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Abstract 

Altered glycosylation is a hallmark of cancer and can be used to distinguish cancer cells 

from normal cells. This thesis shows a comprehensive study of glycosylation on a variety of 

human prostate cell lines.  Cell surface glycans were analyzed using lectins and antibodies. 

Glycans were also released from glycoproteins, purified and analyzed by tandem mass 

spectrometry. The enzymatic activities and expression levels of glycosyltransferases responsible 

for the syntheses of N- and O-glycans have been determined and correlated with glycan 

structures. We found that prostate cells are capable of synthesizing complex N-glycans and core 1 

based O-glycans, and that each cell line has characteristic glycosylation pathways. Elevated levels 

of truncated O-glycans including sialyl-T and di-sialyl-T antigens were detected in prostate 

cancer cell lines. Complex O-glycans without sialic acid residues constituted the major O-glycans 

in normal prostate cells, but sialyl-T antigens were prevalent in the most aggressive prostate 

cancer cells derived from bone metastasis (PC-3). The expression and activity of sialyltransferase 

ST3Gal-I, responsible for the synthesis of sialyl-T antigens, were up-regulated in PC-3 cells, 

providing a mechanism for sialyl-T expression. Forced down-regulation of ST3Gal-I by RNA 

interfering technology as well as neuraminidase treatments of cells were employed to modify 

cellular glycosylation, and indicated a critical role of sialic acid in the regulation of apoptosis. 

These observations facilitate the identification of prostate cancer markers and help to understand 

the importance of glycans in cancer progression. 

To elucidate mechanisms of glycosylation and develop glycosyltransferase inhibitors, we 

characterized recombinant soluble human Gal- and GlcNAc-transferases that synthesize O-glycan 

cores 1 to 4, critical for the overall structures of O-glycans. The biochemical properties and 

substrate specificities of these enzymes were determined using synthetic acceptor substrate 
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analogs. These collective results were used to develop novel glycosyltransferase inhibitors, 

including acceptor substrate analogs and bivalent imidazolium salts. These compounds inhibited 

selected glycosyltransferases, and thus have the potential to modify cellular glycans for functional 

studies. Glycosyltransferase inhibitors could also be used in biotechnology and in therapeutic 

applications to increase the apoptotic potential of prostate cancer cells. 
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 Chapter 1

General Introduction 

1.1 Prostate cancer - overview 

Prostate cancer is one of the most commonly diagnosed cancers in men and the second 

leading cause of cancer death in most regions of the world. The Canadian Cancer Society 

estimates that one in seven men will develop prostate cancer during his lifetime and one in 28 

will die of it [1]. The specificity and sensitivity of screening for prostate cancer has always been a 

challenge for primary care physicians and urologists. Currently, prostate specific antigen (PSA) 

assays are widely used for detection of prostate cancer. However, lack of specificity leads to false 

positives in the diagnostic gray zone with a serum PSA concentration of 4-10 ng/mL, and 

complicates the distinction between prostate cancer and age-related benign prostate hyperplasia. 

Most patients who undergo a prostate biopsy due to a moderate PSA elevation have no evidence 

of cancer, resulting an unnecessary suffering for patients and enormous economic burden for the 

Health Care System [2]. Moreover, in many patients prostate cancer is not detected until the 

cancer has become advanced and/or metastatic. Therefore, better clinical biomarkers are an 

urgent requirement for the initial diagnosis and staging of prostate cancer.  

1.2 Glycomics approach to the discovery of potential cancer biomarkers 

During the past few decades, it has been well established that altered glycosylation is a 

universal feature of cancer cells. This gives an insight into the biological significance of cellular 

glycosylation and may lead to more specific and sensitive approaches for the early discovery of 

cancer. Variations of glycan structures in cancer cells have been identified through detailed 

structural analyses. In addition, glycosyltransferases responsible for glycan biosynthesis have 
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been suggested to be markers of specific cancer cells. Clinically valuable markers can be 

exceptionally helpful in specifying the risk and directing timely treatment. Also, markers could be 

utilized in developing therapy that targets mainly the tumor cells with limited side effects.  

1.2.1 Mass spectrometry methods 

Glycan profiles analyzed by matrix-assisted laser desorption/ionization (MALDI) and 

electrospray ionization (ESI) mass spectrometry primarily reveal the changes in glycosylation 

with little concern for the underlying protein attached. Recently, mass spectrometry-based 

glycomics have substantially improved the determination of glycan changes and made it possible 

to discover potential biomarkers for monitoring cancer development and progression, leading to a 

better understanding of the role of glycans in biological processes [3-5].  

Chapter 2 shows a comprehensive study on glycan profiles of prostate cancer cell lines 

that may help to build the foundation for potential cancer biomarker determination and also lead 

to the establishment of an effective model for studying the function of glycans in tumorigenesis. 

1.2.2 N-glycan structures in cancer 

The most commonly observed changes in cancer cell N-glycans are found in ratios of bi-, 

tri- and tetra-antennary structures (Figure 1.1) as well as the terminal sugar residues [6]. As 

mentioned in section 1.1, assay of serum PSA levels can be unspecific and unreliable resulting in 

false positives. Nevertheless, the specificity can be improved with the measurement of altered 

glycosylation of PSA. PSA contains one N-linked oligosaccharide, located at Asn45 [7] and its 

structures have been described as high mannose, hybrid or complex type chains through glycomic 

analysis. The N-glycans of PSA in the serum of healthy men consist of mainly bi-antennary 

complex chains while PSA from the serum of prostate cancer patients has additional tri- and tetra-

antennary N-glycans [8,9]. Significant changes were observed at the terminal oligosaccharide 
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chains on PSA, including differences in their content of fucose, sialic acid and in the sialic acid 

linkages [10,11]. Specific sialidase digestion indicated that both α2-3 and α2-6 linkages are 

present in PSA glycans [12]. Maackia amurensis lectin II (MAA II) is specific for the recognition 

of α2-3 linked sialic acid to galactose. The MAA II-bound PSA fraction in prostate cancer 

patients was significantly higher than that of PSA from benign prostate hypertrophy patients, 

suggesting an increased number of α2-3 linked sialic acid over α2-6 linked sialic acid in prostate 

cancer patients [13].  

 

 

Figure 1.1 Bi- and tetra-antennary N-glycans. 

 

There are additional success stories of cancer glyco-biomarkers. The serum cancer 

marker carcinoembryonic antigen has complex N-glycans with highly branched and extended 

features. The N-glycans with β1,6 antennae of tri- and tetra-antennary chains were shown in 

human hepatoma cells as well as in other types of cancers [14]. N-Glycans from metastatic 

tumors of lung and breast express high amounts of sialyl-Lewis x, Neu5Acα2-3Galβ1-4(Fucα1-
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3)GlcNAcβ-R (SLex) [15]. Increased expression of SLex, along with increased core-fucosylation 

is also associated with ovarian cancer. Serum IgG from gastric cancer patients was shown to carry 

tri-antennary N-glycans with increased expression of SLex, compared to normal serum IgG [16]. 

Increased fucosylation was found in the serum of patients with pancreatic cancer compared to 

healthy controls [17,18]. All of these changes have functional implications and can be related to 

cancer progression. 

1.2.3 O-glycan structures in cancer 

Mucin-type O-glycan structures in cancer cells are based on four major core structures, 

with core 1 (Galβ1-3GalNAcα-) and core 2 (GlcNAcβ1-6 [Galβ1-3]GalNAcα-) being the most 

common. Core structures can be extended and terminated with a variety of glycan residues. 

Alterations of O-glycans such as increased expression of Tn (GalNAcα-), sialyl-Tn (Neu5Acα2-

6GalNAcα-) and sialyl-T (Neu5Acα2-3-Galβ1-3GalNAcα-) antigens are commonly detected in 

cancer cells (Figure 1.2) [19].  

 

 

Figure 1.2 Short O-glycan antigens. 

 

MUC1 (membrane-associated mucin) is significantly overexpressed in metastatic cancers 

[20,21]. The glycosylation patterns of MUC1 and other mucins have been shown to be altered in 

cancers and often consist of truncated O-glycans [22-24]. Highly expressed MUC1 appears to be 

hypoglycosylated and the cancer-associated sialyl-Tn antigen is expressed in malignant prostatic 
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glands [25]. Increased expression of MUC1-associated sialyl-Tn was also detected in colon 

cancer cells [26] and in ovarian cancer [27]. T and sialyl-T structures are typically found in breast 

cancer [28]. These simpler O-glycans are particularly elevated in advanced tumors and are 

usually associated with a poor prognosis. 

On the other hand, branched O-glycans expressed on mucins are also modified in 

cancers. For example, increased amounts of SLex attached to the O-glycan core 2 structure was 

found in human colorectal adenocarcinomas [29,30]. MUC1 with core 2 O-glycan carrying poly-

N-acetyllactosamine chains was prevalent in metastatic bladder tumors [31]. In contrast, the 

blood group Sda epitope, Neu5Acα2-3(GalNAcβ1-4)Galβ-, attached to core 3, was a feature of  

normal colonic cells [32]. 

1.2.4 Enzymology methods 

Glycoprotein-bound glycans are extremely heterogeneous in structure and include 

incomplete or intermediate structures or highly extended chains. Structures synthesized by one 

enzyme are often a substrate for several other enzymes; thus, the relative activities determine the 

relative amounts and structures of final glycans produced. Glycosyltransferase gene expression 

levels also contribute to the heterogeneity of glycan structures, leading to the production of 

different amounts of core structures, extensions, or terminal epitopes. Abnormal glycosylation in 

cancer is usually due to alterations of glycosyltransferase expression and activities. Thus, 

studying the complex biosynthetic mechanisms of glycosylation will help to understand the 

importance of observed alterations in cancer.  

Chapter 3 features measurements of enzymatic activities and gene expression levels of 

key glycosyltransferases that are responsible for the synthesis of N- and O-glycans in several 

prostatic cell lines. The goal is to identify specific glycosyltransferases as biomarkers, which 

could distinguish prostate cancer cells from normal prostate cells.  
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1.2.5 Biosynthesis of N-glycans in cancer cells 

N-glycans are preassembled on dolichol-phosphate and transferred to polypeptides on 

Asparagine (Asn) within the conserved Asn-X-Ser/Thr sequon. The N-glycans can then be 

processed in the endoplasmic reticulum (ER), and the diverse N-glycans can be built sequentially 

in the Golgi apparatus. The first enzyme required in building complex N-glycan structures is 

β1,2-N-acetylglucosaminyltransferase I (GnT-I), located in the medial-Golgi. This enzyme is 

responsible for adding the first antenna to the N-glycan core structure (Figure 1.3). Product from 

GnT-I is a substrate for β1,2-N-acetylglucosaminyltransferase II (GnT-II) which adds the second 

antenna. β1,4-N-acetylglucosaminyltransferases III (GnT-III) adds the bisecting GlcNAc residue 

to N-glycans after the action of GnT-I. β1,4-N-acetylglucosaminyltransferase IV (GnT-IV) and 

β1,6-N-acetylglucosaminyltransferase V (GnT-V) are responsible for adding a β1-4 and β1-6 

branched antenna, respectively, to the N-glycan core but cannot use the bisected oligosaccharide 

as a substrate. The enzyme activities of GnT-II to V affect the overall N-glycan branching 

patterns and structures. Up to five antennae have been observed on N-glycans of vertebrate 

glycoproteins. 

 

Figure 1.3 N-glycan branching enzymes, GnT-I to V. 
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All GlcNAc residues (except that added by GnT-III) can be extended with additional 

saccharides. For example, GlcNAc residues can be modified by adding galactose (Gal) in β1,4-

linkage by β1,4-galactosyltransferase (β4GalT). After β4GalT action, β1,3-N-

acetylglucosaminyltransferase (β3GlcNAcT) can modify Gal by adding a N-acetylglucosamine 

(GlcNAc) in β1,3-linkage. The alternating actions of β4GalT and β3GlcNAcT direct the 

biosynthesis of polylactosamine chains. Polylactosamines preferentially reside on the multi-

antennary N-glycans, especially with the β1,6 branch that is synthesized by GnT-V. The β1,6 

antenna may differ from the other antennae in its flexibility due to rotation of the β1,6 bond 

which is preferentially extended (Figure 1.4). Polylactosamines serve as precursors that can be 

further modified by sialyltransferases, fucosyltransferases and other glycosyltransferases, and 

appear to be scaffolds for the presentation of terminal epitopes. 

 

 

Figure 1.4 Examples of polylactosamine chains on N- and O-glycans. 
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The expression of GnT-III and V is often abnormal in cancers [6,33] with implications in 

cell invasion and tumorigenesis. Increased GnT-V expression was found in gastric cancers, 

colorectal cancers, and their liver metastases [34], as well as in prostate and bladder cancers, 

where it can serve as a possible aid for the evaluation of malignant potential [35,36]. Not only the 

N-glycan antenna and their elongated structures but their terminal epitopes, such as sialic acids, 

play important roles in cancer development. The enzyme α2,6-Sialyltransferase I (ST6Gal-I) is 

responsible for adding sialic acid to extended N-glycans. ST6Gal-I expression and activity are 

increased in many cancers, including colon carcinoma [37], which correlate with a shortened 

survival time and poor prognosis [38]. 

1.2.6 Biosynthesis of O-glycans in cancer cells 

The expression, activity levels, and the subcellular distributions of glycosyltransferases 

within the Golgi apparatus, determine the structural outcome of O-glycans. Polypeptide-N-

acetylgalactosaminyltransferase (ppGalNAcT) is the first enzyme acting in the O-glycosylation 

pathways, and transfers GalNAc to Ser/Thr residues to form GalNAcα-Ser/Thr, Tn antigen 

(Figure 1.5). Tn antigen acts as the precursor for all core structures and is the only sugar structure 

common to all O-glycans. Both Core 1 β1,3-galactosyltransferase (C1GalT) and Core 3 β1,3-N-

acetylglucosaminyltransferase (C3GnT) utilize Tn antigen as a substrate to produce core 1 and 

core 3, respectively. There may be a competition between C1GalT and C3GnT. Core 1 and 3 can 

be further branched to form complex O-glycans through Core 2 β1,6-N-

acetylglucosaminyltransferase (C2GnT1) and Core 4 β1,6-N-acetylglucosaminyltransferase 

(C2GnT2).  

In cancer cells, Tn antigen may be abundant when there is excessive O-glycosylation 

achieved by overexpressed ppGalNAcTs. In pancreatic cancer tissue, the expression levels of 

ppGalNAcT3 and ppGalNAcT6 were shown to be highly elevated [39,40]. Similarly, 
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ppGalNAcT6 and ppGalNAcT14 expression levels were shown to be up-regulated but the 

enzymes were heterogeneously expressed in breast cancers [41-43]. In particular, the expression 

of ppGalNAcT14 showed a significant association with the histological grades and invasiveness 

of breast tumors [43]. 

 

 

Figure 1.5 Pathways in the synthesis of O-glycan core structures. 

 

α2,6-Sialyltransferase I (ST6GalNAc-I) is the major enzyme responsible for the synthesis 

of the sialyl-Tn antigen. In normal mammary cells, the expression of ST6GalNAc-I is not 

detected. However, in many breast carcinoma cells the expression of ST6GalNAc-I is switched 

on, resulting in the production of sialyl-Tn antigen. The broad distribution of ST6GalNAc-I in the 

Golgi apparatus also enables it to compete with C1GalT and C3GnT for the common Tn substrate 

[44] to synthesize sialyl-Tn instead of core 1 and 3. Increased expression of sialyl-Tn has been 

shown to associate with decreased adhesion and increased migration of breast cancer cells [4,77]. 
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In gastric [26,45], prostate [25], ovarian [27], breast [46] and pancreatic [47] carcinomas, 

overexpression of ST6GalNAc-I leads to the increased appearance of sialyl-Tn antigen, where it 

constitutes a marker of poor prognosis.  

Alternatively, decreased expression and activities of C1GalT and C3GnT can facilitate 

the abundance of Tn and sialyl-Tn antigens. These antigens have been shown to associate with 

many cancers including colonic, gastric and prostatic cancers [19, 48-51].  

Similarly, α2,3-sialyltransferase I (ST3Gal-I) and α2,6-sialyltransferase II (ST6GalNAc-

II) compete with C2GnT1 for the core 1 (T antigen) substrate and are responsible for transferring 

sialic acid residues (Neu5Ac) to core 1 to synthesize α2,3-sialyl-T antigen and α2,6-sialyl-T 

antigen, respectively. Once core 1 is sialylated, the core 2 structure cannot be synthesized, 

whereas the reverse pathway is feasible; ST3Gal-I can use core 2 as a substrate. The expression 

and activity of ST3Gal-I and ST6GalNAc-II are usually altered in cancers. For example, in 

bladder cancer tissue [52], as well as in breast tumors [53], increased expression and activity of 

ST3Gal-I that synthesizes α2,3-sialyl-T antigen were found, and the expression of ST6GalNAc-II 

that synthesizes α2,6-sialyl-T antigen was increased in colorectal cancer with lymph node 

metastases, associating with a shorter survival time [54].  

The core 2 structure is synthesized by a family of C2GnTs whose activities and mRNA 

expression levels are variable among cancer cells [55,56]. Increased expression of C2GnT1 has 

been found in invasive colon cancer cells [57]. In contrast to C2GnT1, normal human colon has a 

high activity of C2GnT2 that can synthesize both core 2 and core 4 O-glycans. 

1.2.7 Biosynthesis of SLex in cancer cells 

The sialyl-Lewis x epitope, Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ-R (SLex), is usually 

attached to the β1,6 branches of N-glycans and the O-glycan core 2 structure of glycoproteins. 

High expression and activity levels of C2GnT1 are responsible for the synthesis of SLex on the 
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core 2 structure (Figure 1.6), which induces the invasion of colon and hepatic cancer cells 

[29,30]. Invasive and metastatic cancer cells express increased amounts of SLex, which facilitates 

the attachment of cancer cells to the endothelial cells by binding to selectins, and thus contributes 

to cell invasion and metastasis [15,16,30,58]. SLex is synthesized by β3GlcNAcT, β4GalT, α3-

Fucosyltransferase 3-9 (α3FUT3-9) and α3-Sialyltransferases III and IV (ST3Gal-III, IV) (Figure 

1.6). The expression and activity levels of these glycosyltransferases are cell type specific and can 

be altered in cancer cells. For example, the serum or tissue levels of β4GalTs that extend N- and 

O-glycans were increased in specific cancers [59,60]. α3FUT3, 6 and 7 are markedly elevated in 

prostate cancer cell lines that metastasize to bone and liver [61]. α3FUT3 and 7 are heavily 

expressed in multiple cancer cell lines including colon cancer cell lines [62,63], where α3FUT7 

can serve as a marker to distinguish colorectal tumors from the adjacent normal tissues [63]. 

Furthermore, increased levels of ST3Gal-III expression were shown in human tumors such as 

breast, cervix and gastric, associated with poor prognosis and metastasis [64-66]. 

 

 

 

Figure 1.6 Synthesis of SLex on core 2 scaffold. 
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1.3 Role of glycosylation in cancer biology  

Glycosylation found on cell surfaces and in the extracellular matrix plays important roles 

in intercellular interactions [67]. Cancer cells that lose the ability of intercellular adhesion migrate 

through the basement membrane and extracellular matrix into the circulation. Altered 

glycosylation prevents cancer cells from being taken up or removed by the immune system, 

allowing them to survive in the blood stream. Cancer cells attach to the endothelium in distant 

capillary cells, which facilitates their invasion through the endothelial layer and leads to the 

formation of metastases (Figure 1.7). To understand the significance of glycosylation changes in 

tumorigenesis, the role of glycans can be assessed by up- or down-regulating the corresponding 

glycosyltransferases through various biotechnologies. During the last decade, the biological and 

physiological effects of specific glycans and their biosynthetic enzymes have been determined in 

a number of in vitro and animal cancer models. Glycosylation, and especially sialylation, has 

been linked to apoptosis. These findings can facilitate the identification of potential targets in 

cancer treatment to prevent metastasis and tumor growth, and to re-activate cancer cell apoptosis. 

Chapter 2 shows our efforts made to study the role of sialyltransferase ST3Gal-I in 

prostate cancer cell apoptosis by the RNA interfering method. The results facilitate the 

establishment of a new strategy for inducing apoptosis in cultured prostate cancer cells. As a 

long-term goal, the results could help to develop adjuvant treatment that would improve the 

effectiveness of apoptosis-directed cancer therapy. 
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Figure 1.7 SLex-selectins mediate cancer cell migration. 

Selectins and integrins are involved in the adhesion of cancer cells. 
 

1.3.1 Role of glycosylation in cancer cell metastasis 

Most cell surface proteins including receptors and integrins are glycosylated. N- and O- 

glycans play important roles in protein folding, stability and targeting, as well as in intercellular 

interactions. Therefore, alterations of glycans on cancer cells affect cell-cell communication and 

signal transduction, thereby regulating cell adhesion and invasion.  

1.3.1.1 β1,2-N-acetylglucosaminyltransferase I (GnT-I) 

GnT-I, which adds the first branch to the N-glycan core, is required for the addition of all 

subsequent branches. Knocking down GnT-I in human cervical and prostate cancer cell lines 

suppressed cell surface N-glycan branching and decreased cell migration and invasion. In vivo, 

mice injected with GnT-I knockdown cancer cells showed reduced tumor size and fewer 

metastases [68]. This suggests that N-glycans are instrumental in the formation of metastases. 
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1.3.1.2 β1,4-N-acetylglucosaminyltransferase III (GnT-III) 

GnT-III catalyzes the addition of a bisecting GlcNAc in the N-glycan biosynthetic 

pathway and thus prevents further growth of N-glycan chains. GnT-III-transfected melanoma B16 

cells showed fewer lung metastases compared to control cells after injection into syngeneic mice 

[69]. Overexpression of GnT-III suppressed tumor growth and metastasis through modulation of 

growth factor receptor signaling [33], E-cadherin regulation [70], and through inhibition of α5β1 

integrin-mediated cell migration [71]. These studies indicate that extended branched N-glycans 

play a role in metastasis which could be prevented by GnT-III. 

1.3.1.3 β1,6-N-acetylglucosaminyltransferase V (GnT-V) 

The formation of β1,6 GlcNAc branching structures by GnT-V plays important roles in 

tumor metastasis. In contrast to GnT-III, GnT-V appears to decrease cell adhesion and increases 

tumor cell invasiveness [72]. In melanoma cells, N-glycans containing β1,6 antennae contribute 

to loss of contact inhibition and weaken cell-extracellular matrix interactions [73]. Increased cell 

migration was observed when human gastric carcinoma cells MKN45 were transfected with GnT-

V [74]. A role of GnT-V was also demonstrated in human lung adenocarcinoma cells. Decreased 

cell growth in culture and tumor growth in mice was achieved by transfection of small inhibitory 

RNA that reduced the expression of GnT-V [75]. All of this evidence confirmed the critical role 

of GnT-V in cancer development, possibly mediated by the extended glycan chains attached to 

the β 1,6 GlcNAc branch of N-glycans.  

1.3.1.4 Polypeptide-N-acetylgalactosaminyltransferase (ppGalNAcT) 

A large family of ppGalNAcT enzymes has been identified that synthesize the Tn antigen 

as the first step in the O-glycosylation pathways although the individual members of this family 

can have different functions in cancer. Stable transfection of ppGalNAcT13 into lung cancer cells 
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resulted in increased cell invasion and motility. Whereas, injection of endogenous 

ppGalNAcT13-silenced clones into mice showed significantly reduced lung metastasis compared 

to control clones [76] indicating the critical roles played by ppGalNAcT13 in cancer metastasis. 

When the expression of ppGalNAcT6 was reduced by treatment of metastatic breast cancer cells 

with RNA interfering technology, cell adhesion was promoted whereas cell proliferation was 

repressed. This indicates a role for the enzyme in mammary carcinogenesis and growth of breast 

tumors [41,42]. Suppression of ppGalNAcT3 that significantly attenuated the growth of 

pancreatic cancer cells in vitro and in vivo could serve as an important therapeutic target for 

pancreatic cancers [39].  

1.3.1.5 α2,6-Sialyltransferase I (ST6GalNAc-I) 

The Tn antigen can be further modified to either synthesize the T antigen or the core 3 

structure. Alternatively, ST6GalNAc-I uses the Tn antigen as a substrate to synthesize sialyl-Tn. 

Transfection of ST6GalNAc-I into breast cancer cells resulted in overexpression of sialyl-Tn 

[77,78] and led to a reduction in cell adhesion and an elevation in cell migration. Sialyl-Tn-

expressing clones of human breast cancer cells MDA-MB-231 showed increased tumor growth 

rate in mice. In addition, the expression of sialyl-Tn was shown to modify cell adhesion and 

motility in gastric carcinoma cells [79]. These observations strongly implicate ST6GalNAc-I in 

tumorigenesis. 

