
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from the final product in order to have an exact yield. Thus, while this chemo-enzymatic strategy 

was successful in generating the fluorogenic probe, it is far from optimal. 

Fortunately, by making a few small changes to our chemo-enzymatic coupling strategy, we 

were able to improve our strategy procedure as well as resolving several of the initial issues. As 

was reported by Umekawa et al. (108), the EndoM N175Q mutant is capable of transferring 

oligosaccharides from both the sugar oxazoline and the natural sialoglycopeptide glycan. We 

reasoned that working with the sugar oxazoline would result in a potentially higher yield since it 

is an intermediate of EndoM N175Q, but since our result did not fit this hypothesis, we decided to 

work with the natural glycan instead. As such, 5.3 mg of MU-βGlcNAc and 8.0 mg of purified 

SGP were added into a sodium phosphate-buffered solution containing 0.5 mg/mL of EndoM 

N175Q and 10% DMSO, and the mixture was incubated overnight at 30 °C to generate MU-G2S2. 

When the reaction appeared to have reached completion, SpHex was added to the solution and the 

reaction was further incubated at 37 °C for an hour prior to heat-inactivation at 75 °C for 10 

minutes. Afterwards, exo-α-neuraminidase (NanH) and exo-β-galactosidase (BgaA) were added 

to the reaction and left to incubate at 37 °C overnight to generate the product of interest, MU-G0. 

After complete digestion, MU-G0 was purified by a combination of liquid-liquid extraction using 

a 1:1 volume of ethyl acetate and reverse phase chromatography carried out with a stepwise 

gradient of increasing aqueous methanol. Finally, pooled fractions of MU-G0 were lyophilized to 

dry mass, yielding 2.5 mg of MU-G0 (Figure 3.11).  
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Figure 3.11. Improved chemo-enzymatic transglycosylation route. Top: Scheme for the improved chemo-enzymatic 
transglycosylation route of MU-G0 starting from SGP and MU-βGlcNAc using wild-type and engineered glycosidases. Bottom: ESI-
MS spectrum of the [M - H]- ion at 1473.516 m/z, [M + Cl]- ion at 1509.492 m/z, [M – 2H]2- ion at 736.254 m/z, and [M – H + 
formate]2- ion at 759.257 m/z, all corresponding to MU-G0. Analysis was performed following purification of product after 
performing the translgycosylation and enzymatic digestion reactions. 

 

There are a few advantages of using this method over the other two previously described. 

Compared to the SnCl4-catalyzed chemical glycosylation route, this method does not have any 

organic synthesis reactions to generate any intermediates as the EndoM N175Q mutant acts 

directly on the natural sialoglycopeptide, thus the overall procedure is much greener. Additionally, 

there is no risk of side product formation as the transglycosylation reaction can only generate the 

MU-G2S2 product; and any unreacted MU-G2S2 or asymmetrically digested MU-G0 side 

products from the enzymatic digestions can be recovered and reprocessed again in subsequent 

trimming reactions. Lastly, since the reaction is enzyme-catalyzed, there is no need to worry about 

regioselectivity control because the MU-GlcNAc starting material can be purchased in its β-

orientation. Compared to the initial chemo-enzymatic coupling strategy, this method begins 

directly with the transglycosylation reaction and follows up with the enzymatic digestion reactions, 

allowing to effectively cut down the number of chromatography purification steps from three to 

only one, which were the main culprits in reducing the final product yield. Furthermore, the added 

liquid-liquid extraction step facilitates the purification of MU-G0 from the free 4-

methylumbelliferone since the fluorophore will be found in the organic phase and the probe will 

be in the aqueous phase. Several liquid-liquid extractions will be necessary to fully remove 4-

methylumbelliferone from the solution since the compound is in excess in the reaction, but 

fortunately this is a quick and easy extraction step and is much less time consuming than another 

column chromatography. Finally, while we demonstrated the possibility of generating our 



 

40 
 

fluorogenic probe with the initial chemo-enzymatic transglycosylation strategy, the yield we 

recovered in our improved strategy was much greater than in the initial strategy, making it the 

much more favorable procedure to use. 