1.3.1.6 α2,3-Sialyltransferase I (ST3Gal-I) 

ST3Gal-I catalyzes the synthesis of the α2,3-sialyl-T antigen. Studies of mammary 

tumorigenesis in MUC1 transgenic mice revealed that sialylated core 1 O-glycans enhance the 

growth rate of mammary carcinoma cells [22]. The role of ST3Gal-I in mammary tumor 

development was further shown by cross-breeding the transgenic mice that over-express the 
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ST3Gal-I with the model mice that spontaneously develop mammary tumors. Significantly 

decreased tumor latency was observed in ST3Gal-I transgenic mice, indicating that ST3Gal-I may 

act as a promoter of tumor development [53]. 

1.3.1.7 Core 2 β1,6-N-acetylglucosaminyltransferase (C2GnT1) 

C2GnT1 synthesizes β1,6 branched O-glycans that act as a scaffold structure for SLex 

and play a critical role in cell adhesion and cell migration [29,30]. The expression of C2GnT1 has 

been shown to be associated with the migration of colon cancer cells [57]. The invasive growth 

and the metastatic potential of testicular germ tumors were also correlated to C2GnT1 expression 

[80]. Moreover, increased expression of C2GnT1 promotes bladder tumor metastasis [31,81]. In 

vivo, prostate cancer cells that were stably transfected with C2GnT1 produced larger prostatic 

tumors in mice [82]. This may be due to the fact that the adhesive SLex epitopes are found on the 

GlcNAc residues of O-glycan core 2 structures. 

1.3.1.8 Core 3 β1,3-N-acetylglucosaminyltransferase (C3GnT) and Core 4 β1,6-N-

acetylglucosaminyltransferase (C2GnT2) 

In contrast to C2GnT1, which is up-regulated in cancer cells, C3GnT and C2GnT2 are 

lacking in the majority of colorectal carcinomas and colon cancer cell lines. [56,83]. These 

enzymes may therefore help to preserve the function of a normal mucosa. Studies of C3GnT in 

colon cancer cells [49,50] revealed a protective function of core 3 O-glycans. Transfection of 

human fibrosarcoma cells with the C3GnT gene resulted in prevention of cell migration and 

suppression of lung metastases. Prostate cancer cells that were transfected with C3GnT also 

showed reduced migration and invasion potential. In addition, these cells showed suppressed 

tumor formation and tumor metastasis in mice [51]. The mechanism of these beneficial effects of 

C3GnT may involve the reduction of core 2 structures. However, re-expression of C2GnT2 which 
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also synthesizes core 2 (as well as core 4) O-glycans led to a suppression of cell growth, 

adhesion, and invasive properties in human colon cancer cells and reduced tumor growth in mice 

[84]. This suggests that core 2 and 4 O-glycans have very different roles in cancer. 

1.3.1.9 Glycosyltransferases involved in the synthesis of SLex  

Adhesion of cancer cells to selectins expressed on the endothelium is mediated by SLex 

[85] (Figure 1.7). Sialyltransferase ST3Gal-III, which acts on N-acetyllactosamine extensions of 

N- and O-glycans, was shown to be responsible for the increased synthesis of SLex, and an 

increase in the ability of pancreatic cancer cells to migrate and form metastases [86]. Transfection 

of the α3FUT3 gene into prostate cancer cells PC-3 caused a high expression of SLex. Injecting 

transfected cells into mice increased cell adhesion to stromal cells, and large tumors developed as 

a result [87]. Overexpression of another member of the FUT family, α3FUT7, in colon cancer 

cells also increased cell migration and invasion [63]. 

1.3.2 Role of glycosylation in cancer cell apoptosis  

Apoptosis, a programmed cell death that limits tissue growth, is often defective in cancer 

cells. The TNF superfamily of death receptors (TNFR), including DR4, DR5 and Fas (CD95), 

have been strongly implicated in cancer cell death and have been considered as promising targets 

for apoptosis-directed cancer therapy [88-91]. A proapoptotic ligand known as TRAIL triggers 

apoptosis through death receptors, DR4 and DR5, which are modified by both N- and O-

glycosylation. Overexpression of the O-glycosylation initializing enzyme ppGalNAcT14 

promotes sensitivity of TRAIL-induced clustering of DR4 and DR5, resulting in the formation of 

death-inducing signaling complex (DISC), and recruitment and activation of the apoptosis-

initiating protease caspase-8 [92]. Inhibiting N-glycosylation by tunicamycin resulted in an up-
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regulation of DR5, and sensitized prostate cancer cells to TRAIL-induced apoptosis [93]. This 

supports the theory that both N- and O-glycans are involved in the induction of apoptosis.  

Fas receptor/CD95 has been intensively studied over the last decade. Fas contains two N-

glycosylation sites as well as a Thr-rich motif that may possibly form O-glycosylation sites. The 

completeness of N-glycosylation of Fas is important for its expression and contributes to the 

initiation of apoptotic signaling [94,95]. Overexpression of ST6Gal-I, which leads to increased 

α2-6-linked sialic acids on Fas N-glycans, inhibits Fas internalization and consequently prevents 

apoptosis in colon carcinoma cells [96]. Hyposialylated Fas dramatically increased the apoptosis 

response indicating that the sialic acid content is related to the susceptibility to Fas-induced 

apoptosis in human B lymphoma cell line [97]. All of these findings indicate that apoptosis 

receptors carry glycans with potential roles in ligand binding and receptor oligomerization. It is 

possible that sialic acids block the association of Fas molecules. Therefore, modifications of 

cancer cell surface glycosylation may re-establish their apoptosis processes and contribute to our 

understanding of the role glycans play in cancer cell apoptosis. 

1.4 Biochemical characterization of glycosyltransferases 

As stated in section 1.3, modifications of glycans play important roles in cancer cell 

behavior. The glycosyltransferases that are involved in glycan synthesis are therefore potential 

targets for anti-cancer drug development. Since the enzyme kinetic properties, specificities, and 

access of enzymes to their substrates and cofactors determine the final glycan structures, 

biochemical characterization of glycosyltransferases is essential for understanding the 

mechanisms by which the enzymes work. To understand the mechanisms of O-glycosylation and 

develop inhibitors that could regulate glycoprotein functions and affect cellular behavior, chapter 

4 represents work on the characterization of the four O-glycan core-synthesizing enzymes. 
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1.5 Inhibition of glycosyltransferases 

Section 1.3 illustrates the important roles of glycosylation in tumor progression. 

Regulation of the activity of individual glycosyltransferases can provide insight into the role of 

glycans in cancer cell behavior. There are many ways to achieve this, such as affecting 

glycosyltransferase expression at the DNA level with gene-knockout and gene-transfection 

methods, and at the RNA level through RNA interference technology. The function of an enzyme 

and its role in the synthesis of glycans can be elucidated when the overall phenotypic effects on 

cells or organisms are compared with unmodified controls. Although these methods can be useful 

for understanding the function of glycosylation, there are more limitations since the absence of 

one enzyme may have several consequences and can be lethal to the organism. Small-molecule 

inhibitors of glycosyltransferases are of growing interest since they are not only powerful 

complementary tools for functional studies of glycans but also provide potential therapy for 

cancer treatment. 

1.5.1 N-glycosylation inhibitors 

Inhibition of N-glycan synthesis and processing has been shown to alter cellular 

behavior, proliferation, migration and apoptosis [98]. Some of these effects include suppression 

of cancer cell invasion and metastasis. Tunicamycin, an UDP-GlcNAc analog, has been used 

extensively for studying the role of N-glycans in glycoprotein maturation, secretion and 

functions. Tunicamycin crosses the cell membrane, inhibits N-glycosylation in eukaryotes by 

blocking the transfer of GlcNAc-1-P from UDP-GlcNAc to dolichyl-P, and thereby blocks N-

glycosylation entirely. Since many apoptosis receptors are N-glycosylated, modulation of N-

glycosylation may affect the apoptosis-signaling pathway. For example, tunicamycin enhances 
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TRAIL-induced apoptosis in human prostate cancer cells [99], making it a potential adjuvant 

treatment for TRAIL-based anti-cancer therapy. 

Swainsonine mimics mannose residues and is an inhibitor of N-glycan processing 

enzymes by inhibiting the trimming reaction mediated by mannosidase II. Swainsonine treatment 

leads to the accumulation of high-mannose or hybrid oligosaccharides and causes dysfunction of 

glycoproteins in cancer cells. It has been shown that swainsonine reduces tumor growth and can 

serve as a potential agent for cancer treatment [100]. Swainsonine-treated human gastric 

carcinoma cells showed a significant reduction of cell growth [101] making it a potential anti-

cancer drug. 

1.5.2 O-glycosylation inhibitors 

GalNAcα-benzyl is a membrane-permeable O-glycosylation inhibitor. It acts as a 

substrate for the second reaction in the O-glycosylation pathways and competes with endogenous 

GalNAc substrates for both C1GalT and C3GnT which synthesize core 1 and core 3 O-glycans, 

respectively. GalNAcα-benzyl causes the production of truncated O-glycans and prevents 

sialylation of O-glycans. It can therefore be used as a tool to study the function of O-

glycosylation in cancer progression. Treatment of human colonic cancer cells with GalNAcα-

benzyl reduced their adhesion and migration, and metastases in nude mice were significantly 

reduced [102]. GalNAcα-benzyl was found to reactivate apoptosis in colon cancer cells [103] and 

in HeLa cells [94].  In Chapters 4 and 5 we showed that a series of synthetic compounds could 

selectively inhibit the synthesis of core 1, 2 and 3. Surprisingly, none of the compounds tested 

inhibited core 4 synthesis. 
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1.5.3 Sialyltransferase inhibitors 

Sialyltransferase inhibitors are known to be valuable reagents to reduce the metastatic 

abilities of cancer cells. Lith-O-Asp, a synthetic compound, inhibits sialyltransferases non-

specifically and shows angiogenesis reduction effects on human umbilical vein endothelial cells. 

Inhibition of sialylation of integrin-β1 by Lith-O-Asp contributed to the suppression of mouse 

mammary cancer cell metastasis [104]. Soyasaponin-I was shown to nonspecifically inhibit 

ST3Gal activity; it increased the adhesion ability of human mammary cancer cells MCF-7 to the 

extracellular matrix and reduced cell migration of highly metastatic mammary cancer cells MDA-

MB-231 [64]. Another sialyltransferase inhibitor AL10 showed the ability to cross human lung 

cancer cell membranes, and inhibited cell surface sialylation. Consequently, cancer cells 

adhesion, migration, and invasion and metastasis were suppressed [105]. These inhibitors can be 

employed to study the role of sialyltransferases in cancer biology and can potentially serve as 

therapeutic agents for cancer treatment. 

Chapter 5 shows a series of bivalent imdazolium salts that act as inhibitors for selected 

glycosyltransferases. The inhibition kinetics of β3/4GalT by these novel inhibitors have been 

studied. Chapter 6 introduces a substrate analog that specifically inhibits β4GalT and has the 

potential to reduce the expression of SLex associated with the invasiveness of cancer cells. 

1.6 Thesis research objectives 

This research project was initially based on the hypothesis that specific abnormal 

glycosylation patterns are a universal feature of cancer cells. That prostate cancer is the second 

leading cause of cancer death in men shows the urgent requirement for clinically valuable 

markers for initial diagnosis and stage determination of this disease. Intensive studies of aberrant 

glycosylation in prostate cancer cells have therefore been carried out with different methods to 
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screen for potential cancer biomarkers. In Chapter 2, glycan profiles of prostate cancer cells were 

analyzed by tandem mass spectrometry in comparison to normal prostate cells. The objective was 

to build the foundation for potential cancer biomarker determination and also to establish an 

effective model for studying the function of glycans in tumorigenesis. Chapter 3 describes further 

studies of prostate cancer cell glycosylation through measuring enzymatic activities and gene 

expression levels of key glycosyltransferases that are responsible for the assembly of N- and O-

glycans. The goal was to identify specific glycoenzymes as biomarkers, which could distinguish 

prostate cancer cells from normal prostatic cells.  

During the last decade, researchers suggested that modifications of glycans play 

important roles in cancer cell behavior, and that glycosyltransferases involved in glycan synthesis 

are potential targets for anti-cancer drug development. Biochemically characterized 

glycosyltransferases are therefore essential for understanding the mechanisms of glycosylation 

and facilitating the development of inhibitors that could be employed to reveal the role of glycans 

and to facilitate the development of potential anti-cancer therapies. Chapter 4 describes the 

biochemical characterization of the four core synthesizing enzymes that form the common 

scaffolds of mucin-type O-glycans. We identified a series of imidazolium salts as selective 

inhibitors of the synthesis of cores 1, 2 and 3, as described in Chapter 5. To determine the 

inhibition mechanisms, kinetic studies of N- and O-glycan extension enzymes β3/4GalT were 

carried out. Chapter 6 introduced a substrate analog that specifically inhibits β4GalT and has the 

potential to reduce the expression of SLex that was suggested to correlate with the invasiveness of 

cancer cells. However, the applications of these inhibitors in cultured cells and in vivo remains to 

be shown. Designing methods that can deliver inhibitors into cells and make them reach the 

Golgi-bound glycosyltransferases is still and will continue to be a challenge. 
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 Chapter 2

Structural and Functional Analysis of Glycans from Human Prostate 

Cancer Cell Lines 

2.1 Abstract 

Altered glycosylation is a fundamental feature of cancer progression; however, the 

specific roles of glycans in cancer biology remain poorly understood. The analysis of glycan 

profiles is therefore necessary in the establishment of an effective model for studying the function 

of glycans in cancer biology. A comprehensive study of glycan structures from a variety of 

human prostate cell lines has been conducted through Matrix-assisted laser desorption/ionization 

time of flight (MALDI-TOF) tandem mass spectrometry analysis. The overall glycosylation 

patterns of immortalized RWPE-1 cells derived from normal prostatic tissue were studied in 

comparison to prostate cancer cells metastasized to bone (PC-3), brain (DU145), lymph node 

(LNCaP), and vertebra (VCaP). Elevation of high-mannose N-glycans and truncated O-glycans 

with more sialic acid terminating epitopes were detected in prostate cancer cell lines. The 

predominant O-glycan found on cancerous cell lines was sialyl-T antigen, which presented with 

highest relative intensity in the most aggressive PC-3 cells. Whereas, core 1-3 based complex O-

glycans without sialic acid residues constituted the major O-glycosylation pattern in normal 

prostate cells. ST3Gal-I mainly transfers sialic acid to Core 1 O-glycans in α2-3 linkage to form 

sialyl-T antigens. A functional study of ST3Gal-I on prostate cancer cell apoptosis has been 

carried out with RNA interfering technology. These studies are essential for understanding the 

way tumor cells self-protect from apoptosis, which can lead to the development of technologies to 

increase apoptosis in prostate cancer cells. 
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2.2 Introduction 

Glycoconjugates have been shown to play critical roles in many biological processes 

including protein folding and cell surface expression, cell-cell interactions, and signal 

transduction [33,61,94,106]. Altered glycosylation is a universal characteristic of malignant 

transformation; however, the abnormal glycosylation of prostate cancer cells has not been fully 

documented. The patho-physiological role of specific glycans remains to be elucidated. 

Therefore, characterization of the abnormal glycosylation patterns on cancer cell lines can 

establish an effective model for studying the function of glycans in cancer cell differentiation, 

development and oncogenesis.  

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) has been 

used as a soft ionization method for the detection of prostate cell glycosylation. Oncogenic 

transformation is often accompanied with several common alterations in oligosaccharide 

structures, such as truncated O-glycans, an increase in β1-6 branching of N-linked chains, and an 

excess of sialic acid residues. Sialic acids are commonly found on the terminal position of an 

oligosaccharide chain. A key feature of metastasized cancer cells is the requirement of adhesive 

interactions, many of which are mediated through the recognition of sialic acids residues by 

carbohydrate-binding proteins (lectins). This process provides favorable conditions for tumor 

dissemination. The aberrant glycosylation in cancer cells can result from changes in 

glycosyltransferase expression and activities [107]. Over expression of ST6GalNAc-I in breast 

and gastric cancer cells induces the formation of the sialyl-Tn antigen (Neu5Acα2-6GalNAc-). 

The sialyl-Tn antigen as well as sialylated N-glycans appear to lead to a decrease in adhesion, and 

an increase in migration and invasion of cancer cells [77-79]. The high abundance of α2-3 sialic 

acid residues has been correlated with the metastatic potential of gastric cancer cells [108]. 

ST3Gal-I, which is responsible for the synthesis of the sialyl-T antigen (Neu5Acα2-3Galβ1-
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3GalNAc-), is over-expressed in breast and colon cancer cells [53] as well as in the aggressive 

PC-3 and LNCaP prostate cancer cell lines [109]. The collective results indicate that α2-3 

sialylation is associated with tumor cell migration, invasion and progression; however, we still 

have limited knowledge about the mechanism by which ST3Gal-I-mediated sialylation regulates 

cancer cell survival. 

 Apoptosis is often defective in cancer cells, allowing unlimited growth. The TNF 

superfamily of death receptors (TNFR), including DR4, DR5 and Fas (CD95), carry glycans with 

potential roles in ligand binding and receptor oligomerization which eventually induces the 

downstream apoptosis signaling events [88-91]. Altered glycosylation patterns have an impact on 

cell surface receptor functions. For example, excessive O-glycosylation achieved by 

overexpression of ppGalNAcT14 increases the sensitivity to TRAIL-induced apoptosis through 

DR4 and DR5 [92]. Inhibition of N-glycan synthesis by tunicamycin leads to an up-regulation of 

DR5 and consequently enhances the sensitivity to TRAIL-induced apoptosis in prostate cancer 

cells [93]. This indicates that both N- and O-glycosylation are important in apoptosis. In addition, 

inhibition of N-glycosylation restores Fas-mediated apoptosis in T leukemic cells [97]. 

Overexpression of α2-6 sialic acid prevents Fas trimerization and decreases the susceptibility of 

Fas-activating antibody-induced apoptosis in colon carcimoma cells. [96]. Moreover, 

hyposialylated Fas shows an increased response to Fas ligand-induced apoptosis [110]. These 

studies suggest that sialic acid residues prevent Fas receptor oligomerization, the step required for 

signaling. The knowledge of the role of sialic acid residues in DR4/5 signalling is still limited.  

Herein, a comprehensive study of glycosylation patterns of a variety of prostate cell lines 

has been carried out to identify the abnormal glycans. Sialic acid was then selected as a target for 

a functional study of TRAIL- and Fas-induced apoptosis which is known to be deficient in 

prostate cancer cells [99,111]. In order to re-engineer cell surface glycosylation, RNA interfering 
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technology was employed to determine the role of sialyltransferase ST3Gal-I in TRAIL- and Fas-

mediated apoptosis. Our collective results are expected to lead to the identification of therapeutic 

targets for inducing apoptosis in prostate cancer cells, and as a long-term goal, the results can 

help the development of new anti-cancer therapies in the future. 

2.3  Materials and Methods 

2.3.1 Cell cultures 

The immortalized human prostate cell line RWPE-1 was from ATCC, and cells were 

grown in keratinocyte serum-free medium. Metastatic CaP cell lines (from ATCC) were kindly 

donated by Jeremy Squire (Queen’s University) and were grown as recommended by ATCC 

[109]. The PC-3 cell line was selected as a model which was transfected with either ST3Gal-I 

shRNA plasmid (hereafter referred as PC-3SH) or control shRNA plasmid (hereafter referred as 

PC-3C) (The plasmids are from Santa Cruz). A single colony stably expressing shRNA was 

selected by incorporating of 40 µg/mL puromycin (Invitrogen) in the growth medium. Down 

regulation of ST3GalT-I was confirmed by Western blot and enzyme activity assay. 

2.3.2 Western blots 

Western blot analysis was performed as previously described [112] with mouse 

monoclonal anti-ST3GalT-I antibody as the primary antibody (Sigma) and horseradish 

peroxidase-conjugated goat anti-mouse IgG as the secondary antibody (Santa Cruz 

Biotechnology). Mouse anti-β-Actin antibody as primary antibody and goat anti-mouse IgG as 

the secondary antibody were used as controls (Invitrogen).  

2.3.3 Sialyltransferase assays 
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ST3Gal activities were determined in a total volume of 40 µL containing 0.1 M Tris, pH 

7, 0.125 % Triton X-100, 12.5 mM MnCl2, 0.6 mM CMP-[3H]sialic acid (3620 cpm/nmol), 1 mM 

Galβ1-3(6-deoxy)GalNAcα-Bn as substrate and 10 µL cell homogenate (100 to 150 µg protein). 

Samples were incubated at 37°C for 1 h and reaction mixtures were applied to Sep-Pak C18 

columns. Enzyme product was eluted with methanol and counted by scintillation counting. The 

protein content was determined by the Bio-Rad method using bovine serum albumin as the 

standard. The activity was determined as nmol product / h incubation / mg protein. 

2.3.4 Glycoprotein sample preparation 

Frozen cell pellets containing 8 x 107 total cells from cultures of each prostate cell line 

were homogenized and delipidated according to Morelle and Michalski [113]. Briefly, cells were 

hand homogenized in deionized water and lyophilized overnight. Lipid fractions were extracted 

with chloroform/methanol (2:1,v/v). The insoluble protein pellet collected by centrifugation was 

washed with cold-acetone/water at 4:1 v/v ratio. The delipidated pellet and aqueous solution were 

dried under a stream of nitrogen. The dried pellet was resuspended in a solution of 6 M 

guanidinium chloride and 5 mM ethylenediaminetetraacetic acid (EDTA) in 0.1 M Tris/HCl, pH 

8. Dithiothreitol was then added to a final concentration of 20 mM and the mixture incubated for 

1 h at 37°C. After 1 h incubation iodoacetamide (IAA) was added to a final concentration of 50 

mM and followed by incubation overnight in the dark at room temperature. The alkylated sample 

was dialyzed against deionized water at 4 °C for three days with changing of water every 24 h. 

Samples were freeze-dried after dialysis. Denatured samples were digested with trypsin overnight 

at 37°C. Following trypsinization, samples were boiled for 5 min to inactivate all trypsin enzyme 

activities and then centrifuged at 100Xg for 30 min. The supernatants were collected and dried. 

Contaminants such as salt and free sugar were removed by passing the samples through a C18 

Sep-Pak cartridge and washing with 5% acetic acid. Peptides and glycopeptides were eluted with 
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a step gradient of 20, 40 and 60% isopropanol in 5% acetic acid. Elutions were dried under 

nitrogen followed by lyophilization. 

2.3.5 N-glycan and O-glycan Preparation 

After drying, samples were dissolved in 200 µL of freshly prepared 50 mM ammonium 

hydrogen carbonate solution. The volume may be increased to ensure solubility. 3 µL 

(1000U/mL) of PNGase F enzyme solution (Roche) was added to each sample. Samples were 

incubated at 37°C overnight to release N-glycans. After digestion, samples were passed through a 

C18 Sep-Pak cartridge and the released N-glycans were eluted with a gradient of 20, 40, and 60% 

isopropanol in 5% acetic acid and dried under nitrogen gas followed by lyophilization. O-glycans 

were released by β-elimination procedures. The reductive elimination solution was prepared just 

before use (100 mM NaOH, 1 M NaBH4). Protein powder was dissolved into reductive 

elimination solution. The reaction was carried out at 45°C overnight then stopped by adding 10% 

acetic acid. A 20-min interval was applied between each addition until the neutralization reaction 

was completed. The released O-glycans were desalted with Dowex beads (ion-exchange resin). 

The borate in the samples was removed with methanol evaporation. Samples were further purified 

through a graphic column (Carbograph® 1SPE) washed with 10 mL 0.1% trifluoro acetic acid 

(TFA). Elution was obtained with the following solution in a gradient: (a) 2 mL 25% acetonitrile 

in 0.1% TFA; (b) 2 mL 50% acetonitrile in 0.15 TFA; (c) 2 mL 80% acetonitrile in 0.15 TFA. 

The eluted fractions were dried under nitrogen gas and then lyophilized overnight.  

2.3.6 Preparation of permethylated N- and O-glycans  

Vials containing the freeze-dried glycans were kept in a desiccator under an argon 

atmosphere. 400 µL of DMSO was added into each vial to dissolve sugars. Approximately 25 mg 

of powdered NaOH were added into each vial. After transferring 300 µL ICH3 into each vial, 
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vials were flushed with a stream of argon, lids closed right away and sealed with parafilm. After 

vortexing the solution at room temperature for 30 min, the reaction was quenched by adding 1mL 

5% acetic acid. The permethylated glycans were extracted after the addition of 1 mL of 

chloroform (HCCl3). Solutions were vigorously mixed and the chloroform layer was transferred 

into a clean tube. The chloroform layer was washed 3 times with 1 mL of water at 4°C and the 

aqueous phase discarded. After the third time washing, the chloroform layer was transferred into 

a new glass tube and dried under a stream of nitrogen in the hood, and then dried with a 

lyophilizer. Permethylated glycans were cleaned by passing samples through Sep-Pak C18 

columns which were washed with 7 mL water and 2 mL 10% acetonitrile. The permethylated 

glycans were eluted with 2 mL 80% acetonitrile. Eluates were collected and the acetonitrile 

content was evaporated under a stream of nitrogen in a hood. Samples were freeze-dried 

overnight. 

2.3.7 Preparation of permethylated glycans for MALDI-TOF-MS 

Permethylated glycans were dissolved in 30 µL methanol/water (1:1; vol/vol). Samples 

were mixed at 1:1 ration with matrix DHB (2,5-dihydroxybenzoic acid). 0.5 µL-1.0 µL of sample 

mixture was loaded directly onto the MALDI target plate. The mixture was allowed to dry at 

room temperature. 

2.3.8 Acquisition of MALDI-TOF-MS spectra  

The procedure of acquiring the spectra was published [114,115]. Spectra were obtained 

by submitting each spot to pulsed nitrogen laser shots over a range of m/z ratio from 400 to 2000 

for permethylated O-glycans and from 2000 to 5000 for permethylated N-glycans. The laser spot 

was moved to different areas of the target during acquisition, and spectra were averaged until a 

satisfactory signal-to-noise ratio was obtained.  
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2.3.9 Lectin staining assays of whole cells 

Lectins were used to determine cell surface glycosylation. Lectin staining was carried out 

as described [109] with cells fixed on 96 well microtitre plates. Confluent cells (7.2×104 to 

1.04×105) were incubated with biotinylated lectins followed by alkaline phosphatase-conjugated 

Avidin and nitrophenyl-phosphate reaction substrate. Absorbance at 405 nm was determined for 

the glycan content of each well. The intensities were normalized to 1.0×105 cells. The differences 

between means were compared using the Student’s t-test. In all cases, p < 0.01 was considered 

statistically significant. Each sample was analyzed at least seven times. 

2.3.10 Apoptosis assays 

A flow cytometry kit for apoptosis (APO-BRDU, Sigma) was employed for the detection 

and quantification of apoptosis at cellular levels. Briefly, prostate cells were cultured in 10 cm2 

culture dishes and incubated for 24 h until all cancer cells became attached to the micro-wells. 

Fas-activating antibody, C11 (Millipore) (20 µg/mL) was added to cells with/without 

neuraminidase treatment. Cells without any treatments were used as controls. After 24 or 48 h 

incubation, cells were harvested with trypsin-EDTA. Apoptotic cells were determined 

quantitatively by terminal deoxynucleotidyl transferase-mediated Br-dUTP nick-end-labeling 

(TUNEL) assay followed by flow cytometry analysis based on the product information provided 

by the supplier (Sigma). 

2.4  Results 

2.4.1 Structural analysis of N-and O-linked glycans of human prostate cells  

The N-glycosylation of immortalized RWPE-1 cells derived from normal prostatic tissues 

was studied in comparison to prostate cancer cells derived from different metastasized sites. N-
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glycans were released by PNGase F enzyme treatment. The pool of N-glycans obtained was 

analyzed by MALDI-TOF tandem MS. Table 2.1 and Appendix A Table 1 summarizes all the 

identified N-glycans and their relative abundance in different prostate cell lines, showing a 

significant heterogeneity. Multi-branched N-glycans were observed in all cell lines (Appendix A 

Table 1). More sialylated N-glycans (m/z, 2432, 2605) and increased α1,6-fucosylated N-glycans 

(m/z, 2245, 2326, 2605) were found in androgen-independent prostate cancer cells (PC-3 and 

DU145). Elevation of high-mannose (m/z, 2193, 2397) was found in all prostate cancer cells 

(Table 2.1).  

O-linked glycans from normal and prostate cancer cell lines were analyzed and 

compared. The observed mass, charge state, the relative abundance and the structures proposed 

based on tandem MS are listed in Appendix A Table 2. Common core structures and complex O-

glycans with terminal modifications such as mono- and di-fucosylated, mono- and di-sialylated 

structures as well as Lewis and blood group antigens were observed. The O-glycan profile of 

normal prostate cells consisted of core 1 to 3 structures (m/z 534, 575, 779) and complex O-

glycans with or without fucosylation (m/z 708, 953, 983 and 1024). The complex O-glycans (m/z, 

1157, 1199, 1228, 1270, 1332, 1402 and 1433) were present with relatively high intensities 

compared to the short O-glycans (Table 2.2, Figure 2.1A). In contrast, predominantly truncated 

O-glycans were present in prostate cancer cells. Sialyl-T antigen, NeuAc-Gal-GalNAc-ol (m/z 

895.8) appeared with higher relative intensity in cancerous cells. Furthermore, mono- and di-

sialylated T antigens contributed 38.5% to the total O-glycan profile of the most aggressive PC-3 

cells (Table 2.2, Figure 2.1B). This was consistent with previous studies which showed an 

increase in the expression and activities of sialyltransferases involved in the synthesis of 

sialylated T antigens in prostate cancer cells [109].  
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Table 2.1 Relative amounts of mass / charge ions of permethylated N-glycans determined by 
MALDI-TOF MS. 

N-glycans were released from prostate cell glycoproteins by PNGase F, permethylated and 
analyzed by MS/MS. The second analysis results were similar. 
 

 

2070 3.6 0.0 4.0 4.2 14.0 

2083 2.9 8.8 5.1 0.0 10.8 

2152 0.0 0.0 0.0 0.0 10.5 

2193 13.5 14.9 19.1 15.7 31.7 

2245 7.3 8.9 8.1 8.6 9.3 

2326 2.5 3.8 3.1 2.8 0.0 

2397 10.8 12.7 13.4 12.5 23.7 

2419 4.6 4.5 5.4 5.4 0.0 

2432 2.7 3.7 4.5 0.0 0.0 

2605 2.3 6.3 4.2 0.0 0.0 

2635 2.6 2.8 2.8 0.0 0.0 

2694 7.2 5.0 3.8 6.9 0.0 

2779 2.0 3.0 2.7 0.0 0.0 

[M+Na]+ Structures RWPE-1           PC-3             DU145            LNCaP              VCaP 
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Table 2.2 Relative amounts of mass / charge ions of permethylated O-glycans determined by 
MALDI-TOF MS. 

O-glycans were isolated from prostate cancer cell lines by β-elimination, permethylated and 
analyzed by MS/MS. The second analysis results were similar. 

 

 

 

 

[M+Na]+ Composition of oligosaccharide alditols Structures Relative Intensity 

RWPE-1 PC-3 DU145 LNCaP VCaP 

534 Gal, GalNAcol 1.9 3.7 4.51 6.67 2.8 

575 HexNAc, GalNAcol 1.7 2.9 1.96 7.18 1.1 

708 Gal, Fuc, GalNAcol 5.7 6.8 9.22 8.12 8.7 

779 Gal, HexNAc, GalNAcol 8.7 11.1 14.56 12.62 12.4 

820 2HexNAc, GalNAcol 0 0 0 0 0.9 

953 Gal, HexNAc, Fuc, GalNAcol 7.3 7.2 11.01 7.77 9.8 

983 2Gal, HexNAc, GalNAcol 4.1 3.1 10.88 7.95 5.5 

1024 Gal, 2HexNAc, GalNAcol 7.9 6.9 6.74 8.22 8.4 

1127 Gal, HexNAc, 2Fuc, GalNAcol 0 1.3 1.86 1.24 1.3 

1157 2Gal, HexNAc, Fuc, GalNAcol 8.3 0 7.79 1.57 10.3 

1199 Gal, 2HexNAc, Fuc, GalNAcol 4.6 0.9 1.24 0.55 0.7 

1228 2Gal, 2HexNAc, GalNAcol 6.5 1.7 1.36 0.76 1.4 

1270 Gal, 3HexNAc, GalNAcol 4.7 1.2 1.86 1.31 0.8 

1332 2Gal, HexNAc, 2Fuc, GalNAcol 12.8 2.4 2.7 2.09 0.9 

1402 2Gal, 2HexNAc, Fuc, GalNAcol 9.3 2 1.01 0.99 5.6 

1433 3Gal, 2HexNAc, GalNAcol 1.5 0 0 0 0 

691 NeuAc,GalNAcol 0 0.7 0 0.85 1.3 

895 NeuAc, Gal, GalNAcol 4.1 16.6 11.57 16.1 9.9 

1256 2NeuAc, Gal, GalNAcol 5 22.5 3.17 0.87 5.6 
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Figure 2.1 O-glycan mass spectra of (A) normal prostate cells (RWPE-1) and (B) prostate 
cancer cells (PC-3). 
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Figure 2.2A shows the fragmentation MS/MS spectrum of ions at m/z 779.4. The 

extended core 3 structure was easily identified by two ions: m/z 534 corresponding to a GlcNAc 

linked to GalNAcol and m/z 504 corresponding to a Gal linked to GlcNAc. Extended Core 1 was 

determined by ions at m/z 520 and 504 which correspond to a Gal linked to GalNAcol and a 

GlcNAc linked to Gal, respectively. Since the fragmented ions m/z 302 and 284 were not detected 

in the spectra, core 2 was not present. The MS/MS spectrum of ions at m/z 1157.6 (Figure 2.2B) 

showed core 1 and core 2 based complex structures. The extended core 1 with terminal fucose 

residue was revealed by three ions. Ions m/z 747 indicating the GlcNAc-Gal-GalNAcol structure, 

ions at m/z 490 corresponding to a Gal linked to GlcNAc and ions m/z 660 demonstrated the Fuc-

Gal-GlcNAc structure. In addition, a core 2 based structure was identified with the ions at m/z 

921. Structural elucidation of the oligosaccharide corresponding to the ion at m/z 1228.6 is shown 

in Figure 2.2C. Ions at m/z 266, 520 suggested a core 2 based structure. Other fragments such as 

m/z 504 and 731 suggested core 2 elongated at both, the β1-3 linked Gal and the β1-6 linked 

GlcNAc positions. Figure 2.2D shows MS/MS spectra of the ion at m/z 1332.2. Since core 2 

fragmentation ions, m/z 266, 284, 302 and core 3 resemble ions, m/z 534 were not detected, the 

ion at 1332.2 was identified as core 1 based complex structures rather than core 2 or extended 

core 3 structure. 

2.4.2 Establishment of the stable ST3Gal-I knockdown PC-3SH cell line 

Since sialyl-T antigen was the major O-glycan found in PC-3 cells and ST3Gal-I is the 

sialytransferase mainly responsible for adding sialic acid to the T antigen, the function of 

ST3Gal-I mediated sialylation in cancer cell apoptosis attracted most of our attention. We 

established a cell line (PC-3SH) that stably expressed shRNA which force down-regulated 

ST3Gal-I. To show that ST3Gal-I knockdown was achieved and it did not alter the expression of 

apoptosis receptor Fas, Western blots of ST3Gal-I and Fas were performed. The expression of 
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ST3Gal-I was decreased with equivalent levels of Fas and β-actin control in PC-3SH cells 

compared to control shRNA transfected PC-3 cells (PC-3C) (Figure 2.3A). Furthermore, the 

activities of ST3Gal-I in both cell lines showed reduced activity of ST3Gal-I in PC-3SH cells 

(Figure 2.3B). 
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Figure 2.2 Fragmentation pattern of precursors (A) m/z, 779.5, (B) m/z, 1157.6, (C) m/z, 
1128.6, (D) m/z, 1332.2. 
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Figure 2.3 (A) Western blots of ST3Gal-I and Fas from transfected and control prostate 
cancer PC-3 cells. (B) Activity of ST3Gal-I in transfected and control PC-3cells. 

(A) PC-3C and PC-3SH cells were lysed. The protein concentrations of lysates were determined 
by BioRad protein assay method. PC-3C and PC-3SH cell lysates prepared with equal protein 
concentration were subjected to Western blot for ST3Gal-I, Fas and β-Actin. The level of 
ST3Gal-I is much higher in PC-3C than in PC-3SH cells. There was no change in the expression 
of Fas. β-Actin served as a control. (B) C, positive control (ST3Gal-I transfected mouse intestine 
donated by J. Burchell, Cancer Research UK); I, PC-3 cells; II, PC-3C cells (control shRNA 
transfected PC-3 cells); III, PC-3SH cells (shRNA forced down-regulation of ST3Gal-I). 

 

!"#$%&"'()

*'+,-.)

/%012345)

!"#$"%%%!"#$&'%%%%%%%%6+7)

!"

#"

$!"

$#"

%!"

%#"

$" %" &" '"2)))))))))))()))))))))))(())))))))))((()

+,
-8
9:;

)6.
<
=&
16
>?
<
@7
)

6A7)



 

 

39 

2.4.3 ST3Gal-I prevents Fas induced apoptosis in PC-3 cells 

In the current study, the cells after shRNA knockdown of ST3Gal-I (PC-3SH) and control 

shRNA transfected PC-3 cells (PC-3C) were treated with Fas-activating antibody, CH11. Levels 

of apoptosis were then evaluated by the TUNEL assay. As shown in Figure 2.4, when treated 

with C11 (20 µg/mL) for 24 h, only 5% of PC-3C cells underwent apoptosis, while in the 

neuraminidase pretreated condition, 19% of PC-3C cells were apoptotic; in addition, 23% of PC-

3SH cells were apoptotic. Thus low levels of ST3Gal-I-mediated sialylation was associated with 

increased Fas-mediated apoptosis. The efficiency of neuraminidase treatment was shown with 

lectin binding assay (Appendix A Figure 1). Since receptor excessive O-glycosylation was shown 

to facilitate ligand-induced clustering of DR4 and DR5 [92] we treated both cells also with 

TRAIL. However, there was no evidence showing that ST3Gal-I was involved in TRAIL-

mediated apoptosis. 

 

Figure 2.4 Fas-induced apoptosis detected by TUNEL assays. 

PC-3 and PC-3SH prostate cancer cells were cultured in serum-free medium upon 24 h incubation 
with different reagents. NC, negative control (average level of apoptosis measured in PC-3C and 
PC-3SH cells without treatment); I, Neuraminidase (5 mU/mL) treated cells (average level of 
apoptosis determined with PC-3C and PC-3SH cells); II, PC-3 cells treated with C-11 (20 µM); 
III, Neuraminidase (5 mU/mL) treated PC-3C cells prior to C-11 (20 µM) treatment; IV, PC-3SH 
cells treated with C-11 (20 µM). Every assay was carried out in duplicate. 
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2.5 Discussion  

Many studies have shown that human prostate cancers and cell lines derived from tumors 

have abnormal glycosylation. In some cases, these differences were shown to correlate with 

altered biochemical and biological properties including those with relevance to the metastatic 

progression.  In the present study, we applied methods of glycobiology to cultured prostate cancer 

cells in comparison to normal prostate cells. Our studies consisted of a) glycomics, b) 

glycoprotein biosynthesis [109] and c) functional studies related to apoptosis. The glycan profiles 

of prostate cancer cells were analyzed by detailed MALDI-TOF MS/MS analysis and showed a 

high diversity of N- and O-glycan structures on prostate cell lines. Although the prostate cancer 

cell lines were derived from different metastasized sites, common features were observed. 

Prostate cancer cells showed an elevation of high-mannose, such as Man8 and Man9 N-glycans 

(m/z, 2193 and 2397 respectively). In addition, more sialylated N-glycans (m/z, 2432, 2605, 2779) 

and more α1,6-fucosylated N-glycans (m/z, 2245, 2326, 2605) were found in androgen-

independent prostate cancer cells (PC-3 and DU145).  

The abundance of high mannose, core fucosylated and sialylated N-glycans, has also 

been shown to associate with other types of cancers. For example, there is an increased 

expression of high mannose structures in breast and ovarian cancer cells [116,117]. Elevation of 

high mannose glycans is also found in the sera of breast cancer patients and when the tumor is 

removed the level of high mannose glycans is reduced [118]. Another report shows highly 

abundant Man9 N-glycans in pancreatic cancer sera compared to healthy controls [119]. The more 

prevalent high mannose glycans in cancer cells may be due to the failure of trimming and adding 

sugar residues in N-glycan processing and synthesis pathways. This consequently may alter the 

adhesive functions of glycoproteins of cancer cells.  
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Significantly increased N-glycan core fucosylation has been found in the sera from 

prostate cancer patients compared to healthy controls [11,120]. The level of core fucosylation 

may be due to the alteration of fucosylation pathways. α1,6 fucosyltransferase (FUT8) is 

responsible for adding fucose residues to the N-glycan core structure after the action of 

GlcNAcT-I and II. FUT8 is overexpressed in many types of cancers including thyroid carcinoma 

[121] hepatocellular carcinoma [122] and colon carcinoma cells and associated with increased 

metastatic potential of cancer cells [123]. Based on our structural analysis of prostate cancer cells, 

FUT8 may also be increased in prostate cancer. 

There are more than 20 sialytransferases that add sialic acid in different linkages to 

glycoconjugates. These enzymes have been classified into different families including β-

galactoside α2,3-sialyltransferases (ST3Gal I-VI), β-galactoside α2,6-sialyltransferases (ST6Gal I 

and II), GalNAc α2,6-sialyltransferases (ST6GalNAc I-VI), and α2,8-sialyltransferases (ST8Sia 

I-VI) [124]. Increased sialylation of N-glycans in prostate cancer cells implicates the altered 

expression levels and activities of corresponding sialyltransferases such as ST3Gal-III, ST3Gal-

IV, and ST6Gal-I that are responsible for adding sialic acids in α2-3 and α2-6 linkages to N-

glycans. High activities of ST3Gal-III and ST6Gal-I have been shown to associate with gastric 

cancer tissues [125]. Overexpression of ST3Gal-III and ST6Gal-I correlate with invasiveness of 

cervical cancer, contribute to lymph node metastases and poor prognosis [65]. Increased 

sialylation in prostate cancer cells has also been detected previously by using Maackia amurensis 

lectin II (MAA II) which recognizes α2-3 sialic acid and Sambucus nigra lectin that recognizes 

α2-6 sialic acid [109]. However, these lectins binds to sialic acid residues on N- and O-glycans, 

as well as glycolipid glycans. In this study, we made progress to show that increased N-glycan 

sialylation is found in prostate cancer cells that supports our previous observations from lectin 

binding assays.  
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Mass spectrometry analysis suggested that the predominant O-glycans on prostate cancer 

cells were sialyl-T, sialyl-Tn and di-sialyl-T antigens. Previously, we have reported that ELISA 

of whole prostatic cells using anti-sialyl-Tn antibody shows higher expression of sialyl-Tn 

antigen in prostate cancer cells than normal prostatic cells [109]. This is consistent with our MS 

analysis. Sialyl-T, NeuAc-Gal-GalNAc-ol (m/z 895.8) is the most abundant structure present on 

prostate cancer cells. The expression of sialyl-T is also increased in other cancer cells including 

gastric cell lines, human and murine mammary carcinoma cells [126,127]. A high abundance of 

α2-3 sialic acid relates to the grade and metastatic potential of pancreatic and gastric cancers 

[52,86,108,128]. 

 Altered sialylation of cancer cells is usually due to the expression levels and activities of 

sialyltransferases [129]. ST3Gal-I is the major enzyme that transfers sialic acid to the T-antigen, 

and synthesizes NeuAcα2-3Galβ1-3GalNAc- (sialyl-T antigen) while other ST3Gal enzymes add 

α2-3 sialic acid to the Gal residue of N-linked glycans, extended O-glycans or gangliosides. We 

have showed that the expression levels and activities of ST3Gal-I are increased in prostate cancer 

cells compared to normal prostatic cells [109]. The ST3Gal-I enzyme is also overexpressed in 

many other types of cancers, including breast, bladder, gastric, colon and ovarian cancers 

[53,52,127,128,130,131]. High expression of ST3Gal-I promotes mammary tumorigenesis 

[22,53] and also initiates oncogenic transformation of bladder cells [53]. The suppression of 

metastatic cancer cells by a sialyltransferase inhibitor further proved the critical roles played by 

sialic acid in malignant transformation [104].  

Many of the cell surface receptors involved in regulating cell growth, proliferation, 

induction and regulation of apoptosis have been identified as glycoproteins. However, the 

functions of these posttranslational modifications have received minimal attention. Thus, our 

knowledge of the role of glycoconjugates in regulating the activity of specific receptors is 
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relatively limited, although the cytosolic signaling pathways have been intensively studied. The 

regulation of Fas by sialylation was previously suggested by studies in lymphocytes [97]. The 

high expression of α2-6 linked sialic acids on Fas was shown to inhibit Fas internalization and 

consequently prevented apoptosis in colon carcimoma cells. [96]. Although these prior studies 

clearly linked sialylation to Fas activity, the importance of α2-3 sialylation regarding Fas-

triggered apoptosis was still not understood. This sialylation-accompanied cell survival is likely 

mediated through different molecular pathways. Valenzuela et al. stated that blocking O-glycan 

elongation by expressing ST3Gal-I rendered prostate cancer cells resistant to galectin-1, showing 

that sialyl-T antigen is critical for cancer cells to evade from immune system [132]. In order to 

understand the function of ST3Gal-I-mediated sialylation in cancer cell self-protection from Fas-

induced apoptosis, we generated PC-3SH cells that stably down regulated ST3Gal-I. These cells 

showed increased susceptibility to anti-Fas antibody-induced apoptosis which was not related to 

Fas expression. This suggests that the high expression of ST3Gal1 in prostate cancer cells may be 

responsible for the resistance to apoptosis. ST3Gal-I catalyzes the transfer of sialic acid to core 1 

O-glycans and glycolipids [133]. Fas is known to be N-glycosylated although SHIP-1 has been 

reported to promote Fas O-glycosylation [97]. Whether sialylated O-glycans on Fas contribute to 

apoptosis resistance in prostate cancer cells, remains to be determined. Recently it has been 

reported that lipid rafts are involved in the triggering of Fas-mediated apoptosis; however, the 

knowledge regarding the mechanism is limited [89,91,134]. Increased activity and expression of 

ST3Gal-I in prostate cancer cells may lead to the production of more sialylated glycolipids that 

localize to lipid rafts. High expression of sialic acids on Fas has been shown to inhibit Fas 

oligomerization in cancer cells [96, 102]. These negatively charged sialic acid residues could 

repel each other and prevent co-clustering of Fas and lipid rafts. Therefore, decreased sialylation 



 

 

44 

achieved by down regulation of ST3Gal-I through shRNA interfering methods may facilitate the 

clustering of lipid rafts and Fas-induced apoptosis signalling. 

In conclusion, the present study demonstrated an increased expression of sialyl-T antigen 

in prostate cancer cells through MALDI-TOF tandem mass spectrometry analysis. This specific 

sialic acid modification is related to the up-regulation of a specific sialyltransferase ST3Gal-I in 

prostate cancer cells. The results suggest that ST3Gal-I-mediated sialylation blocks apoptosis 

signaling through the Fas receptor but not through DR4/5. This is the first comprehensive study 

of glycomics of prostate cell lines, which has several important implications, including the 

potential of cancer biomarker determination. In addition, the finding that forced down-regulation 

of α2-3 sialylation sensitizes tumor cells to Fas-apoptosis, suggests that ST3Gal-I may be a target 

for anti-cancer drug development. 
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 Chapter 3

Glycosylation Potential of Human Prostate Cancer Cell Lines 

 

3.1 Abstract 

Altered glycosylation is a universal feature of cancer cells and altered glycans can help 

cancer cells escape immune surveillance, facilitate tumor invasion, and increase malignancy. The 

goal of this study was to identify specific glycoenzymes which could distinguish prostate cancer 

cells from normal prostatic cells. We investigated enzymatic activities and gene expression levels 

of key glycosyl- and sulfotransferases responsible for the assembly of O- and N-glycans in 

several prostatic cells. These cells included immortalized RWPE-1 cells derived from normal 

prostatic tissues, and prostate cancer cells derived from metastasis in bone (PC-3), brain 

(DU145), lymph node (LNCaP), and vertebra (VCaP). We found that all cells were capable of 

synthesizing complex N-glycans and O-glycans with the core 1 structure, and each cell line had 

characteristic biosynthetic pathways to modify these structures. The in vitro measured activities 

corresponded well to the mRNA levels of glycosyltransferases and sulfotransferases. Lectin and 

antibody binding to whole cells supported these results which form the basis for the development 

of tumor cell-specific targeting strategies 

3.2 Introduction 

Prostate cancer (CaP) is the most commonly diagnosed cancer, and the second leading 

cause of cancer death in men in most regions of the world. Altered glycosylation in cancer cells 

[9,135-137] can change antigenicity, facilitate the escape of cancer cells from the immune 

surveillance, and promote invasion and metastasis [61,85,102,106,107,138-141]. In particular, 
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sialic acid is a cell surface carbohydrate involved in multiple functions such as cell adhesion and 

immunity, and is often found in increased amounts in cancer cells [141,142]. 