 

3.2.3.2 Experimental Detail for synthesizing the MU-G0 probe 

A multi-step one-pot synthesis of MU-G0 was carried out in a 500 μL reaction volume. First, 5.3 

mg (51.5 µmol) of MU-βGlcNAc was dissolved in 200 µL of DMSO, and then added together 

with 8.0 mg (10.3 µmol) of purified SGP into a sodium phosphate-buffered solution containing 

0.5 mg/mL of EndoM N175Q (with a final composition of 25 mM MU-βGlcNAc, 5 mM SGP, 0.5 

mg/mL EndoM N175Q, 50 mM sodium phosphate buffered to pH 7, and 10 % DMSO), and the 

mixture was incubated overnight at 30 °C to generate MU-G2S2. Once no further formation of the 

MU-G2S2 intermediate was observed, SpHex was added to 0.07 mg/mL and the mixture was 

further incubated at 37 °C for an hour prior to heat-inactivation at 75 °C for 10 minutes. Addition 

of NanH to 0.4 µg/mL (40 U/mL), and BgaA to 0.15 mg/ml was followed by incubation at 37 °C 

overnight. After complete digestion, cleaving sialic acid and galactose residues, MU-G0 was 

purified by a combination of liquid-liquid extraction using a 1:1 volume of ethyl acetate to remove 

4-methylumbelliferone, and chromatography using a reverse phase HyperSep C18 cartridge 

(ThermoFisher, 60108-301) carried out with a stepwise gradient of increasing aqueous methanol 

(6 mL steps of 0 %, 10 %, 20 %, 30 % methanol). Pooled, purified fractions of MU-G0 were 

lyophilized to dry mass. 
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3.3 Detection of FUT8-catalyzed fucosylation and development of a high-throughput 

fluorogenic assay of enzyme activity 

3.3.1 Background 

 In previous work done by our research group (107), we developed a highly sensitive 

fluorescence-based assay for detecting the activity and inhibition of human fucosyltransferase VI 

(FUT 6). This assay, which was also adapted and modified from the glycosidase activity assay 

(121, 122), works by incubating fucosyltransferase and glycosidase reactions sequentially. When 

the 4-methylumbelliferyl oligosaccharide is first incubated with the fucosyltransferase, the 

resulting fucosylated product is no longer recognized by the glycosidases and no fluorescence 

signal is detected. However, if the fucosyltransferase is inhibited, fucosylation of the 4-

methylumbelliferyl oligosaccharide is prevented, and the glycosidases can hydrolyze the 

oligosaccharide substrate, resulting in fluorescence detection of the released 4-

methylumbelliferone. 

Our research group sought to develop a similar assay for detecting the activity and 

inhibition of human fucosyltransferase VIII (Figure 3.12), which is unique because it is the only 

enzyme capable of catalyzing core fucosylation, and as such has a completely different substrate 

than the other fucosytransferase enzymes. The aim of developing these assays is to address the 

lack of simple, robust and broadly applicable methods for performing high-throughput screening 

assays for glycosyltransferases. Some assays for detecting glycosyltransferase activity already 

exist, such as the detection of released nucleoside diphosphate or monophosphate from a 

glycosyltransferase reaction (126) or using fluorescently labeled nucleotide sugars to label glycans 

during transfer of the modified sugar nucleotides (127). The drawback with these assays is the 

need for the glycosyltransferase to recognize the modified donor substrate, or that the signal 

detected is not directly linked to the transfer of a sugar residue to the acceptor glycan substrate. 

Our system resolves these issues because the detectable signal is dependent on glycosylation of 

the acceptor glycan substrate and does not require modified donor substrates. Lastly, we performed 

an HPLC-based fucosyltransferase assay of FUT8 activity using G0 and G0-hexapeptide as the 

substrates to compare and validate the efficiency of our fluorescent based assay for measuring 

FUT8 activity. We have recently published this work (128). 
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Figure 3.12. Fluorescence-based assay for testing FUT8 activity or inhibition. Inhibition is measured by the sequential incubation 
of FUT8 with MU-G0 and GDP-fucose in the presence or absence of an inhibitor, followed by chitinase for the specific hydrolysis 
of MU-G0. 
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3.3.2 HPLC-MS detection of fucosylation with glycan and glycan-peptide acceptor substrates 

 To test the activity of the recombinant FUT8 enzyme, we carried out fucosyltransferase 

assays using oligosaccharide G0 and glycopeptide G0-hexapeptide substrates, that we obtained 

from the enzymatic hydrolysis of sialoglycopeptide extracted from egg yolk powder. FUT8-

catalyzed fucosylation of these substrates will add a fucose residue to the 6-OH of the N-

acetylglucosamine (GlcNAc) residue at the reducing end, yielding the fucosylated products G0F 

or G0F-hexapeptide from the fucosylation of G0 or G0-hexapeptide, respectively. 