The prostate produces many glycoproteins, including the N-glycosylated prostate specific 

antigen (PSA) [12,143] and highly O-glycosylated secreted and cell surface-bound mucins 

[7,144-146]. PSA glycoforms from the serum of healthy people have mainly bi-antennary 

complex chains while PSA in the sera of CaP patients has many tri- and tetra-antennary N-

glycans, suggesting an increase in branching GlcNAc-transferases (GnT) in CaP [8,9,12,13]. 

Significant changes were observed at the nonreducing ends of the oligosaccharide chains of PSA. 

The glycosylation of MUC1 mucin is also altered in CaP [136,137].  

The selectin ligand sialyl-Lewis x, Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ-R (SLex), 

and related antigens play a critical role in cancer cell migration [29,57,147,148], and are 

associated with a low survival rate [149]. The O-glycan branching enzyme core 2 β6-GlcNAc-

transferase (C2GnT) synthesizes core 2, GlcNAcβ1-6(Galβ1-3)GalNAc-, which forms a scaffold 

structure for SLex in leukocytes, and may play a role in controlling the adhesion of cancer cells to 

the endothelium and their invasiveness [13,29,57,150]. The expression of C2GnT was found to 

increase with progression of CaP [82]. C2GnT also contributes to galectin-1-mediated cell death 

in LNCaP cells derived from lymph node metastasis [132].   

The mechanisms underlying altered glycosylation of cancer glycoproteins involve 

characteristically abnormal glycosyltransferase activities [34,107,151-154]. In the current study, 

we conducted a comprehensive analysis of the activities and gene expression levels of key 

enzymes involved in the pathways of N- and O-glycans in four different cultured metastatic CaP 

cell lines in comparison to cells derived from normal prostate. We correlated transferase activities 

with mRNA expression levels of transferase genes. We showed that some of the glycosylation 

pathways are characteristic for a given cancer cell type. In addition, we found that alterations in 
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several enzymes as well as in cell surface carbohydrate structures were common to all of the CaP 

cell lines. Some of these enzyme patterns resembled those found in colon and breast cancer cells. 

These studies provide a solid basis for targeting specific transferases and for further work on the 

biological roles of cancer-associated glycans. 

3.3 Materials and methods 

3.3.1 Materials 

Reagents were from Sigma, unless indicated otherwise. Enzyme substrates were also 

prepared and donated by Hans Paulsen (University Hamburg, Germany) and Khushi Matta 

(Roswell Park Cancer Institute, Buffalo, NY). The β1,4-Galactosyltransferase (β4GalT) inhibitor 

612 was prepared by Walter Szarek (Queen's University, Canada). Lectins were obtained from 

Vector Labs. Antibodies anti-SLex (CSLEX1) was from BD Pharmingen; anti-Ley, anti-Tn, anti-

Lea and anti-sialyl-Tn antibodies were from Abcam. 

 

3.3.2 Cell cultures 

Human colon cancer Caco-2 cells were obtained from John MacLeod (Queen's 

University) and grown in Dulbecco's Modified Eagle's medium. The immortalized human 

prostate cell line RWPE-1 was from ATCC, and cells were grown in Keratinocyte serum free 

medium. Metastatic CaP cell lines (from ATCC) were kindly donated by Jeremy Squire (Queen's 

University) and were grown as recommended by ATCC.  PC-3 cells, derived from bone 

metastasis (stage IV), were grown in F-12K medium from Invitrogen. DU145 cells, derived form 

brain metastasis, were grown in Eagle’s Minimum Essential medium. LNCaP cells, derived from 

left supraclavicular lymph node metastasis, were grown in RPMI-1640 medium. VCaP cells, 
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derived from vertebral metastasis, were grown in DMEM. All cell lines were grown at 37 °C with 

5 % CO2 and growth media contained 10 % fetal bovine serum (FBS) (except for RWPE-1), as 

well as 100 U Penicillin / ml and 100 µg Streptomycin / ml.  

3.3.3 Preparation of cell homogenates 

For glycosyltransferase and sulfotransferase assays, cells were harvested immediately 

after reaching confluence. Cells were detached with 0.25 % trypsin-EDTA (Invitrogen), washed 

once in growth medium followed by two washes with phosphate-buffered saline (PBS, 

Invitrogen). Pellets were stored at -80 °C, then hand homogenized on ice in 0.25 M sucrose (1 ml 

sucrose / l08 cells) and stored in small aliquots at -80 °C. Protein concentrations of homogenates 

were determined by the Bio-Rad (Bradford) protein assay method using bovine serum albumin as 

the standard. 

3.3.4 Glycosyltransferase assays  

Glycosyltransferases were assayed at standard conditions using fresh aliquots of frozen 

cell homogenates immediately after thawing [83,56,155-160]. Enzymes were kept on ice until the 

time of incubation. Assays were carried out in duplicate with variations between assays of < 10 

%. Enzyme products were isolated by AG1x8 or Sep-Pak C18, followed by separation with 

reversed-phase HPLC. Table 3.1 lists the enzymes and substrates used as well as the HPLC 

conditions in every assay. The acceptor substrate for GnT-I was Manα1-6(Manα1-3)Manβ-octyl 

(Toronto Research Chemicals). Manα1-6(GlcNAcβ1-2Manα1-3)Manβ-octyl was enzymatically 

prepared from Manα1-6(Manα1-3)Manβ-octyl, using recombinant GnT-II (donated by H. 

Schachter, University of Toronto, Canada), and was purified by reversed-phase HPLC. 

3.3.5 GalNAc-transferases 
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Polypeptide α-GalNAc-transferase (ppGalNAcT) [159] and β3/4GalNAc-transferase 

(β3/4GalNAcT) activities were determined in a total volume of 40 µl containing 0.125 M MES 

(N-morpholino-ethanesulfonic acid) pH 7, 0.125 % Triton X-100, 10 mM AMP, 12.5 mM MnCl2, 

0.9 mM UDP-[3H]GalNAc (2000-4000 cpm/nmol), 0.5 mM AQPTPPP (for ppGalNAcT) or 

GlcNAcβ1-3GalNAcα-p-nitrophenyl or GlcNAcβ-Bn (for β3/4GalNAcT), and 10 µl cell 

homogenate (80 to 150 µg protein). Samples were incubated at 37°C for 1 hour and product 

determined using AG1x8 and HPLC as described [159]. 

3.3.6 Glycosyltransferases that synthesize core 1 to 4 glycans 

The activities (Table 3.1) of C1GalT and C3GnT that act on GalNAcα-Bn, C2GnT1 that 

acts on Galβ1-3GalNAcα-Bn or C2GnT2 that acts on both Galβ1-3GalNAcα-Bn and GlcNAcβ1-

3GalNAcα- p-nitrophenyl (Toronto Research Chemicals) to synthesize core 4, GlcNAcβ1-

6(GlcNAcβ1-3)GalNAcα-, were determined as described [159]. 
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Table 3.1 List of enzymes, reaction substrates and HPLC conditions. 

Assays for the enzymes listed were carried out under conditions described in Materials and 
methods. The gene names (according to NCBI) indicate specific genes known to be responsible 
for the activities, and/or genes examined for mRNA expression. Enzyme products were isolated 
using the acceptor substrates listed, and a C18 column and acetonitrile (AN) - water mixtures as 
the liquid phase; % AN acetonitrile concentration in the liquid phase, Bn benzyl, Gn GlcNAc, M 
mannose; pnp p-nitrophenyl 
 

 !

Enzyme Short Name  Gene Name Acceptor Substrate and Assay Concentration (mM) 
 

HPLC  
(%AN) 

Polypeptide-N-acetylgalactosaminyl- transferase ppGalNAcT  AQPTPPP                                     0.5  
Core 1 !1,3-galactosyltransferase C1GalT 

T-synthase 
C1GALT1 GalNAc!-Bn  

 
0.5 14 

Core 2 !1,6-N- acetylglucosaminyltransferase C2GnT1 
C2GnT3 

GCNT1  
GCNT4 

Gal"3GalNAc!-Bn 0.5 13 

Core 3 !1,3-N- acetylglucosaminyltransferase C3GnT 
Core 3 synthase 

B3GNT6 
 

GalNAc!-Bn  1.0 14 

Core 4 !1,6-N-acetylglucosaminyltransferase C2GnT2 GCNT3 Gn"3GalNAc!-pnp 0.5 12 
!1,3-N-acetylglucosaminyltransferase Extension 

"3GlcNAcT  
iGnT 

B3GNT1 Gal"4Gn"-Bn  1.0 13 

!1,3-N-acetylglucosaminyltransferase Elongation 
"3GlcNAcT  

B3GNT3 Gal"3(6-deoxy)GalNAc!-Bn  1.0 18 

!1,3/4-N-acetylgalactosaminyltransferase "4GalNAcT 
"3GalNAcT 

B4GALNT3 Gn"3GalNAc!-pnp  
Gn"-Bn 

0.5 
0.5 

13 
12 

!1,3/4-Galactosyltransferase "4GalT 
"3GalT5 
"3GalT 

B4GALT1 - 6 
B3GALT5 
B3GALT1-2 

Gn"-Bn  
Gn"3GalNAc!-pnp  

0.5 
 
0.5 

12 
 
13 

!1,2-N-acetylglucosaminyltransferase I GnT I  MGAT1 M!6(M!3)M"-octyl                        0.5 24 
!1,4-N-acetylglucosaminyltransferase II GnT II  MGAT2 M!6(Gn"2M!3)M"-octyl               0.5 24 
!1,4-N-acetylglucosaminyltransferase III-V GnT III-V   Gn"2M!6(Gn"2M!3)M"-octyl               0.5 24 
!1,6-N-acetylglucosaminyltransferase V GnT V  MGAT5 Gn"2M!6(Gn"2[4-deoxy]M!3)4-O-

methyl-M"-Octyl 
1.0 24 

"1,2-Fucosyltransferase !2FUT1  FUT1 Gal"-Bn  2.0 11 
"1,2-Fucosyltransferase !2FUT2 FUT2 Gal"3GalNAc!-Bn  2.0 13 
"1,3-Fucosyltransferase !3FUT3 - 9 

 
FUT3 - 9 GalNAc"4Gn"-Bn 2.0 13 

"1,4-Fucosyltransferase !3/4FUT3 FUT3 2-O-Methyl-Gal"3Gn"-Bn 2.0 13 
"2,3-Sialyltransferase ST3Gal ST3GAL1 Gal(6-deoxy)"3GalNAc!-Bn         1.0 12 
"2,3-Sialyltransferase ST3Gal3-6 ST3GAL3-6    
"2,6-Sialyltransferase ST6Gal ST6GAL1    
"2,6-Sialyltransferase ST3GalNAc1-4 ST6GALNAC1-4    
Galactosyl-3-O-sulfotransferase Gal3ST GAL3ST1-4 Gal(6-deoxy)"3GalNAc!-Bn         2.0 13 
N-acetylglucosaminyl-6-O-sulfotransferase GlcNAc6ST CHST1-4 Gn"-Bn 2.0 12 
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3.3.7 GlcNAc-transferases I to V 

The assay mixtures for GlcNAc-transferase (Tabl3 3.1) that synthesize N-glycan 

branches contained 0.9 mM UDP-[3H]GlcNAc (1600 cpm/nmol) and 0.5 mM Manα6(Manα3)-

Manβ-octyl (for GnT-I, Toronto Research Chemicals), Manα6(GlcNAcβ2Manα3)Manβ-octyl 

(for GnT-II), GlcNAcβ2Manα6(GlcNAcβ2Manα3)-Manβ-octyl (for GnT-III to V) or 1 mM 

GlcNAcβ2Manα6(GlcNAcβ2[4-deoxy-]Manα3)[4-O-methyl-]Manβ-octyl in the absence of 

MnCl2 (for GnT-V) (Table 3.1). Enzyme parameters for GnT V were determined using PC-3 cell 

homogenates, and the non-linear regression program OriginPro 8.1.  

3.3.8 Galactosyltransferases 

GalT assays were carried out as described [157], using 1 mM UDP-[3H]Gal (1600 

cpm/nmol) and 0.5 mM GlcNAcβ-Bn or GlcNAcβ1-3GalNAcα- p-nitrophenyl as acceptor 

substrates. Inhibition assays of β4GalT assays were carried out in the presence of 0.5 mM 

substrates and 0.5 mM GlcNBu-S-2-naphthyl (612). Since this inhibitor was dissolved in 

methanol, the same amount of methanol (10 %) was present in all assays. 

3.3.9 Sialyltransferases 

ST3Gal activities were determined in a total volume of 40 µl containing 0.1 M Tris, pH 7, 

0.125 % Triton X-100, 12.5 mM MnCl2, 0.8 mM CMP-[3H]sialic acid (2400 cpm/nmol), 1 mM 

Galβ1-3(6-deoxy)GalNAcα-Bn as substrate and 10 µl cell homogenates (80 to 150 µg protein). 

Samples were incubated at 37°C for 1 hour and reaction mixtures applied to Sep-Pak C18 

columns. Enzyme product eluted with methanol was analyzed by reversed-phase HPLC.  

3.3.10 Sulfotransferases 
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Sulfotransferase (Gal3ST and GlcNAc6ST) activities were determined in a total volume 

of 40 µl containing 50 mM MES pH 7, 0.1 % Triton X-100, 2 mM ATP, 10 mM NaF, 10 mM 2-

,3-mercaptopropanol, 10 mM MnCl2, 0.8 mM 3′-phosphoadenosine 5′-phospho[35S]sulfate 

(PAP35S) (1300 cpm/nmol), 2 mM Galβ1-3(6-deoxy)GalNAcα-Bn or GlcNAcβ-Bn (for Gal3ST 

or GlcNAc6ST, respectively) and 10 µl cell homogenate (80 to 150 µg protein). Samples were 

incubated at 37°C for 1 hour and the reaction mixtures were eluted through Sep-Pak C18 column, 

followed by HPLC analysis (C18 column).  

3.3.11 Fucosyl-transferases 

Assays for α2FUT and α3/4FUT (Table 3.1) were carried out as described for GalT 

assays, except that the donor substrate was 1.25 mM GDP[3H]-Fuc (1000 cpm/nmol) or 1 mM 

GDP-[14C]Fuc (2600 cpm/nmol) and the acceptor was either 2 mM Galβ-Bn, Galβ1-3GalNAcα-

Bn or GalNAcβ1-4GlcNAcβ-Bn (Table 3.1). Mixtures were separated by AG1x8 and reversed-

phase HPLC.  

3.3.12 Real-time PCR analysis of the mRNAs of glycosyl- and sulfotransferase genes 

RNA from cultured prostate cells was isolated by TRI-REAGENT according to the 

manufacture’s instruction. To prepare cDNA, 2 µg RNA were used in a 20 µl reaction mixture 

using a Verso reverse transcriptase kit (Thermo scientific) as follows: 5 min at r.t., 60 min at 42 

°C, and 2 min at 95 °C. Quantitative real-time PCR was performed in 10 µl reaction volume in a 

96-well plate using 2 µl of diluted (1:1) cDNA with SYBR® Premix Ex TaqTM (TAKARA BIO 

INC.) on a Mastercycler Epgradient realplex (Eppendorf AG, Hamburg, Germany). The PCR 

conditions included 1 cycle at 95 °C for 2 min followed by 45 cycles at 95 °C for 15 s, 60 °C for 

15 s, and 72 °C for 45 s. The data were analyzed using Eppendorf realplex software, version 1.5 

(Eppendorf). The amounts of glycosyltransferase transcripts were normalized to the amount of 
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GAPDH transcript in the same cDNA sample. Relative fold differences in transcript expression 

were determined using the following comparative CT method: CT method: 2-[∆Ct (Target)] x100 

where ∆Ct=Ct (Target)-Ct (GAPDH) as described previously [161].  The results were expressed as 

the amount (%) relative to that (100 %) of GAPDH and plotted as mean relative amount ± SEM. 

Primer sequences used for expression analysis of all genes including GAPDH are summarized in 

Appendix B Table 1. 

3.3.13 Lectin staining assays of whole cells 

Lectins were used to determine cell surface glycosylation. Lectin staining was carried out 

as described [160] with cells fixed on 96 well microtitre plates. Confluent cells (7.2×104 to 

1.04×105) were incubated with biotinylated lectins followed by alkaline phosphatase-conjugated 

Avidin and nitrophenyl-phosphate reaction substrate. The color change was measured with a 

microplate reader at 405 nm. The intensities were normalized to those of 1.0×105cells. The 

differences between means were compared using the Student’s t-test. In all cases, p < 0.01 was 

considered statistically significant. Each sample was analyzed at least seven times. 

3.3.14 Enzyme linked immunosorbent assays (ELISA) of whole cells 

Antibodies were also used to assess cell surface glycans. ELISA was carried out as 

described [162]. Cells were grown to confluency in 96-well plates, and were then fixed. 

Confluent cells (7.2×104 to 1.2×105 cells) were incubated with anti-SLex (CSLEX1), anti-Ley, 

anti-Tn, anti-Lea or anti-sialyl-Tn antibodies followed by alkaline phosphatase-linked secondary 

antibodies and nitrophenyl-phosphate reaction substrate. Samples were analyzed as described 

above.  
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3.4 Results 

The enzymatic activities of several glycosyltransferases and sulfotransferases were 

compared in homogenates from four different metastatic CaP cell lines and a normal prostatic cell 

line, as well as the human colon cancer cell line Caco-2 [156] and rat colon mucosal homogenate 

which served as positive controls.  Enzyme nomenclature and substrates used are listed in Table 

3.1. The activities were correlated to the mRNA expression of isoenzymes and the cell surface 

expression of lectin and anti-carbohydrate antibody binding sites. The cell surface carbohydrates 

showed distribution patterns that appeared to be specific for each prostatic cell line. 

3.4.1 Synthesis of complex N-glycans 

As shown in Table 3.2, all prostatic cell lines contained GlcNAc-transferase (GnT-I and 

II) activities involved in the synthesis of bi-antennary N-glycans. The activity of GnT-I which 

synthesizes the first antenna of N-glycans, i.e. GlcNAcβ1-2 linked to the Manα1-3 branch, was 

reduced in all CaP cells up to 85 % when compared to prostatic RWPE-1 cells. GnT-II which 

adds GlcNAc in a β1-2 linkage to the Manα1-6 arm was active in all prostatic cells. The 

combined activities of GnT-III, IV and V using a biantennary substrate were low (< 0.5 

nmol/h/mg) in all cells (data not shown). GnT-V which synthesizes the GlcNAcβ1-6 branch of 

tetra-antennary N-glycans was also assayed using an acceptor substrate specific for GnT-V 

(Figure 3.1A). The activities of GnT-V were higher in all CaP cells compared to RWPE-1 cells. 

PC-3 and LNCaP cells exhibited the highest GnT-V activities (0.31 and 0.35 nmol/h/mg, 

respectively). The reaction rate was linear with respect to protein concentrations up to 0.29 mg/ml 

and incubation times up to 2 h. Because of the low GnT-V activity in normal prostatic cells it was 

not possible to obtain an accurate KM value. For GnT-V in PC-3 cell homogenates, the apparent 

KM value for UDP-GlcNAc was 0.93 mM and Vmax was 0.62 nmol/h/mg (Figure 3.1B). For the 
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acceptor substrate, the apparent KM and Vmax values were 0.05 mM and 0.38 nmol/h/mg, 

respectively (Figure 3.1C). This KM value was similar to that previously found for a purified 

hamster kidney GnT V (0.06 mM) [158]. 

 

Table 3.2 GlcNAc-transferase activities that synthesize N-glycan antennae. 

The results were calculated as the average of duplicates that differ by < 10 %. Abbreviations are 
as in Table 3.1. Caco-2 cells served as positive controls. RWPE-1 cells were derived from normal 
prostate. PC-3, DU145, LNCaP and VCaP cells are metastatic prostate cancer cells. 
 

Enzyme Activity (nmol/h/mg) 
 RWPE-1 PC-3 DU145 LNCaP VCaP Caco-2 

GnT-I 7.21 1.65 1.10 3.94 2.60 3.45 
GnT-II 3.40 1.19 1.55 5.64 2.79 2.44 
GnT-V 0.03 0.31 0.05 0.35 0.23 0.08 

 

3.4.2 Glycosyl- and sulfotransferase activities that assemble O-glycans 

Prostatic cancer cells produce highly O-glycosylated mucins that are abnormally 

expressed [145]. We therefore measured the enzymatic activities of glycosyl- and 

sulfotransferases that participate in the synthesis of O-glycans. The addition of the first sugar in 

the O-glycosylation pathways is catalyzed by a family of ppGalNAcT. Using a peptide acceptor 

with only one O-glycosylation site (AQPTPPP), high activities (3.0 to 12.5 nmol/h/mg) of 

ppGalNAcT were detected in all prostatic cell homogenates (Table 3.3). This suggests that 

glycoproteins and mucins in these prostatic cells are potentially highly O-glycosylated which 

corresponds to the expression of the HP lectin epitope (Appendix B Figure 1) and the Tn antigen 

(Appendix B Figure 2) on cell surfaces. All of these prostatic cells contained the activity of core 1 

β3Gal-transferase (C1GalT) which synthesizes core 1, Galβ1-3GalNAc-, the T antigen 

recognized by PNA lectin (Appendix B Figure 1). However, the subsequent processing of core 1 

appeared to be quite different among these cells. The core 2 β6-GlcNAc-transferase (C2GnT) 
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activity responsible for the synthesis of branched core 2 O-glycans was not detected in PC-3 and 

DU145 cells. C2GnT activity was low in normal prostatic RWPE-1 cells (0.3 nmol/h/mg), but 

was four to ten-fold higher in VCaP and LNCaP cells, respectively. These cells therefore can 

synthesize complex branched O-glycan structures.  

The activity of core 3 synthase, C3GnT, that synthesizes core 3, GlcNAcβ1-3GalNAc, 

was not detected in any of these CaP cells while normal prostatic cells exhibited a low activity 

(0.3 nmol/h/mg). Therefore, core 3 structure is expected to be produced primarily in RWPE-1 

cells. None of the prostatic cells appeared to be capable of synthesizing core 4 from core 3 [107]. 

 

Table 3.3 Activities of glycosyl- transferases that synthesize O- glycan core structures. 

Assays were carried out by HPLC as described in Material and methods. Abbreviations are as in 
Tables 3.1 and Table 3.2.  aActivity in Caco-2 cell homogenates, bactivity in rat colon mucosal 
homogenates. 
 

Enzyme Activity (nmol/h/mg) 
 RWPE-1 PC-3 DU145 LNCaP VCaP Positive 

control 
ppGalNAcT 11.6 3.0 5.7 11.7 12.5 18.0a 

C1GalT 3.0 2.3 2.3 2.2 1.0 3.4a 

C2GnT 0.3 < 0.1 < 0.1 3.1 1.2 56.1b 

C3GnT 0.3 < 0.1 < 0.1 < 0.1 < 0.1 1.2b 
C2GnT2 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 54.0b 

 

 



 

 

57 

 

Figure 3.1 β1,6-N-acetylglucosaminyltransferase V enzymatic activity and kinetics. 

GnT-V enzymatic activity in homogenates from PC-3 cells (derived from bone metastasis) was 
measured as described in Materials and Methods. GnT-V enzymatic activity was found to be 
increased in all prostatic cancer cells compared to normal prostatic cells. (A) Enzyme reaction 
product was separated by HPLC using 24 % acetonitrile in H2O as the mobile phase. The 
radioactivity (cpm) of collected 2 min fractions is shown. The elution of radioactive GlcNAc and 
specific acceptor substrate (S), GlcNAcβ2Mα6(GlcNAcβ2[4-deoxyl-]Mα3)4-O-methyl-Mβ-
octyl, is indicated by the arrow; this was well separated from the radioactive enzyme product (P). 
(B) The apparent KM for UDP-GlcNAc was 0.93 mM and Vmax was 0.62 nmol/h/mg (with 0.5 
mM acceptor substrate). The inset shows the Lineweaver-Burk plot. (C) The apparent KM for the 
acceptor substrate was 0.05 mM and the apparent Vmax was 0.38 nmol/h/mg (with 1 mM UDP-
GlcNAc). The inset shows the Lineweaver-Burk plot. 
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3.4.3 Extension and elongation glycosyltransferases 

The activities of extension β1,3-N-acetylglucosaminyltransferase (β3GlcNAcT, iGnT) 

and β1,3/4-N-acetylgalactosaminyltransferase [152,163] were low in prostatic cells (Table 3.4). 

In contrast, high activities of β3/4GalT were observed in all prostatic cells (Table 3.4). The 

β4GalT inhibitor 612 (N-butyryl-glucosamine-1-thio-2-naphthyl) [157, 164], inhibited GalT 

activity in prostate cell lines by 65 to 99 % (data not shown). In addition, prostatic cells 

consistently showed lower GalT activities using O-glycan core 3 substrate, which is a preferred 

substrate for β3GalT5, as compared to the GlcNAcβ-Bn substrate. These results suggest that the 

majority of the GalT activity in prostatic cells was due to β4GalT although there was also 

substantial β3GalT activity.  

3.4.4 Terminal modification by glycosyltransferases and sulfotransferases  

Fuc-transferase (FUT) activities were compared between normal prostatic and CaP cells 

(Table 3.4). The activities of α2FUT1, which synthesizes the Fucα1-2Gal linkage in histo-blood 

group substances and α2FUT2 activity which synthesizes the Fucα1-2Gal linkage in secretory 

blood group substances appeared to be variable and low (Table 3.4). The activities of α3FUT and 

α4FUT3 involved in the synthesis of Lewis blood group structures were generally low, but 

highest in RWPE-1 cells (Table 3.4). 
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Table 3.4 Activities of extension and termination glycosyltransferases and sulfotransferases. 

Assays were carried out by HPLC as described in Material and methods. Abbreviations are as in 
Table 3.1 and Table 3.2. aEnzyme activity in Caco-2 cell homogenates; bactivity in rat colon 
mucosal homogenates; cST3Gal activity in mouse intestine homogenates from ST3Gal1 
overexpressing mice [22] 
 
Enzyme Activity (nmol/h/mg) 

 RWPE-1 PC-3 DU145 LNCaP VCaP Positive 
control 

Extension β3GlcNAcT 0.1 0.3 0.1 0.3 < 0.1 1.1b 

Elongation β3GlcNAcT 0.1 0.2 0.1 0.1 0.1 1.4b 

β3/4GalNAcT 
(Gnβ3GalNAcα-pnp 
substrate) 

< 0.1 < 0.1 0.2 0.4 0.2 15.3b* 

β3/4GalNAcT 
Gnβ-Bn substrate) 

< 0.1 < 0.1 < 0.1 0.1 < 0.1 0.2b 

β3/4GalT 
(Gnβ-Bn substrate) 

25.9 9.3 31.7 39.7 17.2 38.4a 

β3/4GalT 
(Gnβ3GalNAcα-pnp 
substrate) 

6.3 3.7 6.9 13.3 8.4 13.1a 

α2FUT1 0.9 < 0.1 0.2 0.6 0.7 >10b 
α2FUT2 0.8 0.2 0.8 0.3 0.7 >10b 

α3FUT 0.6 0.2 0.2 0.2 0.3 3.1b 

α4FUT3 1.1 < 0.1 < 0.1 < 0.1 0.1 0.8b 

ST3Gal 0.4 17.3 0.2 7.7 1.3 7.0c 

 Activity (pmol/h/mg) 

Gal3ST 3.2 0.5 0.7 0.6 1.6 148.7b 

GlcNAc6ST 5.3 0.2 0.1 < 0.1 < 0.1 0.5b 
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All cells exhibited activities of α3-sialyltransferases (ST3Gal) (Table 3.4). A 3-fold 

higher activity of ST3Gal was seen in VCaP cells, compared to normal prostatic cells, and a 

dramatic 43- and 19-fold increase was seen in PC-3 and LNCaP cells, respectively.  Thus in PC-3 

cells, core 1 is expected to be highly α3-sialylated and in LNCaP and VCaP cells both cores 1 and 

2 are α3-sialylated. The high ST3Gal activities are mirrored in the MAAII binding of cell 

surfaces (Appendix B Figure 1).   

The Gal and GlcNAc residues in N- and O-glycans can be sulfated. The sulfotransferase 

activities (Gal3ST) that synthesize the Gal-3-O-sulfate ester of core 1 were reduced in CaP cells 

to 16 to 50 % of the activity in RWPE-1 cells. The sulfotransferase activities that synthesize the 

GlcNAc-6-O-sulfate ester (GlcNAc6ST) were reduced to 2 and 4%, in DU145 and PC-3 cells 

respectively, relative to the activity in RWPE-1 cells, and were undetectable in LNCaP and VCaP 

cells (Table 3.4). Thus, sulfotransferase activities are down regulated in CaP cells, similar to 

colon cancer or tumorigenic polyposis coli cells [56,77].  

3.4.5 Expression profiles of glycosyl- and sulfotransferase genes  

To identify specific glycosyltransferase and sulfotransferase isoenzymes responsible for 

the enzyme activities measured in prostatic cells, and to determine if the activities can be 

predicted from the mRNA levels of glycosyltransferase and sulfotransferase genes in these 

prostatic cells were carried out real-time PCR (Figure 3.2, Appendix B Figure 3). Values for 

transferase gene expression were related to those of Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), which based on the Ct values varied by < 7 % in the different cell lines.  
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Figure 3.2 Quantitative real-time PCR analysis of the mRNAs of glycosyltransferase and 
sulfotransferase genes in normal and cancerous prostatic cells. 

The expression levels of glycosyltransferase and sulfotransferase genes are shown, which 
corresponded to the enzymatic activities measured in this study. The gene expression levels were 
calculated by the ∆Ct method as described in Materials and Methods and expressed as relative 
amount to that of GAPDH (100%). The enzyme names are listed in Table 1. Results are shown 
for (A) MGAT1, 2, 5; (GnT-I, II, V); (B) C1GALT1 (C1GalT); (C) GCNT1, 3, 4 (C2GnT1-3); (D) 
B3GNT6 (Core 3 Synthase); (E) B3GNT1 (Extension β3GlcNAcT); (F) B4GALNT3 
(β4GalNAcT); (G) B4GALT1-6 (β4GalT); (H) B3GALT5 (β3GalT5); (I) FUT1-4; (J) ST3GAL1-
2; (K) sulfotransferase GAL3ST2 & 4; and (L) sulfotransferases CHST1-4. The data were 
obtained from three independent experiments and expressed as mean ± SEM. 
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3.4.6 N-glycan transferases 

The expression level of the GnT-I gene (MGAT1) was highest in RWPE-1 cells and lower 

in all CaP cells (Figure 3.2A) which reflected the GnT-I activities measured in these cells (Table 

3.2). The expression levels of the GnT-II (MGAT2) gene were consistent with the enzyme activity 

profile (Figure 3.2A, Table 3.2). The GnT-V gene (MGAT5) was expressed highest in PC-3 cells, 

followed by DU145, LNCaP, and then VCaP, and was lowest in RWPE-1 cells (Figure 3.2A). 

Thus, both the enzymatic activities and the mRNA levels of GnT-V were higher in all CaP cells 

than in RWPE-1 cells. 

3.4.7 O-glycan transferases 

The C1GALT1 gene was expressed at similar levels in all five prostatic cells (Figure 

3.2B) which paralleled the activities (Table 3.3). The GCNT1 gene, encoding one of the enzymes 

that synthesize core 2, was expressed highest in LNCaP cells (Figure 3.2C), matching the high 

C2GnT activity in these cells (Table 3.3). This was followed by VCaP and RWPE-1 cells. The 

activity was not detectable in DU145 and PC-3 cells, which corresponded to low expression 

levels of this gene (Figure 3.2C). The expression levels of GCNT3 involved in core 4 synthesis 

were also low, explaining why the activity was below the level of detection in our assays. 

As could be predicted from the low core 3 synthase activity in RWPE-1 cells and the lack 

of the activity in CaP cells, the B3GNT6 gene was expressed at extremely low levels in CaP while 

RWPE-1 cells were the highest expressors (Figure 3.2D). The expression levels of the B3GNT1 

gene (Figure 3.2E) correlated well with β3GlcNAcT enzymatic activities (Table 3.4). Additional 

members of the β3GlcNAcT gene family (B3GNT2-5) were also expressed in prostatic cells 

(Appendix B Figure 3). The B4GALNT3 gene involved in the synthesis of GalNAcβ1-4GlcNAc 

extension was expressed in all prostatic cells (Figure 3.2F). This gene plays a role in cell growth 
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and invasion of colon cancer cells [165] The combined gene expression levels of isoenzymes of 

the β4GalT family (B4GALT1-6), which synthesize type 2 chains (N-acetyllactosamines) were 

high (Figure 3.2G) and paralleled the high activities.  In contrast, the transcript level of the 

B3GALT5 gene was low in all CaP cells and higher in RWPE-1 cells (Figure 3.2H).  

Figure 3.2I shows the gene expression levels of FUT1 and FUT2 that matched the 

patterns of enzymatic activities (Table 3.4). While α3FUT4 gene expression was similar in all 

prostatic cells, the α3/4FUT3 expression pattern agreed with the highest enzymatic activity 

detected in normal prostatic cells (Table 3.4). The expression levels of these enzymes contribute 

to the synthesis of Lea and Ley epitopes and correspond to the high SLex expression on normal 

prostatic cells (Appendix B Figure 2). 

Results from the ST3Gal enzyme activities (Table 3.4) predicted a high expression level 

of ST3GAL1 which synthesizes the sialylα2-3Gal linkages on cores 1 and 2, in PC-3 and LNCaP 

cells. The mRNA levels of the ST3GAL1 gene corresponded to the high activities (Figure 3.2J). 

Several other ST3GAL1 genes (2 to 6) were also found to be expressed with minor variations 

among CaP and normal prostatic cells (Appendix B Figure 3). These sialyltransferases may 

participate in SLex synthesis in all prostatic cells (Appendix B Figure 2).  

The α2,6-sialyltransferases that synthesize the sialylα2-6GalNAc linkage on O-glycans to 

form sialyl-Tn and sialyl-T antigens were variably expressed (Appendix B Figure 3) although the 

activities were not measured. The expression level of ST6GALNAC1 responsible for the synthesis 

of the sialyl-Tn epitope, as well as anti-sialyl-Tn antibody binding was lowest in normal prostatic 

cells (Appendix B Figure 2). The ST6GAL1 gene involved in adding sialic acid in α2-6 linkage to 

terminal Gal residues in N-glycans was variably expressed (Appendix B Figure 3). These 

enzymes provide the ligands for SNA lectin binding (Appendix B Figure 1). 
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The expression levels of the 3-O-sulfotransferase GAL3ST2&4 genes, responsible for the 

synthesis of the Gal-3-O-sulfate ester linkage in cores 1 and 2, were highest in RWPE-1 cells 

(Figure 3.2K).  Among the four 6-O-sulfotransferase (CHST1-4) genes responsible for the 

synthesis of the sulfate-6-O-GlcNAc linkage, CHST4 was expressed highest in RWPE-1 cells. 

These expression profiles of these genes matched the pattern of enzyme activities measured in 

prostatic cells (Table 3.4).  

3.5 Discussion  

Altered glycosylation of glycoproteins and mucins has been reported in prostate cancer 

but the enzymes responsible for alterations have not been identified. In this study, we compared 

the enzymatic activities and the gene expression profiles of glycosyl- and sulfotransferases 

involved in N- and O-glycan synthesis in normal and cancerous prostatic cells. We showed that 

the activities corresponded well to the mRNA expression levels for most transferases. We found 

that each prostatic cell line exhibits characteristic biosynthesis pathways. In addition, we have 

identified a number of transferases that may in this combination potentially serve as markers for 

CaP. This includes high GnT-V activity and gene expression, undetectable core 3 synthase 

activity and low enzymatic activity of sulfotransferases in CaP cells, as well as an upregulation of 

C2GnT1 and ST3Gal in a selected number of CaP cells. However, this remains to be confirmed 

with prostate tissue from patients with prostate cancer. The pathways in these cell lines partly 

correspond to the lectin and antibody binding patterns of prostatic cell surfaces. A lack of 

correlation may be explained by the selected exposure of glycans on the cell surface, or possibly, 

by differences in glycosylation of secreted glycoproteins or mucins and cell surface molecules 

that include glycolipids. 
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All prostatic cells are capable of producing biantennary chains and show similar binding 

of ConA. Higher enzymatic activities and mRNA levels of GnT-V in CaP cells compared to those 

in normal prostatic cells suggest that CaP cells have a greater potential to generate the 

GlcNAcβ6(GlcNAcβ2)Manα6 branch of N-glycans which has been shown to contribute to cancer 

cell invasion and metastasis [35,166]. This finding corresponds to the higher branching pattern 

found in PSA glycans from prostate cancer patients [8,9,12,13]. 

While N-glycans share a common core (Man)3(GlcNAc)2 structure, O-glycans have a 

number of different core structures and are more heterogeneous. Figure 3.3 depicts the 

biosynthesis pathways of a great variety of the major O-glycan structures in prostatic cells, 

predicted based on enzymatic activities and mRNA levels of glycogenes obtained from these 

cells. Many more extended and branched structures may be synthesized in normal and cancerous 

prostatic cells.  

Enzymatic activity assays are often limited by their low sensitivity, and their difficulty 

to discriminate among different isoenzymes due to the fact that enzymes share substrates. To 

solve this problem, sensitive real-time PCR analysis of the expression profile of specific 

isoenzymes was carried out. In our study, most of the enzymatic activities corresponded well 

with their gene expression profiles, although clearly the complex control of biosynthesis and 

mechanisms that display carbohydrates on cell surfaces are still not well understood.  

Normal prostatic RWPE-1 cells are capable of forming many complex O-glycans with 

core 1, 2 and 3 structures and a variety of terminal epitopes that may resemble those found in 

human colonic mucins [151]. PC-3 and DU145 cells are expected to have only core 1-based O-

glycans and appear to be restricted in their ability to form branched chains since the activity of 

C2GnT1 was undetectable in spite of mRNA expression. In contrast, LNCaP cells are capable of 

synthesizing a multitude of O-glycan structures with core 1 and 2 structures [28].  
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With the exception of LNCaP cells, all prostatic cells show a higher Tn-antigen 

expression compared to normal prostatic cells which is typically found in cancer cells [151]. The 

mechanism of this Tn antigen exposure is not clear. The cancer-associated sialyl-Tn antigen 

which may play a role in the tumorigenic properties of cancer cells [79] was also exposed in all 

CaP cells at higher levels compared to normal prostatic cells. This correlated with higher 

expression levels of ST6GALNAC1. The expression of ST6GAL acting on N-glycans has been 

shown to be increased in colon cancer [38], and correlated with high SNA binding, especially in 

VCaP cells.  

LNCaP cells have a high potential to form the branched core 2 structure and to α3-

sialylate core 1 and 2 structures. Since C2GnT1 and ST3Gal compete in vivo for the common 

core 1 substrate [167] the high ST3Gal activity can limit the conversion of core 1 to core 2 by 

C2GnT1.  

Although core 2 structures have been shown to be important scaffolds for SLex, related to 

the invasive and metastatic potential of a number of cancer cell types [29,57,88], SLex levels 

expressed in CaP cells did not correlate with C2GnT1 expression, or with the activities or 

expression levels of the enzymes that directly synthesize SLex. Thus, the regulation of glycan 

synthesis remains to be further investigated. 
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Figure 3.3 Proposed major O-glycosylation pathways in normal and prostatic cancer cells. 

Based on the major enzymatic activities and the relative gene expression levels of 
glycosyltransferases and sulfotransferases, the proposed major O-glycosylation pathways in 
prostate cells were constructed (nomenclature is shown in Table 3.1). Many other minor 
pathways are possible. Real-time PCR showed the expression of isoenzymes. RWPE-1 cells can 
synthesize core 1, 2 and 3 structures which can be extended and modified by the addition of sugar 
residues or sulfate esters and Lewis antigens Lea, Leb, Lex, Ley and SLex. Only RPWE-1 cells 
showed the activity that synthesizes core 3 but not the activity that synthesizes core 4 although 
the enzyme (C2GnT2) was expressed at low levels. Both PC-3 (from bone metastasis) and 
DU145 (from brain metastasis) lack C2GnT1 activity and GCNT1 expression, which results in 
shorter O-glycan chains with mainly sialylated core 1 structures. DU145 cells exhibit a low α3-
sialyltransferase enzymatic activity, whereas PC-3 cells exhibit a high enzymatic activity and a 
high gene expression of ST3GAL1. The prostatic cancer cells appear to be unable to synthesize 
core structures 3 and 4 although significant amounts of mRNA for the respective enzyme genes 
were found. LNCaP cells (from lymph node metastasis) contain high enzymatic C2GnT activity 
and gene expression level of GCNT1 and can form complex core 1 and core 2, but not core 3 O-
glycans. α3-sialyltransferase enzymatic activity and gene expression are high in LNCaP cells. 
These glycans can be modified to form a variety of complex structures with extension enzymes as 
well as α1,2-and α1,3FUT4 and Gal3ST, but not α3/4FUT3. Although the activities of α2,6-
sialyltransferases were not measured, the gene expression levels suggest that sialylα2-6GalNAc- 
and sialylated core 1 structures can be synthesized. Sulfotransferases using GlcNAc-R substrate 
are expressed although the activities were not detected. However, sulfotransferases using core 1 
substrate were active. VCaP cells differ from LNCaP in that the expression of sulfotransferases 
Gal3ST1-4 and the enzymatic activity of Gal3ST is also higher in VCaP cells. α3/4FUT3 and 
α3FUT4 are active in VCaP cells and can synthesize various Lewis antigens. 
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Core 3 synthase activity was clearly detected in RWPE-1 cells but not in any of the 

cancer cells. A decrease in core 3 synthesis has been shown in colon cancer tissues [83] and 

appears to be a characteristic of colon cancer cell lines [56,155]. This suggests that the absence of 

core 3 may be a marker for cancer cells, including CaP cells.  PC-3 from bone metastasis and 

LNCaP transfected with the C3GNT6 gene showed reduced ability of migration and invasion 

through extracellular matrix components, and suppressed tumor formation and metastasis in mice 

[49,51]. Most of these findings have been reproduced in a C3GNT6 gene knockout mouse model 

[168]. This suggests that core 3-associated glycans may have a protective function in the normal 

prostatic tissue. 

Because of the enzymatic activity and gene expression levels of ST3GAL1, PC-3 cells are 

expected to synthesize O-glycans with sialylated core 1 structures, similar to those found on 

breast cancer cells T47D [55]. Our results correspond to the high Maackia amurensis II lectin 

binding of PSA glycans from CaP patients [13]. In breast cancer, the high ST3Gal enzymatic 

activity or ST3GAL1 expression level may be used as a biomarker [153] and appears to protect 

cancer cells in vivo [4,22,53]. However, high ST3Gal enzymatic activity in CaP is cell-specific 

and is not a general feature of all metastatic CaP cells.  

The levels of many glycosyltransferase activities and mRNA expression were shown to 

be cell type-specific in prostatic cells. It remains to be shown if this is due to variations in cancer 

cell phenotypes or due to the metastatic sites. The results obtained from cultured cells as models 

for prostate tumors and metastasis need to be validated in primary tumor tissues and cancer 

tissues from different metastatic sites. 
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 Chapter 4

Acceptor Specificities and Selective Inhibition of Recombinant Human 

Gal- and GlcNAc-transferases that synthesize core structures 1, 2, 3 and 

4 of O-glycans 

 

4.1 Abstract 

Background: Modifications of proteins by O-glycosylation determine many of the properties and 

functions of proteins. We wish to understand the mechanisms of O-glycosylation and develop 

inhibitors that could affect glycoprotein functions and alter cellular behavior.  

Methods: We expressed recombinant soluble human Gal- and GlcNAc-transferases that 

synthesize the O-glycan cores 1 to 4 and are critical for the overall structures of O-glycans. We 

determined the properties and substrate specificities of these enzymes using synthetic acceptor 

substrate analogs. Compounds that were inactive as substrates were tested as inhibitors.  

Results: Enzymes significantly differed in their recognition of the sugar moieties and aglycone 

groups of substrates. Core 1 synthase was active with glycopeptide substrates but GlcNAc-

transferases preferred substrates with hydrophobic aglycone groups. Chemical modifications of 

the acceptors shed light on enzyme – substrate interactions. Core 1 synthase was weakly inhibited 

by its substrate analog benzyl 2-butanamido-2-deoxy-α-D-galactoside while two of the three 

GlcNAc-transferases were selectively and potently inhibited by bis-imidazolium salts which are 

not substrate analogs. 
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Conclusions: This work delineates the distinct specificities and properties of the enzymes that 

synthesize the common O-glycan core structures 1 to 4. New inhibitors were found that could 

selectively inhibit the synthesis of core 1, 2 and 3 but not core 4.  

General significance: These studies help our understanding of the mechanisms of action of 

enzymes critical for O-glycosylation. The results may be useful for the re-engineering of O-

glycosylation to determine the roles of O-glycans and the enzymes critical for O-glycosylation, 

and for biotechnology with potential therapeutic applications. 

4.2 Introduction 

The GalNAcα-Ser/Thr based mucin type O-glycans of glycoproteins and mucins have a 

number of important functions. They ensure resistance to proteases, and affect physical, chemical 

and antigenic properties of proteins [23]. Carbohydrate structures linked to O-glycans form blood 

group and tissue antigens and ligands for protein interactions which control cell adhesion, 

migration and cell death [103,169,170]. Alterations of O-glycosylation can therefore dramatically 

affect the functions of glycoproteins and cellular behavior. Our interest is to understand the 

detailed mechanisms of O-glycosylation and to develop technologies to change O-glycosylation 

for further studies of the role of O-glycans.  

A large family of polypeptide GalNAc-transferases initiates O-glycan biosynthesis [171], 

followed by various glycosyltransferases that sequentially or competitively add sugar residues to 

GalNAcα-Ser/Thr to synthesize different core subtypes [152]. Polypeptide GalNAc-transferases 

have overlapping specificities towards their peptide or glycopeptide substrates [152,171]. The 

most common second step of O-glycosylation is the addition of Gal to GalNAc by core 1 β1,3-

Gal-transferase (C1GalT, core 1 synthase, T-synthase) that synthesizes the core 1 structure 

Galβ1-3GalNAcα-Ser/Thr (Figure 4.1) [19,152]. Core 1, also known as the T antigen, is often 
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present in the unmodified form in cancer cells but is further modified in most cell types [107]. A 

deficiency of core 1 production is associated with several human diseases and disorders, and with 

certain cancer cells that express terminal GalNAc (Tn antigen) or sialylα2-6GalNAc (sialyl-Tn 

antigen) [172]. This may be due to a deficiency in the chaperone Cosmc that normally ensures the 

expression of active C1GalT [173-177].  

 

 

Figure 4.1 Synthesis of the common O-glycan core structures 1 to 4. 

C1GalT and C3GnT both act on GalNAc-substrates to synthesize core 1 and core 3, respectively. 
Core 1 is branched by either C2GnT1 or C2GnT2 to form core 2. Core 3 is branched only by 
C2GnT2 to form core 4. Core 1-4 structures can be extended and terminated in many different 
ways. 
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In specific tissues such as the colon, GalNAc in GalNAcα-Ser/Thr can also be converted 

to core 3 (Figure 4.1), GlcNAcβ1-3GalNAc-, by core 3 β1,3-GlcNAc-transferase (C3GnT) 

[178,179]. C3GnT activity is low or undetectable in many cancer cells [50,155]. Metastatic colon 

and prostate cancer cells transfected with the gene encoding C3GnT were less capable of 

migration and invasion through extracellular matrix components, and suppressed tumor formation 

and metastasis in mice [49,51]. C3GnT gene knockout mice further showed that core 3 glycans 

have a protective function in normal gastro-intestinal epithelia [172].  

C1GalT and C3GnT utilize GalNAcα-Ser/Thr-peptides as natural acceptor substrates but 

can be assayed using synthetic GalNAc-derivatives [177-179,180-182]. However, the detailed 

specificities of human C1GalT and C3GnT have not yet been determined.  

Core 1 can be branched to form core 2, GlcNAcβ1-6(Galβ1-3)GalNAc-, by a family of 

core 2 β1,6-GlcNAc-transferases (C2GnT) (Figure 4.1). While C2GnT1 is highly specific and 

only acts on core 1 [183-185], the related enzyme, core 2/4 β1,6-GlcNAc-transferase (C2GnT2), 

has a broader specificity and can also synthesize core 4, GlcNAcβ1-6(GlcNAcβ1-3)GalNAc-, 

from core 3 [178,186,187]. The levels of expression or activities of C2GnT1 have been shown to 

be abnormal and variable in cancer cells [107,155]. Core 2 O-glycans act as a scaffold structure 

for sialyl-Lewis x (SLex) which plays a critical role in cell adhesion and cell migration [29,30]. 

Moreover, MUC1 mucin, which contains core 2 O-glycans, functions as a molecular shield 

against immune cell attacks, facilitating bladder tumor metastasis [31]. Transfection experiments 

showed that the expression of C2GnT2 in colon cancer cells HCT116 is associated with reduced 

cell growth, increased apoptotic cell death and reduced tumor formation in nude mice [84].  

Knowledge of the substrate recognition of glycosyltransferases is the basis for the 

rational design of biologically applicable glycosylation inhibitors that allow studies of the 

biological and pathological functions of glycans. We previously described a potent UV-activated 



 

 

73 

inhibitor for C2GnT1, core 1 p-nitrophenyl (pnp) [188]. Recently, bis-imidazolium salts were 

examined in glycosyltransferase assays [189]. These bivalent imidazolium salt compounds 

contain two positively charged imidazolium groups linked by an aliphatic chain, and also had 

been reported to be potent and specific inhibitors of Plasmodium replication [190]. The structures 

of these bis-imidazolium inhibitors are not related to glycosyltransferase substrates and represent 

a new class of glycosyltransferase inhibitors. We have now studied the inhibition of the enzymes 

involved in the synthesis of O-glycan core 1 to 4 structures in more detail.  