We performed our reactions at 37 °C with 0.5 mM of acceptor substrates G0-hexapeptide 

or G0 (free glycan) and 1 mM of GDP-fucose donor substrate in a 50 mM sodium phosphate-

buffered solution containing 20 g/mL of FUT8 over two hours, collecting aliquots at different 

time points and heat inactivating at 95 °C to stop the reactions. HPLC−MS analysis (Figure 3.13) 

shows our results of the FUT8-catalyzed fucosylation of both G0 and G0-hexapeptide over time. 

As the reaction progresses, G0 is catalyzed by FUT8 and converted into fucosylated G0 (G0F). 

This is observed by the decrease of the relative abundance of G0 and the increase of the relative 

abundance of G0F. Similarly, G0-hexapeptide is converted into the fucosylated G0-hexapeptide 

(G0F-hexapeptide) and the same reaction effect can be observed. 

In previous studies, the kinetics of recombinant FUT8 purified from Sf21 cells (104) and 

native human FUT8 purified from MKN45 cells (99) were determined to be (12.9  1.2) M for 

the KM of the oligosaccharide acceptor substrate and (19.3  3.1) M for the KM of the GDP-fucose 

donor substrate. Since our assay conditions far exceed these concentrations, we reasoned our 

conditions reach enzyme saturation, and we could determine the Vmax and kcat for FUT8. For the 

conversion of G0 to G0F, we determined a Vmax of (0.16  0.01) M/s, and for the conversion of 

G0-hexapeptide to G0F-hexapeptide we determined a Vmax of (0.203  0.006) M/s. These values 

correspond to a kcat of (0.53  0.04) s-1 when G0 is used as an acceptor, and a kcat of (0.67  0.02) 

s-1 when G0-hexapeptide is used as an acceptor, compared to a kcat of 0.41 s-1 for the recombinant 

FUT8 expressed from Sf21 cells, which Ihara et al (104) had determined using fluorescence-

labeled asparagine-linked oligosaccharide as the acceptor. Our results show that there is little 

difference in substrate preference for the G0 free glycan vs. G0-hexapeptide. This means that the 

N-linkage of the glycan to asparagine is not crucial for FUT8 recognition, and our fluorogenic 

oligosaccharide substrate MU-G0 can be used as an acceptor for measuring FUT8 activity. 
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Figure 3.13. FUT8-catalyzed fucosylation of G0 measured by HPLC-MS. (A) HPLC-MS quantitation of 30-minute FUT8 reactions 
using (37 °C) using G0 (1 μM) as an acceptor and GDP-fucose (10 µM) as a donor with 20 µg/mL of FUT8. (B) HPLC-MS quantitation 
of 30-minute FUT8 reactions using (37 °C) using G0-hexapeptide (1 μM) as an acceptor and GDP-fucose (10 µM) as a donor with 
20 µg/mL of FUT8. Experiments performed in duplicate. 
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3.3.3 Development and optimization of fluorescence-based assay 

In our assay, fucosyltransferase VIII catalyzes the transfer of fucose from GDP-fucose to the 

synthetic fluorogenic oligosaccharide MU-G0. After a predetermined time, the reaction is heat-

inactivated and specific glycosidases are added to the mixture that will sequentially cleave MU-

G0 to release the free 4-methylumbelliferone. We expect to see decreased fluorescence in assays 

with higher FUT8 activity compared to controls where there is none. As was demonstrated above, 

the N-glycosidic linkage to asparagine is unnecessary for substrate recognition by FUT8. However, 

it remains to be shown experimentally whether FUT8 would recognize the MU-G0 glycan since it 

bears an O-glycosidic bond between the innermost GlcNAc and 4-methylumbelliferyl. Thus, we 

carried out reactions with 10 µM MU-G0, 100 µM GDP-fucose, and varying amounts of FUT8 in 

50 mM sodium phosphate buffered solution. The conversion of MU-G0 to the fucosylated product 

MU-G0F was observed by mass spectrometry (Figure 3.14A). In 30-minute reactions incubated 

at 37 °C, the degree of conversion from substrate to product was greater with increasing FUT8 

concentration ranging from 0 to 17.5 µg/mL. Furthermore, we also tested whether chitinase from 

Streptomyces griseus (129) could selectively hydrolyze MU-G0 and leave MU-G0F undigested. 