4.3 Material and Methods 

4.3.1 Materials 

Materials were purchased from Sigma unless otherwise stated. Gal- and GlcNAc-analogs, 

core 1 and core 3 disaccharide-containing compounds were synthesized as previously reported 

[157,164,184,185,191,192]. Synthetic glycopeptides [193] and many other sugar derivatives were 

synthesized and kindly provided by Hans Paulsen (University Hamburg, Germany). The 

intactness of glycopeptides was confirmed by MALDI-TOF mass spectrometry in the negative or 

positive ion modes as previously described [185].  

4.3.2 Enzymes 

Active, soluble human recombinant core 1 β1,3-Gal-transferase (C1GalT) was prepared 

in insect Hi-5 cells by co-expression with human Cosmc as previously described [174] and the 

crude cell extracts were used as the enzyme source. His-tagged soluble human recombinant core 

2 β1,6-GlcNAc-transferase (C2GnT1) was produced in insect cells as described and used as the 

crude cell extract [194]. Soluble human recombinant core 3 β3GlcNAc-transferase (C3GnT) and 

core 2/4 β6GlcNAc-transferase (C2GnT2) containing His-tags were also produced in Sf9 insect 
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cells [195; http://glycoenzymes.ccrc.uga.edu/]. C3GnT and C2GnT2 activities were barely 

detectable before purification. Therefore, both enzyme proteins were purified by Ni2+-

nitrilotriacetic acid (Ni2+-NTA) affinity chromatography. Briefly, the insect cell supernatants 

were dialyzed against dialysis buffer (50 mM NaH2PO4, 500 mM NaCl; pH 8.0) for 18 h at 4°C 

with a buffer change after the first 6 h. Ni2+-NTA resin (Thermo Scientific) was first equilibrated 

with dialysis buffer. The dialyzed insect cell supernatant was then incubated with the equilibrated 

resin at room temperature for 3 h with gentle agitation. The mixture was transferred into an empty 

column and the resin was allowed to settle. The resin was washed with 10 column volumes of 

dialysis buffer containing 20 mM imidazole, which was gradually increased to 50 mM. Enzyme 

was eluted with 5 column volumes of dialysis buffer containing 250 to 500 mM imidazole. The 

eluted fractions were concentrated with polyethylene glycol at 4°C, and then dialyzed against 

HEPES buffer (20 mM HEPES, 1 mM MgCl2, 20 mM NaCl, 1 mM DTT) and 1 mL protease 

inhibitor (Sigma Protease inhibitor cocktail for general use) for 3 h at 4 °C. Aliquots of purified 

enzyme solutions were adjusted to 20 % glycerol and stored at -80°C. The protein concentrations 

of the enzyme stock solutions were determined by the Bio-Rad (Bradford) protein assay method 

using bovine serum albumin as the standard. 

Western blot analysis was performed with mouse monoclonal anti-His antibody against 

the His-tag as the primary antibody (Cell Biolabs. Inc) and horseradish peroxidase-conjugated 

goat anti-mouse IgG as the secondary antibody (Santa Cruz Biotechnology).  Labeling was 

visualized with western blot detection system (iNtRON Biotechnology).  

4.3.3 Glycosyltransferase assays  

All glycosyltransferase assays were carried out in at least duplicate determinations with 

less than 10 % difference between assays [109,177,185]. The standard assay mixtures for human 

recombinant C1GalT contained in a total volume of 40 µL: 5 µL of insect cell supernatant 
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containing C1GalT (0.036 mg protein), 0.125 M MES, pH 7.0, 12.5 mM MnCl2, 10 mM AMP, 

0.4 mM UDP-[3H]Gal (2000-3000 cpm nmol−1) and 0.5 mM GalNAcα-Bn. Control assays 

contained no acceptor substrate or no inhibitor.  

Affinity purified human recombinant C3GnT was assayed in mixtures containing 10 µL 

C3GnT solution (0.003 mg protein), 0.125 M MES buffer, pH 7.0, 10 mM AMP, 0.125 M 

GlcNAc, 12.5 mM MnCl2 1.05 mM UDP-[3H]GlcNAc (5800 cpm/nmol) and acceptors as 

indicated in the Tables, or water in negative controls.  

Purified human recombinant C2GnT2 was assayed similarly as C3GnT but without 

MnCl2. 15 µL purified C2GnT2 (0.002 mg protein) were used in each assay and Galβ1-

3GalNAcα-pnp (Core 1-pnp) or GlcNAcβ1-3GalNAcα-pnp (Core 3-pnp) were employed as 

standard acceptor substrates. C2GnT1 produced in insect cells was assayed as described [185]. 

For inhibition studies, inhibitors were present at the same concentration as the acceptor in 

the assays, or as indicated in Figure legends and Tables. Assay mixtures were incubated for 1 h at 

37°C and reactions were quenched with 600 µL of cold water. Reaction products were isolated 

using 0.4 mL AG1×8 ion exchange resin (100–200 mesh). Radioactivity of the eluate was 

determined by scintillation counting. The Origin Pro 8.0 program was used to determine kinetic 

parameters KM, Vmax and IC50. 

4.4 Results 

4.4.1 Characterization of Core1 β1,3-Gal-transferase (C1GalT) 

Human recombinant C1GalT was highly active with GalNAcα-Bn as acceptor substrate. 

The reaction was linear with respect to protein concentration up to 0.8 mg/mL and incubation 

time up to 1.5 h. The optimal reaction pH was 7.0. The conserved presence of the DxD motif in 

the C1GalT sequence suggested the involvement of divalent metal ions as cofactors in Gal-
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transferase catalysis. Of several divalent metal ions studied, Mn2+ at 12.5 mM concentration was 

shown to be an efficient cofactor (taken as 100 % activity), while 15 % activity was observed in 

the presence of 12.5 mM Co2+. None of the other metal ions tested, including Mg2+, Ca2+, Pb2+, 

Ni2+, Zn2+ and Cu2+, was effective in stimulating C1GalT activity (Appendix C Figure 1), and no 

activity was observed in the presence of 12.5 mM ethylenediamine tetraacetic acid (EDTA). Half-

maximal activity was reached at 0.25 mM MnCl2 concentration (Appendix C Figure 2A). C1GalT 

was specific for UDP-Gal as the donor substrate (Figure 4.2). The apparent KM for UDP-Gal was 

1.0 mM, and Vmax was 0.16 µmol/h/mg with 5 mM GalNAcα-Bn as acceptor substrate. The 

apparent KM for GalNAcα-Bn was 0.8 mM and Vmax was 0.14 µmol/h/mg (Table 4.1, Appendix C 

Figure 3). 

Table 4.1 Kinetic parameters of glycosyltransferases for acceptor and donor substrates. 

Assays were carried out as described in the Material and methods section, using the indicated 
acceptor substrates to determine the KM and Vmax values (Origin Pro 8.0). Bn, benzyl; pnp, p-
nitrophenyl. 
 

 

 

Enzyme Substrate         KM (mM)  Vmax (µmol/h/mg) 
C1GalT GalNAc!-Bn     0.8  0.14       
  UDP-Gal (using GalNAc!-Bn)  1.0   0.16 
 
C3GnT GalNAc!-Bn     3.0   0.95 
  UDP-GlcNAc (using GalNAc!-Bn)  2.8  1.30 
  GalNAc!-perillyl    0.3  0.40 
  Ac-A-(GalNAc!)TG-NH2   0.7  1.10 
 
C2GnT1 Gal"1-3GalNAc!-pnp    1.1  0.08  

UDP-GlcNAc  
(using Gal"1-3GalNAc!-pnp) 3.2  0.10  

 
C2GnT2 Gal"1-3GalNAc!-pnp    2.1  1.50 

UDP-GlcNAc  
(using Gal"1-3GalNAc!-pnp) 2.2  1.70 

 
  GlcNAc"1-3GalNAc!-pnp   5.8  1.00 
  UDP-GlcNAc   
   (using GlcNAc"1-3GalNAc!-pnp) 2.1  0.80 
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A series of synthetic compounds was employed to study the acceptor substrate specificity 

of C1GalT (Table 4.2). The activity of C1GalT with 0.5 mM of GalNAcα-Bn as substrate was 

0.042 µmol/h/mg (taken as 100 % activity). GalNAc derivatives were variably active as 

substrates when the aglycone groups were benzyl (Bn), p-nitrophenyl (pnp), perillyl or peptide. 

The diphosphate aglycone group prevented activity. GalNAcα-peptide substrates exhibited up to 

5.64-fold the activity observed with GalNAcα-Bn. The most active substrate was the acetyl and 

amide-protected glycopeptide Ac-GHA-(GalNAcα)TSLPVTG-NH2, derived from the tandem 

repeat sequence of MUC4 mucin. Free glycopeptides that had a sequence of 10 amino acids 

derived from mucins MUC2 and MUC3 were also very active (Table 4.2) and the activity levels 

varied according to the position of GalNAc in the glycopeptide. However, a MUC1 mucin-

derived glycopeptide having 21 amino acids with GalNAc attached to Ser-6 was only 39 % active 

compared to GalNAcα-Bn. No activity was detected with the short glycopeptide A-(GalNAcα)T. 

Free GalNAc showed only 6 % activity, indicating that the presence of a hydrophobic or peptide 

aglycone group was beneficial. In contrast to the GalNAcα-anomer, the β-anomer, GalNAcβ-pnp, 

was not a substrate for C1GalT. In addition, removal or substitution of the hydroxyl group at the 

3- or 4-position of GalNAc yielded analogues that were inactive as substrates. However, the 

hydroxyl group at the 6-position of GalNAc was not required in an active substrate. Thus, 

deletion or modifications of the 6-hydroxyl, or substitutions with a variety of substituents 

including fluoro groups or saccharide moieties yielded substrates with activities of 49 to 191 %, 

compared to GalNAcα-Bn. However, no activity was detected with the glycopeptide TE-

(GlcNAcβ1-6GalNAcα-)TTSHSTPG, although the corresponding glycopeptide containing a 

single GalNAcα- residue was very active with 3.7 times the activity observed with GalNAcα-Bn 

(Table 4.2). These results show that the activity is determined not only by the sugar moiety but 
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also by its position within the peptide, its substitution, by the amino acid composition and 

sequence as well as the length of the peptide. 

No C1GalT activity was detected when GalNAc was replaced by derivatives of Gal, 

galactosamine (GalN) or GlcNAc which suggested a requirement for the N-acyl group as well as 

the galacto configuration in the substrate. 2-N-Propionyl-GalNα-Bn showed 60 % activity 

compared to GalNAcα-Bn, while the bulky 2-N-butyryl substituent prevented enzyme activity. 

 

Figure 4.2 Donor specificities of C2GnT2, C2GnT1, C3GnT, and C1GalT. 

Glycosyl transfer to acceptor substrate was measured as a function of nucleotide sugar donor. 
Enzymes were assayed as described in the Methods section, except in the presence of different 
nucleotide sugars replacing the standard donor substrates; 0.40 mM UDP-Gal, 2266 cpm/nmol; 
0.345 mM UDP-Glc, 5549 cpm/nmol; 0.5 mM UDP-GlcNAc, 5876 cpm/nmol; or 0.6 mM UDP-
GalNAc, 1708 cpm/nmol. The activity with the nucleotide sugar donor specific for each enzyme 
was set to 100 %. C1GalT and C3GnT activities were assayed using GalNAcα-Bn as acceptor 
substrate; C2GnT1 activity was assayed using Galβ1-3GalNAcα-pnp as acceptor substrate; 
C2GnT2 activity was assayed using Galβ1-3GalNAcα-pnp and GlcNAcβ1-3GalNAcα-pnp as 
acceptor substrates.   
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4.4.2 Characterization of Core 3 β1,3-GlcNAc-transferase (C3GnT) 

Purified human recombinant C3GnT showed a major protein band at 56 kDa in the 

elution fractions seen by SDS-PAGE (Appendix C Figure 4A). Western blotting revealed a single 

protein band at 56 kDa for both the crude enzyme preparation and the purified enzyme (Appendix 

C Figure 4B) which had an activity of 0.19 µmol/h/mg with 0.5 mM GalNAcα-Bn as acceptor 

substrate. The conserved DxD motif in the C3GnT sequence suggested the requirement for 

divalent metal ion as a cofactor for GlcNAc transfer. Mn2+ was the most effective cofactor, while 

Co2+ gave 18 % activity compared to Mn2+. None of the other metal ions tested including Mg2+, 

Ca2+, Pb2+, Ni2+, Zn2+ and Cu2+ were effective in stimulating C3GnT activity (Appendix C Figure 

1) and there was no activity in the presence of EDTA. This pattern was similar to that for 

C1GalT. However, the effect of Mn2+ on C3GnT differed from its effect on C1GalT, since it 

required a higher concentration of MnCl2 to saturate the reaction (Appendix C Figure 2B).  

C3GnT was most active with UDP-GlcNAc as the donor substrate (Figure 4.2), but also 

showed 0.8 % activity with UDP-Glc. This may be an in vitro phenomenon since the Glcβ1-

3GalNAc- structure has never been reported in human mucin O-glycans. The apparent KM for 

UDP-GlcNAc was 2.8 mM, and Vmax was 1.30 µmol/h/mg (Table 4.1, Appendix C Figure 5A).  

The acceptor substrate specificity of C3GnT was investigated with a series of synthetic 

compounds and compared to that of C1GalT (Table 4.2). The aglycone groups of GalNAc 

derivatives had a large effect on activity. The apparent KM value for GalNAcα-Bn was 3.0 mM 

with a Vmax of 0.95 µmol/h/mg while the apparent KM for GalNAcα-perillyl was 0.3 mM with a 

Vmax of 0.4 µmol/h/mg (Table 4.1, Appendix C Figure 5B). Similar to C1GalT, the β-anomer 

GalNAcβ-pnp was not recognized as a substrate for C3GnT. In addition, removal or substitution 

of the hydroxyl group at the 3- or 4-position of GalNAc yielded inactive substrates. Modifications 

at position 2 of GalNAc led to similar results for both C1GalT and C3GnT.  However, in contrast 
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to C1GalT, the 6-hydroxyl of GalNAc was found to be absolutely essential for C3GnT activity. 

The reactivity towards glycopeptide substrates containing GalNAcα-Thr was generally lower for 

C3GnT, compared to C1GalT (Table 4.2). In addition, these two enzymes had very different 

reactivity ratios using GalNAcα-glycopeptide substrates. Some of the glycopeptides that had very 

high activity with C1GalT were poorly active with C3GnT. The glycopeptide Ac-A-(GA)TG-

NH2 was the best substrate with an apparent KM of  0.7 mM and a Vmax of 1.1 µmol/h/mg. The 

MUC4-derived glycopeptide Ac-GHA-(GalNAcα)TSLPVTG-NH2, was only 22 % active 

compared to GalNAcα-Bn, and the MUC2-derived glycopeptides were poorly active while no 

activity was observed with MUC3-derived glycopeptides. It is interesting that the glycopeptide 

A-(GalNAcα)T that was inactive with C1GalT showed 15 % activity with C3GnT. Thus, the 

recognition of these GalNAc-glycopeptides was not only a function of the glycopeptide structure 

and composition but was specific for each enzyme. 

 

Table 4.2 Acceptor substrate specificity of human C1GalT and C3GnT. 

C1GalT and C3GnT were assayed as described in Materials and methods with 0.5 mM GalNAcα-
Bn as the standard acceptor substrate (set to 100% activity), or with other GalNAc derivatives as 
substrates. Bn, benzyl; GalN, D-galactosamine; nd, not done; pnp, p-nitrophenyl; onp, o-
nitrophenyl; bold T or S in glycopeptides indicate the attachment sites for an O-glycan. a100 % 
C1GalT activity corresponds to 0.042 µmol/h/mg.  b100 % C3GnT activity corresponds to 0.190 
µmol/h/mg. 
 
Compound Name (0.5 mM in assays) C1GalT Activity 

(%) 
C3GnT Activity 

(%) 
GalNAcα-Bn 100a 100b 
Section I: Modifications of the aglycone   
GalNAcα-phenyl 181 37 
GalNAcα-pnp 204 88 
GalNAcα-perillyl 102 153 
GalNAcβ-pnp <1 <1 
GalNAcα-O-PO3-PO3-(CH2)11-O-Ph <1 <1 
GalNAc 6 <1 
GalNAcβ1-4GlcNAcβ-Bn <1 <1 
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Table 4.2 Continued 

Compound Name (0.5 mM in assays) C1GalT Activity 
(%) 

C3GnT Activity 
(%) 

Section II: Modifications of the ring 
substituents 

  

2-N-Propionyl-GalNα-Bn 60 62 
2-N-Butyryl-GalNα-Bn <1 <1 
2-Deoxy-Galα-Bn  <1 <1 
3-Deoxy-GalNAcα-Bn <1 <1 
3-O-ethyl-GalNAcα-Bn <1 <1 
3-O-propyl-GalNAcα-Bn <1 <1 
4-Deoxy-GalNAcα-Bn <1 <1 
6-Deoxy-GalNAcα-Bn 68 <1 
6-O-(4,5-Anhydro)pentyl-GalNAcα-Bn 191 <1 
GlcNAcβ1-6-GalNAcα-Bn (Core 6-Bn) 74 <1 
Galβ1-4GlcNAcβ1-6GalNAcα-onp 38 <1 
Galβ1-3(6-deoxy)GalNAcα-Bn  <1 <1 
Galβ1-6GalNAcα-Bn 30 <1 
Galβ1-4Glcβ1-6GalNAcα-Bn 63 <1 
4-F-4-Deoxy-GlcNAcβ1-6-GalNAcα-Bn 88 <1 
Galβ1-4GlcNAcβ1-6Galα-(2-naphthyl) <1 <1 
GlcNAcβ1-6-Galβ-OCD3 <1 <1 
Section III: Glycopeptides   
A-(GalNAcα)T <1 15 
Ac-V-(GalNAcα)TP-NH2 71 36 
Ac-A-(GalNAcα)TG-NH2 143 170 
Ac-GHA-(GalNAcα)TSLPVTG-NH2 564 22 
TTTVTP-(GalNAcα)TPTG  259 5 
TTTV-(GalNAcα)TPTPTG 270 10 
TT-(GalNAcα)TVTPTPTG  99 8 
T-(GalNAcα)TTVTPTPTG 231 nd 
TET-(GalNAcα)TSHSTPG 210 nd 
TE-(GalNAcα)TTSHSTPG 373 nd 
TE-( GlcNAcβ1-6GalNAcα)TTSHSTPG <1 nd 
AHGVT-(GalNAcα)SAPDTRPAPGSTAPPA  39 15 
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4.4.3 Characterization of Core 2 β1,6-GlcNAc-transferase (C2GnT1) and  Core 2/4 β1,6-

GlcNAc-transferase (C2GnT2) 

We previously examined the specificities of recombinant human C2GnT1 [185] and the 

enzyme from human leukemia cells [184] that synthesizes the core 2 structure.  In the present 

work we expanded on the specificity of the enzyme towards additional substrates having 

hydrophobic aglycone groups, as well as glycopeptides carrying the core 1 structure (Table 4.3). 

We compared this with the specificity of human recombinant C2GnT2 that synthesizes both the 

core 2 and core 4 structures. After purification, C2GnT2 showed a major protein band at 53 kDa 

by SDS-PAGE and Western blot analysis (Appendix C Figure 6) with a specific activity of 0.22 

µmol/h/mg. 

Although both C2GnT1 and 2 have a SPDE sequence resembling a DxD motif which was 

shown for C2GnT1 to contain the catalytic base Glu320 [196,197], a metal ion cofactor was not 

required for catalysis. Interestingly, the presence of 12.5 mM Mn2+ in the assay led to an 83-85 % 

reduction of C2GnT2 activity using core 1 or core 3 substrates. Similarly, C2GnT1 activity was 

reduced by 61 % in the presence of 12.5 mM Mn2+ (Appendix C Figure 7).  

Both, C2GnT1 and C2GnT2 were found to be specific for UDP-GlcNAc as the sugar 

donor substrate (Figure 4.2). For C2GnT1, The apparent KM for UDP-GlcNAc with 5 mM Galβ1-

3GalNAcα-pnp as acceptor was 3.2 and Vmax was 0.1 µmol/h/mg (Table 4.1, Appendix C Figure 

8A). For C2GnT2, the apparent KM for UDP-GlcNAc with 5 mM Galβ1-3GalNAcα-pnp as 

acceptor was 2.2 mM and Vmax was 1.7 µmol/h/mg. With 5 mM GlcNAcβ1-3GalNAcα-pnp as the 

acceptor substrate, the apparent KM for UDP-GlcNAc was 2.1 mM and Vmax was 0.8 µmol/h/mg 

(Table 4.1, Appendix C Figure 9A).  

A series of Galβ1-3GalNAc- and GlcNAcβ1-3GalNAc derivatives was used to study the 

substrate specificity of C2GnT1 and C2GnT2 (Table 4.3). Both enzymes preferred the core 1 over 
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the core 3 substrate, and the hydrophobic aglycone groups had significant but different effects on 

the activities. C2GnT1 had an apparent KM value of 1.1 mM for the core 1 substrate Galβ1-

3GalNAcα-pnp and Vmax was 0.08 µmol/h/mg (Table 4.1, Appendix C Figure 8B). For C2GnT2, 

the apparent KM value for Galβ1-3GalNAcα-pnp was 2.1 mM with a Vmax of 1.5 µmol/h/mg. The 

apparent KM for the corresponding core 3 substrate GlcNAcβ1-3GalNAcα-pnp was much higher 

at 5.8 mM with a Vmax was 1.0 µmol/h/mg (Tables 4.1, Appendix C Figure 9B).  

As was the case for C2GnT1 [184], the 4- and 6- hydroxyl groups of both Gal and 

GalNAc residues were absolutely essential for C2GnT2 activity. Galβ1-3GlcNAcα-Bn was not 

active indicating that the axial position of the 4-hydroxyl was critical for C2GnT2. Substitution of 

the 2- hydroxyl of Gal with Fuc also prevented activity. The 3-hydroxyl of Gal was not essential 

for C2GnT1 or C2GnT2. The 3-O-methyl substitution of Gal also had little effect on C2GnT1 and 

resulted in 41 % C2GnT2 activity. However, the extension of the Gal moiety by a GlcNAcβ1-3 

residue resulted in inactive substrate, probably by steric hindrance (Table 4.3).  

Both, C2GnT1 and C2GnT2 activities were dramatically reduced when the aglycone 

group was a peptide derived from MUC1 MUC2, MUC 3or MUC4. Generally, C2GnT2 showed 

a much lower activity towards glycopeptide substrates containing the core 1 structure, and no 

detectable activity towards glycopeptides containing the core 3 or core 6 (GlcNAcβ1-6GalNAc-) 

structure (Table 4.3). As reported previously, one of the core 1-containing glycopeptides tested, 

(Galβ1-3GalNAcα-)TAGV, had high activity with C2GnT1. However, C2GnT2 obviously 

recognized this glycopeptide differently since no C2GnT2 activity was detected (Table 4.3). 

MUC1 glycopeptides having 21 amino acids were generally poor substrates for C2GnT1 and 

showed no activity of C2GnT2. In contrast, acetyl- and amide-protected shorter glycopeptides 

were more active with C2GnT1 (7 to 49 % of the activity with Gal-1-3GalNAc-pnp) and with 

C2GnT2 (< 1 to 8 % activity).  
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Both, C2GnT1 and C2GnT2 were surprisingly active with glycopeptides having the β-

linked core 1 structure (Galβ1-3GalNAcβ-Thr) which showed 43 to 72 % activity for C2GnT1 

and 15 to 32 % activity for C2GnT2 (Table 4.3). 

 

Table 4.3 Acceptor substrate specificity of human C2GnT1 and C2GnT2. 

C2GnT1 and C2GnT2 were assayed as described in Materials and methods with 0.5 mM Galβ1-
3GalNAcα-pnp as the standard acceptor substrate (set to 100% activity). Bn, benzyl; GalN, D-
galactosamine; pnp, p-nitrophenyl; onp, o-nitrophenyl. Bold S and T in glycopeptides indicate the 
attachment of O-glycans. a100 % C2GnT1 activity corresponds to 0.034 µmol/h/mg. b100 % 
C2GnT2 activity corresponds to 0.220 µmol/h/mg. 
 
Compound Name (0.5 mM in assays) C2GnT1 Activity 

(%) 
C2GnT2 Activity 

(%) 
Galβ1-3GalNAcα-pnp (Core1-pnp) 100a 100b 
Section I: Modifications of the aglycone   
Galβ1-3GalNAcα-Bn (Core1-Bn) 64 35 
Galβ1-3GalNAcα-perillyl 135 86 
Galβ1-3GalNAcα-onp 79 100 
Section II: Modifications of the sugar moiety   
GalNAcα-Bn <1 <1 
2-N-Butyryl-GalNα-Bn <1 <1 
GlcNAcβ1-3-Galβ-methyl <1 <1 
GlcNAcβ1-3GalNAcα-pnp (Core 3-pnp) <1 32 
GlcNAcβ1-3GalNAcα-allyl <1 27 
Galβ1-3GlcNAcα-Bn <1 <1 
Fucα1-2Galβ1-3GalNAcα-methyl <1 <1 
3-Deoxy-GalNAcα-Bn <1 <1 
Galβ1-3(6-deoxy)GalNAcα-Bn  <1 <1 
GlcNAcβ1-6GalNAcα-Bn (Core 6-Bn) <1 <1 
Galβ1-3(4-deoxy)GalNAcα-Bn <1 <1 
Galβ1-3(6-O-methyl)GalNAcα-Bn <1 <1 
3-Deoxy-Galβ1-3GalNAcα-Bn 90 52 
3-O-Methyl-Galβ1-3GalNAcα-Bn 104 41 
Galβ1-3GlcNAcβ1-3Galβ1-3GalNAcα-Bn <1 <1 
4-Deoxy-Galβ1-3GalNAcα-Bn <1 <1 
4-F-4-Deoxy-Galβ1-3GalNAcα-Bn <1 <1 
6-Deoxy-Galβ1-3GalNAcαBn <1 <1 
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Table 4.3 Continued  

Compound Name (0.5 mM in assays) C2GnT1 Activity 
(%) 

C2GnT2 Activity 
(%) 

GlcNAcβ1-6(GlcNAcβ1-3)GalNAcα-Bn (Core 4-
Bn) 

<1 <1 

Section III: Glycopeptides   
(Galβ1-3GalNAcα)TAGV  92 <1 
T-(GlcNAcβ1-3GalNAcα)TTVTPTPTG  <1 <1 
TETTSHS-(GlcNAcβ1-3GalNAcα)TPG  <1 <1 
TET-(GlcNAcβ1-3GalNAcα)TSHSTPG  <1 <1 
TE-(GlcNAcβ1-3GalNAcα)TTSHSTPG   <1 <1 
TE-(GlcNAcβ1-6GalNAcα)TTSHSTPG  <1 <1 
TT-(Galβ1-3GalNAcα)TVTPTPTG 13 <1 
T-(Galβ1-3GalNAcα)TTVTPTPTG  11 <1 
TT-(Galβ1-3GalNAcα)TVTP-(Galβ1-
3GalNAcα)TPTG 

12 <1 

TETTSHS-(Galβ1-3GalNAcα)TPG   70   7 
TET-(Galβ1-3GalNAcα)TSHSTPG  27 <1 
Ac-PTT-(Galβ1-3GalNAcα)TGIST-NH2 36 <1 
Ac-PT-(Galβ1-3GalNAcα)TTGIST-NH2   49   6 
Ac-P-(Galβ1-3GalNAcα)TTTGIST-NH2 7 <1 
Ac-GTT-(Galβ1-3GalNAcα)TPIST-NH2 14 <1 
Ac-GT-(Galβ1-3GalNAcα)TTPIST-NH2   13   5 
Ac-G-(Galβ1-3GalNAcα)TTTPIST-NH2   12   8 
Ac-PT-(Galβ1-3GalNAcβ)TTPIST-NH2 43 15 
Ac-P-(Galβ1-3GalNAcβ)TTTPIST-NH2 72 32 
AHGVT-(GalNAcα)SAPDTRPAPGSTAPPA <1 <1 
AHGVT-(Galβ1-
3GalNAcα)SAPDTRPAPGSTAPNA  

9 <1 

AHGVT-(Galβ1-
3GalNAcα)SAPESRPAPGSTAPNA 

9 <1 

AHGVT-(Galβ1-
3GalNAcα)SAPDTRPAPGSTAPTA 

9 <1 

AHGVT-(Galβ1-
3GalNAcα)SAPETRPAPGSTAPTA 

11 <1 

AHGVT-(Galβ1-
3GalNAcα)SAPDTRPAPGSTAP-(Galβ1-
3GalNAcα)TA 

18 <1 

AHGVT-(Galβ1-3GalNAcα)SAPDTRPAPGS-
(Galβ1-3GalNAcα)SAPPA 

9 <1 
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4.4.4 Inhibition of Gal-and GlcNAc-transferases 

Compounds that were inactive as substrates were screened as inhibitors for Gal- and 

GlcNAc-transferase activities. Substrate analogs, as well as a series of neutral imidazoles and 

monovalent imidazolium salts [190], and a series of bis-imidazolium salts containing an aliphatic 

linker-chain were tested. Although some of the bis-imidazolium salts inhibited β3GalT5 and 

β4GalT1 [189], none of these compounds produced an inhibitory effect on C1GalT activity 

(Table 4.4). Naphthyl derivatives of GlcNAc were previously shown to be potent inhibitors of 

β4GalT1 [157,164] but did not inhibit C1GalT or any of the other three enzymes. In this large 

series of compounds only benzyl 2-butanamido-2-deoxy-α-D-galactoside (2-N-butyryl-GalNα-

Bn) weakly inhibited C1GalT activity with an IC50 of 2.31 mM (Appendix C Figure 10) but did 

not inhibit the other enzymes tested (Table 4.4). 

None of the inactive GalNAc derivatives had any inhibitory effect on C3GnT. However, 

bis-imidazolium salts containing an aliphatic linker-chain of 20 or 22 carbons significantly 

inhibited C3GnT activity (Table 4.4). The IC50 of an inhibitor with a 20-carbon chain, 1,20-bis-

(3-methyl-1H-imidazolium-1-yl)eicosane dichloride, was 0.14 mM, while the IC50 of the 

respective dimesylate salt was 0.13 mM. The IC50 of the inhibitor with a 22-carbon chain, 1,22-

bis-(3-methyl-1H-imidazolium-1-yl)docosane dimesylate, was 0.26 mM (Table 4.4, Appendix C 

Figure 11). Imidazolium salts with linker-chains of 18 carbons or less did not inhibit C3GnT. 

Although none of the sugar derivatives inhibited C2GnT1, the bis-imidazolium salts with 

aliphatic linker-chains of 16, 18, 20 or 22 carbons in length were potent inhibitors (Table 4.4, 

Appendix C Figure 12). The lowest IC50 value (0.062 mM) was seen with 1,20-bis-(3-methyl-1H-

imidazolium-1-yl)eicosane dichloride. Surprisingly, none of these compounds inhibited the 

related enzyme C2GnT2. 
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Table 4.4 Inhibition of human C1GalT, C3GnT, C2GnT1 and C2GnT2. 

Human recombinant enzymes were assayed as described in Materials and methods with 0.5 mM 
GalNAcα-Bn (for C1GalT and C3GnT) or Galβ1-3GalNAcα-pnp (for C2GnT1 and C2GnT2) as 
the acceptor substrate. All inhibitor compounds were inactive as substrates. The inhibitor 
concentration in the assay was at a 1:1 ratio with the acceptor substrate (0.5 mM). Other bis-
imidazolium compounds with similar structure but having aliphatic linker-chains containing 4, 6, 
8, 10, 11, 12, 13 or 14 carbons in length were inactive as substrates and as inhibitors. 
 

 

 

4.5 Discussion 

All four human enzymes studied here are inverting glycosyltransferases that form β-

linkages and synthesize the major mucin type O-glycan core structures 1 to 4 (Figure 4.1, Table 

4.5) which are found in the highly O-glycosylated tandem repeat regions of colonic or lung 

mucins [152,198]. These enzymes therefore efficiently accept the peptide and glycopeptide 

moieties of their mucin substrates. However, in vitro, only core 1 synthase has a pronounced 

preference for mucin-derived glycopeptides and may thus bind preferably to GalNAcα-Thr. The 

enzymes that assemble core 2, 3 and 4 generally were poorly active using mucin-derived 

glycopeptides. Although the sugar moieties have a stabilizing effect on peptide conformations, 

!

Inhibitor (0.5mM in assays) C1GalT C3GnT C2GnT1 C2GnT2 
 Inhibition 

(%) 
IC50 

(mM) 
Inhibition 

(%) 
IC50 

(mM) 
Inhibition 

(%) 
IC50 

(mM) 
Inhibition 

(%) 

1,15-Bis-(3-methyl-1H-imidazolium-1-
yl)pentadecane dichloride 

< 1  < 1  < 1  < 1 

1,16-Bis-(3-methyl-1H-imidazolium-1-
yl)hexadecane dichloride 

< 1  < 1    81 0.23 < 1 

1,18-Bis-(3-methyl-1H-imidazolium-1-
yl)octadecane dichloride 

< 1  < 1  100 0.02 < 1 

1,20-Bis-(3-methyl-1H-imidazolium-1-
yl)eicosane dichloride 

< 1    95 0.14 100 0.06 < 1 

1,20-Bis-(3-methyl-1H-imidazolium-1-
yl)eicosane dimesylate 

< 1    80 0.13 100  < 1 

1,22-Bis-(3-methyl-1H-imidazolium-1-
yl)docosane dimesylate 

< 1    78 0.26 100 0.07 < 1 

1-Thio-N-butrylGlcN!-(2-naphthyl) < 1  < 1  < 1  < 1 
2-N-Butyryl-GalN"-Bn 16 2.31 < 1  < 1  < 1 
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large mucin molecules having rigid ‘bottle brush’ conformations appear to be better substrates for 

these enzymes, and are efficiently glycosylated in vivo. Mucin-derived glycopeptides have been 

used in vitro to synthesize the Tn and T antigens [185,199]. However, the relatively short size and 

flexible nature of glycopeptides used in this study did not allow efficient synthesis of core 3 and 4 

O-glycans. The in vitro synthesis of core 3-glycopeptides by recombinant C3GnT has been 

achieved using MUC1-derived glycopeptide derivatives linked to beads [199]. These solid phase-

linked glycopeptides are expected to be more stable in their conformations and may thus be better 

substrates. 

 

Table 4.5 Glycosyltransferases used in this study. 

All of the enzymes used are human, inverting transferases having a predicted GT-A fold [203]. 
The GT family assignment is from the CAZy data bank. The DxD motif may contain one or more 
catalytically active acidic amino acids. Although N-glycosylation sites are present, their 
occupation by N-glycans and their function in enzyme stability has only been shown for C2GnT1 
[194]. Multiple Cys residues function in forming protein dimers (C1GalT) [177] and/or disulfide 
bonds (C1GnT1) [196]. -T, -transferase. 
 
Enzyme Names Accession# EC# GT 

Family 
Fold DxD 

motif 
N-
glycan 
sites 

Cys 

C1GalT, core 1 β1,3-
Gal-T, Core 1 
synthase, T-synthase, 
Core 1-T 

NP_064541 2.4.1.122 GT31 GT-A DAD 0 7 

C3GnT, core 3 β1,3-
GlcNAc-T, Core 3 
synthase, β3GnT6 

Q6ZMB0 2.4.1.147 GT31 GT-A DDD 3 3 

C2GnT1, core 2 β1,6-
GlcNAc-T, Core 2-T 

Q02742 2.4.1.102 GT14 GT-A DE, 
DVDVD 

2 2 

C2GnT2, core 2/4 
β1,6-GlcNAc-T, Core 
4-T 

AAD10824 2.4.1.148 GT14 GT-A DE, DSD, 
DID 

2 2 
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Polypeptide GalNAc-transferases act as the first enzymes in the O-glycan core synthesis 

pathways to synthesize the Tn antigen and bind the peptide moieties in the substrate binding site 

[200-202]. The crystal structures of human T2 and T10 [200,201] as well as mouse T1 [202] 

reveal a lectin binding domain, which suggests that the enzymes can bind a glycopeptide as the 

acceptor substrate. Of the four enzymes that extend the Tn antigen, only the crystal structure of 

mouse C2GnT1 is known, with and without the acceptor or UDP [196,197].  It appears that the 

peptide moiety of glycopeptides is not bound to the enzyme but extrudes into the solution. Thus, 

most glycopeptides are poor acceptor substrates for C2GnT1, independent of the α− or β-

configurations of core 1, while hydrophobic groups may assist substrate binding. It is remarkable 

that core 1-TAGV is an excellent substrate and may uniquely bind to hydrophobic amino acids 

near the acceptor binding site of C2GnT1 but not to the similar enzyme C2GnT2.  

Human C1GalT has a distinct substrate specificity recognizing the GalNAc-ring in α-

configuration as well as the aglycone group, with a preference for peptide. GlcNAcβ1-

6GalNAcα-Bn is a good substrate for C1GalT but the MUC3 mucin-derived glycopeptide with 

this disaccharide structure is not. This suggests that glycopeptides can have unfavorable 

conformations or cause poor accessibility of the acceptor to the catalytic site. GalNAc in β-

configuration also does not bind to the enzyme and future protein structure of C1GalT may reveal 

a steric hindrance of β-linked GalNAc. 

C1GalT does not require the presence of the 6-hydroxyl of GalNAc for substrate binding 

but it does require the 2-N-acyl group. While 2-N-propyl GalNα-Bn shows reduced activity, 2-N-

butyryl-GalNα-Bn is inactive but binds and inhibits the enzyme, probably by steric hindrance of 

catalysis. This is the first report of a substrate analog inhibitor of C1GalT.  

C3GnT also requires GalNAc substrate in the α–configuration as well as all of the 

substituents of the GalNAc sugar ring. While the N-propyl group allows significant activity, the 
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N-butyryl group prevents binding of the compound to the enzyme. The aglycone groups of the 

GalNAc-substrates are also important. Glycopeptides showed variable activity and it appears that 

the length and amino acid composition of peptides determine the efficiency of GlcNAc transfer.  

Human core 1 and core 3 synthases are related to Gal-transferase families. Both of them 

are within the GT31 family of glycosyltransferases with a GT-A fold. They have DxD motifs 

(Table 4.5) which may provide the catalytic base to activate the acceptor sugar by de-protonation. 

This motif may also coordinate the Mn2+ ion and thus interact with the phosphate of UDP-Gal / 

UDP-GlcNAc [203]. The MnCl2 requirement of human C1GalT (Appendix C Figure 2A) 

resembles that of the rat liver enzyme which has an optimum at 10 mM MnCl2 [177]. This in 

vitro concentration is much higher than the Mn2+ concentration in the Golgi which is less than 1 

mM. Thus Mn2+ regulates glycoprotein glycosylation reactions but also glycoprotein trafficking 

and turnover [204]. C2GnT1 and C2GnT2 do not require divalent metal ions for activity. The 

inhibition of these enzymes by the unphysiologically high concentration of 12.5 mM Mn2+ in 

vitro may be a result of altered protein structure.  

Human C2GnT1 and C2GnT2 are members of the β1,6-GlcNAc-transferase family and 

have 57 % sequence identity and 73 % similarity. Both enzymes are in the GT14 family (Table 

4.5). The structure of mouse C2GnT1 suggests that Arg378 and Lys401 residues are in proximity 

to the β-phosphate of UDP-GlcNAc, thus replacing the function of the Mn2+ ion in catalysis 

[196]. The interactions may serve to stabilize the UDP leaving group after GlcNAc transfer. The 

human counterpart of C2GnT1 also has Arg378 and Lys401 residues close to the DxD motif near 

the C-terminus that may replace the function of a divalent metal ion.  

A conserved SPDE motif resembling the DxD motif is present in mouse and human 

C2GnT1 as well as in human C2GnT2. The Glu320 of this sequence in mouse C2GnT1 is near 

the O-4 and O-6 of GalNAc of bound substrate while Arg254 forms a hydrogen-bond with O-4 of 
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Gal [196,197]. Glu243 also binds to O-4 as well as the O-6 of the Gal residue. This explains the 

absolute requirement of C2GnT1 for the Galβ1-3GalNAc sequence where the 4- and 6-hydroxyls 

of both sugar residues have to be unmodified. The acceptor binding site of C2GnT2, in addition 

to core 1, also accommodates the GlcNAc residue of core 3. This could be due to the replacement 

of Glu253 with Thr in C2GnT2 that may allow the binding of the equatorial O-4 of GlcNAc. 

Tyr358 is in the vicinity of O-2 of Gal in mouse C2GnT1, but this residue appears to be replaced 

by the smaller Gly368 residue in C2GnT2, explaining why the bulkier GlcNAc is accepted 

instead of Gal at that site. However, the core 3 substrate GlcNAcβ1-3GalNAcα-pnp showed an 

almost 3-fold higher KM value compared to the core 1 substrate, suggesting that core 3 does not 

bind as well as core 1 to C2GnT2.  

A third enzyme of the C2GnT family, C2GnT3, which is primarily expressed in the 

thymus was shown to be specific for UDP-GlcNAc as the sugar donor substrate and also has the 

SPDE motif [205]. The enzyme has the acceptor specificity of C2GnT1 and acts on core 1 but not 

on core 3, although a very low distal I-antigen GlcNAc-transferase (IGnT) activity was detected 

with the i-antigenic GlcNAcβ1-3Galβ-methyl substrate. Interestingly, Hashimoto et al. [206] 

reported that mouse C2GnT2 acted on core 1, core 3 and GlcNAcβ1-3Gal- substrates and thus has 

the core 2-, core 4- and IGnT activities, similar to that of human C2GnT2 [187] and the crude M-

enzyme (C2GnT2) in rat colon [178,184]. However, in our current study we did not observe the 

IGnT activity of human C2GnT2, and our observations correspond to the specificity of human 

C2GnT2 cloned by Schwientek et al. [186]. Thus, depending on the assay conditions, the enzyme 

might have a very low activity towards the GlcNAcβ1-3Gal- substrate.  

It is interesting that	   imidazolium salts potently inhibit C3GnT and C2GnT1 but not 

C1GalT or C2GnT2. These inhibitors are not substrate analogs and also inhibit β1,3- and β1,4-

Gal-transferases [189] in a mixed non-competitive / uncompetitive fashion. This selective mode 
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of inhibition does not appear to involve binding of the positively charged salts to UDP-sugars, 

since only selected transferases are inhibited. It will have to be shown if there are hydrophobic 

and positively charged amino acid residues on the surface of enzyme proteins in an appropriate 

configuration that allows the binding of imidazolium salts with spacers of specific lengths (20 to 

22 carbons for C3GnT and 16 to 22 carbons for C2GnT1). This binding then may cause an 

unfavorable protein conformation or block access to the substrate binding site. The 

glycosyltransferases studied here are among those affected by cancer and other diseases [107], 

and inhibitors have therapeutic potential. Future knowledge of the structures of these 

glycosyltransferases will help our understanding of substrate recognition and aid in further 

development of inhibitors.  
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 Chapter 5

Selective Inhibition of Glycosyltransferases by Bivalent Imidazolium 

Salts 

5.1 Abstract 

Galactosyltransferases (GalTs) extend the glycan chains of mammalian glycoproteins by 

adding Gal to terminal GlcNAc residues, and thus build the scaffolds for biologically important 

glycan structures. We have shown that positively charged bivalent imidazolium salts in which the 

two imidazolium groups are linked by an aliphatic chain of 20 or 22 carbons form potent 

inhibitors of purified human β3GalT5, using GlcNAcβ-benzyl as acceptor substrate. The 

inhibitors are not substrate analogs and also inhibited a selected number of other 

glycosyltransferases. These bis-imidazolium compounds represent a new class of 

glycosyltransferase inhibitors with potential as anti-cancer and anti-inflammatory drugs.  

5.2 Introduction 

In mammals, the extension of glycoconjugate oligosaccharide chains by 

galactosyltransferases (GalTs) is important for a variety of biological recognition processes, such 

as cell adhesion, microbial adhesion, apoptosis, inflammation, and cancer [207]. Two types of 

carbohydrate chain extensions (type 1 and type 2 chains) are synthesized by β3-GalTs and β4-

GalTs, respectively [208]. These chains can be further modified to produce various epitopes, such 

as Lewis antigens. Specific Lewis antigens can serve as biomarkers for certain cancers 

[36,209,210] and function in cell–cell adhesion in the immune system, during inflammation and 

in the metastatic process of cancer cells [207]. In humans, the serum or tissue levels of GalT 

activities appear to be effectively regulated, and are often found abnormal in cancer [60,211-214]. 
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Therefore, the design of biologically applicable GalT inhibitors is important for the development 

of both anti-cancer and anti-inflammatory drugs [159,207,215]. Previously we have described 

acceptor substrate-analog inhibitors [157] that inhibited β4-GalT but not β3-GalT [164]. UDP-

Gal donor substrate-based inhibitors have also been developed and shown to inhibit a number of 

mammalian and bacterial GalTs [216]. In addition, based on the structure of the UDP-Gal binding 

pocket of blood group B GalT, nonionic mimics of UDP-Gal have been developed as GalT 

inhibitors [217]. 

Both monovalent and bivalent imidazolium salts have been shown to have anti-

Plasmodium activity, probably by binding to specific cell-surface receptors of Plasmodium 

falciparum merezoites and thus blocking cell replication [190]. Here we report that bivalent 

imidazolium chloride and mesylate salts, in which the two imidazolium groups are linked by an 

aliphatic chain, strongly inhibit human β3GalT5. The compounds also inhibited a selected 

number of other glycosyltransferases. This information is useful for studying the functional role 

of glycans and is a basis for the development of biologically applicable glycosylation modifiers. 

A series of bis-imidazolium salt compounds was prepared that contained two terminal 

positively charged imidazolium groups and an aliphatic chain linker of different lengths (see 

Table 5.1). These compounds were screened as inhibitors of purified human recombinant soluble 

β3GalT5 expressed in insect cells. This enzyme is abundantly expressed in mammalian tissues 

and extends the glycan chains of glycoproteins, with a preference for O-glycans [164,208]. 
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Table 5.1 Inhibition of mammalian β4GalT1 and β3GalT5 using bis-imidazoles and bis-
imidazolium saltsa 
a Human recombinant soluble β3GalT5 was expressed in insect cells and purified. Human 
recombinant soluble, His-tagged β4GalT1 protein was expressed in BL21 cells and purified. The 
GalT assays contained 0.5 mM GlcNAcβ-Bn as the acceptor substrate, 0.5 mM UDP-Gal donor 
substrate, 0.37 µg β3GalT5 or 0.34 µg β4GalT1, and 0.5 mM bis-imidazole or bis-imidazolium 
compound. Negative controls had no acceptor and positive (100% activity) controls had no 
inhibitor. b Compound synthesized as the dimesylate (2 CH3SO3

-) salt instead of the dichloride 
salt. Data represent mean values ± standard deviation of replicate experiments. 

 

2HClNNN N CH2
n

1    n = 4
3    n = 6
5    n = 8
7    n = 10
9    n = 11
11  n = 12
13  n = 13
15  n = 14
17  n = 15
19  n = 16
21  n = 18
23  n = 20

Bis-Imidazoles

 

2ClNNN N CH2
n

CH3H3C

2    n = 4
4    n = 6
6    n = 8
8    n = 10
10  n = 11
12  n = 12
14  n = 13
16  n = 14
18  n = 15
20  n = 16
22  n = 18
24  n = 20
25  n = 20, dimesylate salt
26  n = 22, dimesylate salt

Bis-Imidazolium Salts

 

 
Compound n % Inhibition 

of  !4-GalT1 
% Inhibition 

Of  !3-GalT5 
     

4, 6, 8, 10, 11, 12, 
 13, 14, 15, 16 < 1 < 1 1–20 

 
21 18 < 1 < 1 
22 18 < 1 < 5 

 
23 20 < 1 <1 
24 20 54 ± 3 84 ± 1 

    
25b 20 40.7 ± 0.5 79.2 ± 0.7 

    
26b 22 78 ± 4 95 ± 2 
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5.3 Results and discussion 

5.3.1 Synthesis 

The bis-imidazolium compounds in the dichloride form (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 

22, and 24) were synthesized from the corresponding diiodide salts [218] by treatment with an 

excess of Amberlite IRA-410 (anion-exchange resin in the chloride form) using 1:1 (v/v) 

acetonitrile–methanol as solvent. The bis-imidazolium compounds in the dimesylate form (25 and 

26) were synthesized in three steps as follows. Treatment of ecosanedioic acid or docosanedioic 

acid with lithium aluminium hydride in THF gave the diols 1,20-eicosanediol and 1,22-

docosanediol, respectively. Treatment of the respective diol with methanesulfonyl chloride–

triethylamine–THF gave the alkylene dimesylates 1,20-bis-(methanesulfonyloxy)eicosane and 

1,22-bis-(methanesulfonyloxy)docosane. The final bis-imidazolium dimesylate salts 25 and 26 

were synthesized by a nucleophilic displacement reaction on the corresponding alkylene 

dimesylate using 1-methylimidazole. 