As such, aliquots of the same FUT8 reaction samples as above were heat-inactivated at 95 °C for 

5 minutes and then treated with 0.125 mg/mL of chitinase enzyme for 30 minutes at 37 °C. From 

HPLC-MS analysis, we observed that the remaining MU-G0 in the samples had been completely 

hydrolyzed to release 4-methylumbelliferone whereas MU-G0F was left intact (Figure 3.14B). 

The released 4-methylumbelliferone could also be detected by fluorescence measurements and 

agreed with the results obtained by HPLC-MS detection (Figure 3.14B). As was previously 

demonstrated by Hauser et al. (130), our results confirmed that chitinase was able to recognize the 

N,N′-diacetylchitobiose core of a complex-type glycan, cleaving off an O-linked 4-

methylumbelliferyl group, and that fucosylation of the N,N′-diacetylchitobiose moiety abolishes 

this recognition. We therefore could use this to our advantage in a chitinase-dependent FUT8 

activity assay wherein fluorescence signal is inversely proportional to the degree of FUT8-

catalyzed fucosylation.  
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Figure 3.14. FUT8-catalyzed fucosylation of MU-G0 measured by fluorescence or HPLC-MS. (A) HPLC-MS quantitation of 30-
minute FUT8 reactions performed (37 °C) using MU-G0 (10 μM) as an acceptor and GDP-fucose (100 µM) as a donor with varying 
concentrations of FUT8. (B) HPLC-MS and fluorescence quantitation of reactions and free 4-methylumbelliferone following 
treatment with chitinase. Experiments performed in duplicate. 
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In further tests, we varied incubation time and donor substrate (GDP-fucose) concentration 

in our chitinase-dependent FUT8 assay, keeping the MU-G0 acceptor substrate concentration fixed 

at 10 µM and FUT8 concentration fixed at 8 µg/mL. Assay mixtures contained between 10 to 200 

µM of GDP-fucose and were incubated at 37 °C for varying lengths of time before stopping the 

reactions by heat-inactivation (95 °C for 5 minutes). Once FUT8 was inactivated, fluorescence 

was developed by adding 0.125 mg/mL chitinase and incubating the mixture to complete digestion 

at 37 °C for 30 minutes (130). Ideally, the acceptor substrate should be the limiting reagent in our 

assay and the donor substrate should be in excess to ensure that the reaction reaches as close as 

possible to completion. We observed that when using only 1 equivalent (10 µM) of GDP-fucose, 

the FUT8 reaction required more than 3 hours to go to 90 % completion (Figure 3.15). In contrast, 

at the 30-minute mark of the FUT8 reaction, assays containing 40, 100, and 200 µM GDP-fucose 

had gone to more than 70 %, 80 %, and 90 % completion respectively, whereas the assay 

containing 10 µM GDP-fucose had gone to about 50 % completion. As such, we chose to use 100 

µM GDP-fucose as the optimal concentration of donor substrate. 

 

Figure 3.15. Optimization of donor substrate concentration and FUT8 incubation time. FUT8 reactions performed (37 °C) using 
MU-G0 (10 μM) as an acceptor and varying concentrations of GDP-Fucose as a donor, with 8 μg/mL of FUT8 and 0.125 mg/mL 
chitinase. Experiments performed in duplicate. 
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3.3.4 Inhibition of FUT8-catalyzed fucosylation with GDP and GDP-2F-Fuc 

 Okeley et al. (131) reported developing several fucose mimics capable of blocking protein 

fucosylation in in vivo models of cancer. Two of these molecules, 2-fluorofucose and 5-

alkynylfucose, were able to effectively shut down the synthesis of fucosylated glycan epitopes and 

remodel cell-surface carbohydrates. These inhibitors take advantage of the wide substrate 

specificity of enzymes involved in salvage pathways of fucose synthesis and are converted 

intracellularly into GDP-fucose analogs. This then leads to a blockage of the de novo pathway of 

fucose synthesis, resulting in an indirect inhibition of fucosylation, since these fucose analogs 

cannot be transferred onto cell-surface carbohydrates. 

Similarly, Manabe et al. (132) developed several GDP-Fucose mimics that displayed 

inhibitory activity towards FUT8. When using analogs of sugar-nucleotide donor substrates, the 

high negative charge prevents them from efficiently crossing cell membranes. As such, careful 

planning is necessary to design non-ionic structures to increase membrane permeability while also 

maintaining the presence of diphosphates required for binding to FUT8. 

 While these mimics were demonstrated to be efficient in inhibiting core fucosylation, they 

lack the specificity and selectivity required to be used as targeted therapeutics in treatments against 

cancers or other diseases. Thus, the need for small molecule inhibitors against core fucosylation is 

still prevalent. One benefit of a high-throughput screening assay is the ability to screen large 

libraries of over 1000 different compounds and identifying several potential inhibitors that could 

be used as therapeutics. To validate our assay for screening libraries of potential inhibitors, we 

sought out two previously reported inhibitors of FUT8, namely GDP and GDP-2F-Fucose (Figure 

3.16). Our results for the inhibition assay are described below, and also in literature (128). 

Figure 3.16. Structures of FUT8 inhibitors, GDP and GDP-2F-Fucose. 
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To assess our assay for detecting inhibition of FUT8, we chose to perform the fucosylation 

reaction using 8 µg/mL of FUT8, 10 µM of MU-G0 and 100 µM GDP-fucose in 30-minute 

incubations at 37 °C (prior to heat-inactivation). Under these conditions, in the absence of inhibitor 

the reaction goes to near-completion, and any significant decrease in activity due to inhibition 

should produce a measurable difference in the fluorescence signal when incubated with chitinase. 

Since blockage of fucosylation leads to hydrolysis of MU-G0 by chitinase, inhibition of FUT8 

should correspond to an increase in fluorescence intensity compared to controls performed in 

absence of an inhibitor. 

Previously reported fucosyltransferase inhibitors include GDP (104, 131) and guanosine 5′-

diphospho-2-deoxy-2-fluoro-β-L-fucose (GDP-2F-Fuc) (131, 133, 134). Using our assay system, 

we carried out the FUT8 reaction with varying inhibitor concentrations (from 0 to 1 mM of either 

GDP or GDP-2F-Fuc) and after developing fluorescence with chitinase, we took the intensity of 

the signal as a measure of FUT8 inhibition. We observed a response curve (Figure 3.17) that gave 

an IC50 of 12.9 µM for GDP (consistent with other reports examining GDP as an inhibitor of FUT8 

(132)), as demonstrated by the increase in relative fluorescence (because MU-G0 is not being 

fucosylated which allows chitinase to digest it and release the fluorescent signal). In contrast, we 

saw no response curve for GDP-2F-Fuc, which suggests it does not directly act as a strong inhibitor 

of FUT8, although it is known to inhibit FUT3, FUT5, FUT6, and FUT7 (133). 

Finally, it is worth noting that our assay system does not distinguish modification of MU-

G0 by core fucosylation from any other modification that could also prevent hydrolysis by 

chitinase. In fact, many FUT8 inhibitors are structural mimics of fucose—often replacing one of 

the hydroxyl groups by another functionality (133)—and become incorporated into the N-glycans 

of glycoproteins in place of fucose. In this case, our assay strategy may not detect these types of 

inhibitors as hits but can be of utility if the aim is to screen for inhibitors that prevent core 

fucosylation without themselves modifying the N-glycan. 
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Figure 3.17. Plot of fluorescence signal (indicating inhibition) vs the log of concentration of GDP (blue circles) or GDP-2F-Fuc (red 
squares). Increase in relative fluorescence indicates inhibition of FUT8 and decrease indicates non-inhibition. Experiments 
performed in triplicate. 

 

3.3.5 Experimental details for developing the FUT8 activity and inhibition assays 

3.3.5.1 Optimizing FUT8 concentration for activity assays 

For tests varying FUT8 concentration, different dilutions of FUT8 (0, 5, 15, 20, 25, 30, or 

35 µg/ml) were prepared in 10 µl of 50 mM sodium phosphate buffer (pH 7). To these solutions 

were added 10 µl of 20 mM MU-G0, 200 M GDP-Fucose in 50 mM sodium phosphate buffer 

(pH 7) (such that the final concentration of MU-G0 was 10 µM, the final concentration of GDP-

fucose was 100 µM, and the concentration of FUT8 varied between 0 and 17.5 µg/mL). The 

reagents were mixed and incubated for 30 minutes at 37 °C then heat-inactivated at 95 °C for 5 

minutes, and the samples were split into two sets. To one set was added 20 µl of 50 mM sodium 

phosphate buffer (pH 7) as the blank control group. To the other was added 20 µl of 0.25 mg/mL 
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chitinase in 50 mM sodium phosphate buffer (pH 7). Samples were mixed and fluorescence was 

measured following incubation for 30 minutes at 37 °C. 

 

3.3.5.2 Optimizing GDP-Fucose concentration and incubation time for activity assays 

 For further tests varying the concentration of donor substrate and incubation time in the 

assay system, 100 µl solutions containing 10 µM MU-G0, and varying concentrations of GDP-

fucose (10, 40, 100, or 200 µM) and 7.5 µg/ml FUT8 in 50 mM sodium phosphate buffer (pH 7) 

were prepared and incubated at 37 °C for 3 hours. Aliquots of 10 µl were taken at 0-, 30-, 60-, 90-

, 120-, and 180-minute time points and heat-inactivated at 95 °C for 5 minutes. To each sample 

was added 10 µl of 0.25 mg/mL chitinase in 50mM sodium phosphate buffer (pH 7) and incubated 

for 30 minutes at 37 °C before measuring fluorescence signals. 

 

3.3.5.3 Synthesis of GDP-2F-Fuc 

Synthesis of GDP-2F-Fuc was adapted from the method reported by Rillahan (127). In a 1.5 

mL reaction, 5 mg of 2F-Fucose was added with 21.5 mg of ATP and 20.4 mg of GTP to a buffered 

solution containing 100 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 20 mM MnCl2, and 0.25 mg/ml 

of FKP. The reaction was left to react at 37°C overnight. The mixture containing GDP-2F-Fuc was 

then treated with 60 U of alkaline phosphatase (Millipore Sigma, P0114) for an hour at 37 °C to 

hydrolyze free nucleotides. GDP-2F-Fuc was purified on a Bio-gel P-2 size exclusion column (90 

mL resin) eluting with water and fractions containing pure GDP-2F-Fuc were pooled and 

lyophilized to dry mass, yielding 15 mg (~87 %). 

 

3.3.5.4 Inhibition assay 

For testing the inhibition of FUT8, 10 µL solutions with varying concentrations of GDP or 

GDP-2F-Fuc (0 mM, 0.004 mM, 0.012 mM, 0.04 mM, 0.12 mM, 0.4 mM, 1.2 mM, 4 mM) were 

prepared in 50 mM sodium phosphate buffer (pH 7) then mixed with 10 µl of 15 µg/ml FUT8, also 

prepared in 50 mM sodium phosphate buffer (pH 7). The enzyme and inhibitor mixtures were 

incubated at 37 °C for 10 minutes. Then 20 µl solutions of 20 µM MU-G0 and 20 µl solutions of 

200 µM GDP-fucose in 50 mM sodium phosphate buffer (pH 7) were added to the pre-incubated 

enzyme-inhibitor samples, and the mixtures were incubated at 37 °C for 30 minutes prior to heat-
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inactivation at 95 °C for 5 minutes. For fluorescence development, 20 µl aliquots were taken from 

the samples, and 20 µl of 0.25 mg/mL of chitinase in 50 mM sodium phosphate buffer (pH 7) was 

added to each. Samples were incubated at 37 °C for 30 minutes before measuring fluorescence. 

The fluorescence measurements were blank corrected against a control where chitinase was 

excluded, and then normalized to a control in which FUT8 was excluded. 
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4 Conclusion 

4.1 Summary 
Core fucosylation participates in the synthesis of complex glycans that play essential roles 

in biological processes. The lack of biochemical tools to study core fucosylation makes it 

particularly difficult to fully understand its mechanisms and functionalities. The purpose of my 

project was to develop a specific and sensitive assay that can probe the activity and inhibition of 

FUT8. To achieve our goals, we have performed and validated a well-established extraction 

procedure for the natural N-glycan, sialoglycopeptide, from egg yolk powder. This glycan was 

used to produce several substrates of FUT8, namely the free glycan G0, the glycopeptide G0-

hexapeptide, and the synthetic probe MU-G0. We have described a robust methodology for the 

production of MU-G0 using a chemo-enzymatic transglycosylation strategy, as well as laid the 

foundation for an SnCl4-catalyzed chemical glycosylation strategy. We tested our enzymatic assay 

for the optimal conditions to allow for monitoring the activity of FUT8, as well as demonstrated 

the capabilities of this assay in identifying potential inhibitors (GDP) and non-inhibitors (GDP-

2F-Fuc). We believe that our assay can be used for the high-throughput screening of libraries of 

small molecule inhibitors and identify potential compounds that can be used as chemotherapeutic 

agents or for the pharmacological design of ADCC-enhanced antibodies. 
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