5.3.2 Biological evaluation 

Of the large series of positively charged imidazolium compounds examined, only 

compounds having an aliphatic chain length of 20 or 22 carbons, namely, compounds 24, 25, and 

26, effectively inhibited β3GalT5 with IC50 values of 0.44 mM, 0.42 mM, and 0.40 mM, 

respectively (Figure 5.1, Panel C). In spite of structural similarities, positively charged bis-

imidazolium compounds having shorter aliphatic chains did not inhibit β3GalT5. The structurally 

similar neutral bis-imidazole compounds showed no inhibition (Table 5.1), indicating that a 

specific structure was necessary for the inhibitory activity. To confirm that the imidazolium 

moiety of 24 and not the chloride ion was responsible for the inhibition, we prepared the 
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dimesylate salt analog 25. Both compounds, 24 and 25, inhibited β3-GalT similarly, confirming 

that the aliphatic bis-imidazolium cationic structure was critical for inhibition. The results 

indicated that it was the positively charged imidazolium groups, spaced apart by an aliphatic 

chain of 20 carbons in length, that had inhibitory properties. 

 

 

 

 

Figure 5.1 Inhibition of human β3GalT5 by different concentrations of inhibitors. 

(A) Assay mixtures for GalT contained different concentrations of GlcNAcβ-Bn as the acceptor 
substrate and inhibitor 24. No 24 (rectangles), apparent KM = 9.2 mM, apparent Vmax = 224.3 
µmol/h/mg; 0.5 mM 24 (circles), KM = 16.3 mM, Vmax = 169.2 µmol/h/mg; 0.75 mM 24 
(diamonds), KM = 12.5 mM, Vmax = 62.2 µmol/h/mg; 1.0 mM 24 (triangles), KM =10.0 mM, Vmax 
= 38.4 µmol/h/mg. (B) Reciprocal plot. With increasing inhibitor concentrations, the Vmax values 
were reduced. (C) Inhibition curves of human β3GalT5 with different concentrations of 
compound 24, 25, or 26. GlcNAcβ-Bn (0. 5 mM) was used as the acceptor substrate in the assay 
mixture. For 24 (closed rectangles/dark solid line) IC50 = 0.44 mM; for 25 (opened 
rectangles/dashed line) IC50 = 0.42 mM; for 26 (closed circles/light solid line) IC50 = 0.40 mM. 
The IC50 values were calculated using the Origin 8.0 program.  

!"#$

!"#$

!"#$
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Inhibition kinetics (Figure 5.1) of β3GalT5 indicated that the inhibition by 24 was not 

competitive with the acceptor substrate GlcNAcβ-Bn. This result was expected since the structure 

of 24 does not bear resemblance with the acceptor. However, the inhibition appeared to have a 

mixed uncompetitive/noncompetitive nature. Similar results were obtained with the dimesylate 

analog 25.  

The addition of increasing concentrations of the non-ionic detergent Triton X-100 

completely blocked the inhibitory activity of 24 on β3GalT5 at 0.5% (Figure 5.2). Similarly, the 

addition of phosphatidylcholine vesicles at 7.5 mg/mL resulted in complete restoration of 

β3GalT5 activity in the presence of inhibitor 24 (Figure 5.3). Since bis-imidazolium salts of the 

type studied have detergent-like hydrophilic as well as hydrophobic moieties, it is possible that 

Triton X-100, as well as phosphatidylcholine, support an unfavourable micelle formation that no 

longer allows the interaction between 24 and the enzyme protein. Surface tension experiments 

were conducted using compounds 20 or 24 in 10% EtOH in water (results not shown) in an effort 

to obtain critical micelle concentrations; no indication that micelle formation occurred even at 

concentrations (1000 µM) double that involved in the reported studies. Interestingly, DNA from 

calf thymus also blocked the inhibitory activity of 24 on β3GalT5 in a dose-related fashion. This 

suggested that the positively charged imidazolium moiety was the inhibiting factor, possibly by 

binding to negatively charged groups on the enzyme protein.  

To determine the specificity of inhibition by 24, a number of glycosyltransferases were 

investigated. Among the β4-GalT family, soluble human recombinant β4GalT1, as well as bovine 

milk β4-GalT, were also inhibited by 24 and 25. The IC50 values for 24 were 1.96 mM for 

β4GalT1 and 0.73 mM for bovine milk β4-GalT. However, another ubiquitous GalT, human core 

1 β3GalT5, showed no inhibition. These results suggested that the mechanism of inhibition did 

not involve the binding and elimination of UDP-Gal as a donor substrate.  



 

 

99 

 

Figure 5.2 Inhibition of human β3GalT5 and β4GalT1 in the presence of non-ionic 
detergent. 

Human β3GalT5 and β4GalT1 were assayed in the presence of compound 24 (at 0.5 mM) which 
strongly inhibits the enzymes. The presence of Triton X-100 in the assay blocked the inhibition in 
a dose-dependent manner and restored activity at 0.5%. Closed circles, human β3GalT5; open 
circles, human β4GalT1. 

 

 

Figure 5.3 Inhibition of human β3GalT5 and β4GalT1 in the presence of 
phosphatidylcholine. 

Human β3GalT5 and β4GalT1 were assayed in the presence of phosphatidylcholine vesicles, and 
in the presence of compound 24 (at 0.5 mM) which strongly inhibits the enzymes. The presence 
of phosphatidylcholine vesicles in the assay blocked the inhibition in a dose-dependent manner. 
Closed diamonds, human β3GalT5; open diamonds, human β4GalT1. 
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Polypeptide GalNAc-transferases initiate the synthesis of O-glycan structures of 

glycoproteins and an inhibition could be very useful to study the role of O-glycans. Polypeptide 

GalNAc-transferase 1 is an abundant member of a large family of these enzymes. The activity of 

purified bovine polypeptide GalNAc-transferase 1, using AQPTPPP as the acceptor peptide 

[185], was strongly inhibited by 24 (Table 5.2). A previously described inhibitor of this activity 

was nucleotide sugar-based and also contained an aliphatic chain [219]. In comparison, another 

O-glycan synthesis inhibitor, GalNAcα-Bn, is a competitive substrate and only blocks the 

extension of O-glycans after GalNAc has been added to Ser/Thr. Several recombinant soluble 

GlcNAc-transferases expressed in Sf9 insect cells were also tested with 24. GlcNAc-transferases 

involved in the synthesis of O-glycans with core 2 and core 3 structures [48,185] (C2GnT1 and 

purified C3GnT, respectively) showed almost complete inhibition by 24, and similarly by the 

dimesylate analog 25 (Table 5.2). In contrast, the GlcNAc-transferase involved in the synthesis of 

core 2 and core 4 (C2GnT2) which is related to C2GnT1, as well as two unrelated GlcNAc-

transferases involved in N-glycan synthesis [48] (GnT-I and GnT-II) were not inhibited. C2GnT2 

activity and inhibition was examined with the same acceptor as for C2GnT1, in addition to its 

specific GlcNAcβ1-3GalNAcα-p-nitrophenyl acceptor, but no inhibition was observed (Table 

5.2). These results indicated that the inhibition by 24 was enzyme-selective, and appeared to be 

independent of the structure of the nucleotide sugar or acceptor substrate. 
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Table 5.2 Inhibition of selected glycosyltransferases by bis-imidazolium saltsa 
a Mammalian glycosyltransferases were assayed in the absence and presence of 0.5 mM bis-
imidazolium compound 24, 25, or 26. Human β4-GalT1 was expressed in bacteria and purified, 
bovine milk β4-GalT1 was from Sigma, and bovine ppGalNAcT was highly purified. All other 
glycosyltransferases were produced as soluble enzymes in insect cells. All assays contained 10 % 
ethanol. Control assays lacked the acceptor substrate or inhibitor. Man3-octyl, Manα1-6(Manα1-
3)Manβ-octyl; GnMan3-octyl, Manα1-6(GlcNAcβ1-2Manα1-3)Manβ-octyl; pnp, p-nitrophenyl; 
ppGalNAcT, polypeptide GalNAc-transferase. Data represent mean values ± standard deviation 
of replicate experiments. 

 

 

 

5.4 Conclusions  

In summary, we have shown that a number of glycosyltransferases that utilize various 

nucleotide sugars and different acceptor substrates were found to be inhibited by bis-imidazolium 

salts 24 and 25, while other enzymes that use the same donor substrates and the same or different 

acceptor substrates were not inhibited. We conclude that it is not the interaction of 24 with the 

nucleotide sugar donors or with specific acceptor substrates that caused the inhibition but rather 

an effect on selected enzyme proteins. Bis-imidazolium salts may bind to negatively charged as 

 

Enzyme 
 

Acceptor 
(0.5 mM) 
 

Control 
Activity  

(without inhibitor) 
(µmol h-1 mg-1) 

% 
Inhibition 

by 
compound 

24 

% 
Inhibition 

by 
compound 

25 

% 
Inhibition 

by 
compound 

26 
 
 

     Gal-transferases:      
Human !3-GalT5 GlcNAc!-Bn 6.7 ± 0.3 84 ± 1 79.2 ± 0.7 95 ± 2 
Human !4-GalT1 GlcNAc!-Bn 1.3 ± 0.3 41 ± 2 35 ± 5 53 ± 2 
Bovine milk !4-GalT1 GlcNAc!-Bn 9.1 ± 0.9 54 ± 3 40.7 ± 0.5 78 ± 4 
Human C1GalT GalNAc"-Bn 0.420 ± 0.003 < 1 < 1 < 1 
      
GlcNAc-transferases:      
Human C2GnT1 Gal!3GalNAc"-Bn 0.034 ± 0.003 100 ± 1 100 ± 1 100 ± 1 
Human B3GnT6 GalNAc"-Bn 0.190 ± 0.004 94.4 ± 0.6 80 ± 2 78 ± 4 
Human C2GnT2 Gal!3GalNAc"-Bn 0.077 ± 0.008 < 1 < 1 < 1 
Human C2GnT2 GlcNAc!3GalNAc"-pnp 0.074 ± 0.001 < 1 < 1 < 1 
Human GnT-I 0.1 mM Man3-octyl 0.012 ± 0.001 < 1 < 1 < 1 
Human GnT-II 0.1 mM GnMan3-octyl 0.015 ± 0.002 < 1 < 1 < 1 
      
GalNAc-transferase:      
Bovine ppGalNAcT1 AQPTPPP 2.6 ± 0.4 91 ± 5 96.8 ± 0.6 100 ± 1 
      



 

 

102 

well as hydrophobic amino acids that are critical for protein structure, substrate binding, or 

catalysis. This effect appears to be based on a combination of a specific spacing between 

positively charged imidazolium groups mediated by a hydrophobic chain of defined length, and 

thus depends on the physical properties of the inhibitor. These bis-imidazolium salts, due to their 

detergent-like properties, may be incorporated into cell membranes, but it remains to be shown if 

these novel glycosyltransferase inhibitors cross the membrane, are delivered to the Golgi 

apparatus, and inhibit glycosyltransferases in vivo. 

5.5 Experimental 

5.5.1 General 

Preparatory-scale thin-layer chromatography was performed on SiliaPlate TLC glass-

backed silica gel plates (Silicycle, 2000 µm thickness), and the compounds were visualized by 

UV illumination (254 nm). Melting points were measured on a Mel-Temp II apparatus and are 

uncorrected. 1H and 13C NMR spectra were recorded on a Bruker Avance 400 spectrometer in 

DMSO-d6, CD3OD, or CDCl3. The chemical shifts are reported in δ (ppm) relative to 

tetramethylsilane [220]. The compounds synthesized were deemed >95% pure by 1H NMR 

analysis. High-resolution ESI mass spectra were recorded on an Applied Biosystems/MDS Sciex 

QSTAR XL mass spectrometer with an Agilent HP1100 Cap-LC system. Samples were run in 

50% aqueous MeOH at a flow rate of 6 µL/min. High-resolution EI mass spectra were recorded 

on a Waters/Micromass GC-TOF instrument. 

5.5.2 Materials 

The bis-imidazoles in the dihydrochloride form (1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, and 

23) were prepared according to the published procedure [218]. 1,4-Bis-(3-methyl-1H-
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imidazolium-1-yl)butane diiodide, 1,6-bis-(3-methyl-1H-imidazolium-1-yl)hexane diiodide, 1,8-

bis-(3-methyl-1H-imidazolium-1-yl)octane diiodide, 1,10-bis-(3-methyl-1H-imidazolium-1-

yl)decane diiodide, 1,11-bis-(3-methyl-1H-imidazolium-1-yl)undecane diiodide, 1,12-bis-(3-

methyl-1H-imidazolium-1-yl)dodecane diiodide, 1,13-bis-(3-methyl-1H-imidazolium-1-

yl)tridecane diiodide, 1,14-bis-(3-methyl-1H-imidazolium-1-yl)tetradecane diiodide, 1,15-bis-(3-

methyl-1H-imidazolium-1-yl)pentadecane diiodide, 1,16-bis-(3-methyl-1H-imidazolium-1-

yl)hexadecane diiodide, 1,18-bis-(3-methyl-1H-imidazolium-1-yl)octadecane diiodide, and 1,20-

bis-(3-methyl-1H-imidazolium-1-yl)eicosane diiodide were prepared according to the published 

procedure [218]. Eicosanedioic acid was obtained from Alfa Aesar. All of the other chemicals 

were obtained from Sigma–Aldrich. 

5.5.3 Synthetic procedures 

See Appendix D 

5.5.4 Assay conditions 

Insect cell supernatants containing soluble human β3GalT5 were used for the purification 

as described previously [164]. Enzyme solution were stored at −80 °C in the presence of 20% 

glycerol. BL21 bacteria expressing human recombinant β4GalT1 (mutant M340H) were obtained 

from Pradman K. Qasba, U.S. National Institutes of Health. Bacteria were grown and protein 

production induced as described [221]. Enzyme was purified from inclusion bodies by the 

denaturing and renaturing process. Bovine milk β4-GalT was from Sigma. Insect cell supernatant 

containing human recombinant soluble β3GalT5 was kindly donated by Henrik Clausen, 

University of Copenhagen, Denmark. β3GalT5 was purified by Q-Sepharose anion-exchange 

chromatography and further purified by S-Sepharose cation-exchange chromatography. The 

following glycosyltransferases were produced in insect cells as soluble enzymes: Human C1GalT 
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was donated by Zongchong Ju, Atlanta, GA, USA. Human core 3-synthase (B3GnT6) was 

donated by Don Jarvis, Laramie, WY, USA, and purified by Nickel-NTA Sepharose affinity 

chromatography. Human C2GnT that acts on Galβ1-3GalNAcα-Bn was obtained as described 

[194]. Human C2GnT2 that acts on both Galβ1-3GalNAcα-Bn and GlcNAcβ1-3GalNAcα-p-

nitrophenyl (Toronto Research Chemicals) was obtained from Don Jarvis, University of 

Wyoming, USA and was purified by Nickel-NTA Sepharose affinity chromatography. Purified 

bovine polypeptide-GalNAc-transferase [164] was obtained from A. Elhammer, Kalamazoo, MI, 

USA. Human GnT-I and GnT-II were obtained from Harry Schachter, Toronto, Ontario, Canada. 

Glycosyltransferases were assayed as previously described [157,159,164,185,194]. 

Briefly, mammalian β3/4-GalTs were assayed in a total volume of 40 µL containing different 

concentrations of acceptor substrate, 0.25–1 µg recombinant enzyme, 0.8–1.6 mM UDP-[3H]Gal 

(2266 cpm/nmol), 0.125 M MES buffer (N-morpholino-ethanesulfonic acid) (pH 7), 12.5 mM 

MnCl2, 10 mM AMP, and 5 mM γ-galactonolactone. The standard GalT assays contained 0.5 

mM GlcNAcβ-Bn as the acceptor substrate. Inhibition assays contained different concentrations 

of bis-imidazolium salt compound and 10% ethanol. C1GalT was assayed with 0.5 mM 

GalNAcα-Bn as the acceptor substrate, 0.8 mM UDP-[3H]Gal as donor substrate, and 0.5 mM 

bis-imidazolium salt compound. C2GnT1 and C2GnT2 assay mixtures contained 0.125 M MES 

buffer (pH 7), 10 mM AMP, 0.125 M GlcNAc, 0.5 mM Galβ1-3GalNAcα-Bn or GlcNAcβ1-

3GalNAcα-p-nitrophenyl, and 1 mM UDP-[3H]GlcNAc (5800 cpm/nmol). C3GnT was assayed 

similarly, using 0.5 mM GalNAcα-Bn acceptor in the presence of 12.5 mM MnCl2. The assay 

mixtures for GnT-I and II contained 1 mM UDP-[3H] GlcNAc (5800 cpm/nmol), 0.1 mM 

Manα6(Manα3)Manβ-octyl (Toronto Research Chemicals) for GnT-I, or 

Manα6(GlcNAcβ2Manα3)Manβ-octyl (for GnT-II) [164], 0.125 M MES (pH 7), 0.125 M 

GlcNAc, 10 mM AMP, and 12.5 mM MnCl2. Polypeptide GalNAcT activities were determined 
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in a total volume of 40 µL containing 0.125 M MES (pH 7), 0.125% Triton X-100, 10 mM AMP, 

12.5 mM MnCl2, 1.2 mM UDP-[3H]GalNAc (2,000 cpm/ nmol), and 0.5 mM AQPTPPP 

acceptor substrate [185] Control assays lacked the acceptor substrate or inhibitors. Inhibition 

assays were performed with different concentrations of bis-imidazolium salt compound and 10% 

ethanol. Reaction mixtures were incubated for 1 h at 37 °C, and products isolated using 0.4 mL 

AG1×8 (100–200 mesh) anion-exchange resin (chloride form); elution was performed using 

water. Radioactivity of the eluate was determined by scintillation counting. KM and Vmax values 

were calculated with the Origin 8.0 program. Phosphatidylcholine vesicles were freshly prepared 

by sonication. 
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 Chapter 6

Specificity of β1,4-galactosyltransferase Inhibition by 2-naphthyl 2-

butanamido-2-deoxy-1-thio-β-D-glucopyranoside 

 

6.1 Abstract 

Inhibitors of Galactosyltransferase (GalT) have the potential of reducing the amounts of 

adhesive carbohydrates on secreted and cell surface-bound glycoproteins. We recently found a 

potent inhibitor of β4GalT, (2-naphthyl)-2-butanamido-2-deoxy-1-thio-β-D-glucopyranoside 

(compound 612). In this work, we have tested compound 612 for the specificity of its inhibition 

and examined its effect on GalT, and on GlcNAc- and GalNAc-transferases in homogenates of 

different cell lines, as well as on recombinant glycosyltransferases. Compound 612 was found to 

be a specific inhibitor of β4GalT. The specificity of recombinant human β3GalT5 that also acts 

on GlcNAc-R substrates, revealed similarities to bovine milk β4GalT. However, 612 was a poor 

substrate and not an inhibitor for β3GalT5. To further determine the specific structures 

responsible for the inhibitory property of 612, we synthesized (2-naphthyl)-2-butanamido-2-

deoxy-β-D-glucopyranosylamine (compound 629) containing nitrogen in the glycosidic linkage, 

and compared it to other naphthyl and quinolinyl derivatives of GlcNAc as substrates and 

inhibitors. Compound 629 was a substrate for both β4GalT and β3GalT5. This suggests that 

properties of 612 other than the presence of the naphthyl ring alone were responsible for its 

inhibitory action. The results suggest a usefulness of 612 in specifically blocking the synthesis of 

type 2 chains and thus epitopes attached to type 2 chains. In addition, 612 potently inhibits 

β4GalT in cell homogenates and thus allows assaying β3GalT activity in the presence of β4GalT. 
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6.2 Introduction 

The synthesis of glycoconjugates by glycosyltransferases plays a critical role in 

mediating biological recognition processes [107,222]. Galactosyltransferases (GalT) add a Gal 

residue to glycoprotein-bound glycans which can be further extended to form sialylated, 

fucosylated and other complex carbohydrate epitopes. These epitopes play important roles in cell-

cell and cell-lectin interactions, in homing of lymphocytes, the immune system, inflammation, 

bacterial adhesion, fertilization and other biological processes. Gal residues are recognized by 

galectins that control cell-cell or cell-matrix interactions, apoptosis and signal transduction [223-

226]. In cancer, these interactions can regulate the invasive and metastatic behaviour of cells 

[61,227-229]. 

Members of the β3GalT and β4GalT families [208,230,231] are involved in the extension 

of glycan chains. β4GalT synthesize the common type 2 chain backbone Galβ1-4GlcNAcβ1-3 

which can be extended and branched, and serves as a scaffold for subsequent modifications and 

the attachment of blood group and Lewis x and y antigens. β3GalT catalyze the biosynthesis of 

type 1 chains Galβ1-3GlcNAcβ1-3 that can carry Lewis a and b antigens. The abundance of these 

epitopes is often altered in cancer and is related to the metastatic potential of cancer cells 

[61,154,227,232].  

β3GalT5 is the key enzyme involved in the synthesis of type 1 chains [213,214,233-235]. 

The activity and transcript levels of β3GalT5 were shown to be decreased in tissue samples of 

human colon adenocarcinoma, relative to the surrounding normal mucosa [154,233,234]. In 

contrast, the activity of β4GalT has been found to be increased in cancer [59,60,154,212,213,233-

235]. The activity or mRNA levels of β4GalT also increase in endothelial and cartilage derived 

cells after treatment of cells with tumor necrosis factor (TNF)α [236,237]. These alterations are 

expected to cause a shift towards type 2 chains in inflamed and tumor tissues. We have therefore 
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developed inhibitors for β4GalT that may serve to decrease the abundance of type 2 chains, and 

reduce the levels of sialyl-Lewis x determinants involved in selectin binding, cancer invasiveness 

and metastasis [157,159,238].  

GlcNAc-naphthyl derivatives have previously been shown to be inhibitors of bovine milk 

β4GalT and did not act as acceptor substrates [157].  In particular, 2-naphthyl 2-butanamido-2-

deoxy-1-thio-β-D-glucopyranoside (compound 612) has been used in airway cell cultures to 

decrease cell surface galactosylation and receptor sites for Pseudomonas aeruginosa [238]. 

However, it has not been determined if these inhibitors are specific for β4GalT. In the present 

work, we determined the nature and specificity of 612, and examined the inhibition of a number 

of recombinant glycosyltransferases and enzymes from cell homogenates. We focused on 

β4GalT1 and β3GalT5, two enzymes that are important for the extension of glycoprotein-bound 

glycans. We found that 612 is a specific inhibitor for β4GalT and thus has the potential to reduce 

the synthesis of type 2 glycan chains. Replacement of the sulfur atom with nitrogen in the 

glycosidic linkage of 612 abrogated the inhibitory properties of 612. 

6.3 Materials and methods 

6.3.1 Materials 

Materials were purchased from Sigma unless stated otherwise. GlcNAc-analogs, 

including compounds were synthesized or obtained as previously described [157,158,185,239-

241]. Insect cell supernatants containing soluble human GlcNAc-transferases I and II (GnT-I or 

GnT-II) were kindly donated by H. Schachter, Hospital for Sick Children, Toronto. GnT-II 

substrate Manα1-6(GlcNAcβ1-2Manα1-3)Manβ-octyl was produced from Manα1-6(Manα1-

3)Manβ-octyl (Man3-octyl, from Toronto Research Chemicals) using GnT-I [240]. The GnT-I 

product was purified by anion exchange chromatography and reverse phase HPLC, and was free 
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of GnT-I substrate as judged by GnT-I assays and mass spectrometry [241]. Recombinant soluble 

bovine polypeptide GalNAc-transferase T1 (ppGalNAcT1) was donated by A. Elhammer [242] 

and stored at -20°C. The enzyme that synthesizes O-glycan core 2, soluble human core 2 

GlcNAc-transferase (C2GnT1), was produced in insect cells and stored at -80°C as described 

[194]. NMR and mass spectrometry was carried out in the Department of Chemistry, Queen's 

University, as described [157,185]. 

Genes encoding soluble human β3GalT1 and 2 [230], cloned into baculovirus vectors 

were obtained from Henrik Clausen, University of Denmark, Copenhagen. Sf9 insect cells were 

grown by Don Jarvis, University of Wyoming, in complete TNM-FH medium containing 10 % 

fetal bovine serum (FBS) [194]. Cells (2 million cells / 5 ml medium) were infected with 

baculovirus (E2) and the culture supernatants were harvested at 24, 48 and 72 hpi. Soluble human 

β3GalT5 was expressed in insect cells in the absence of FBS and in the presence of BSA. The cell 

supernatant, as well as the monoclonal antibody MAb5B8 which is specific to β3GalT5, were 

kindly provided by Henrik Clausen. Enzymes were stored at -80 °C or for several weeks at 4 °C.  

6.3.2 Purification of β3GalT5 

β3GalT5 from Sf9 insect cell supernatants with a specific activity of 19.3 nmol/h/mg 

using 0.5 mM GlcNAcβ-Bn substrate was purified as follows. Enzyme was applied to Q-

Sepharose and eluted with 25 mM Tris-HCl, pH 7.2, 10 mM NaCl, 1 mM MnCl2. Subsequently, 

eluted enzyme was applied to S-Sepharose and eluted with 35 mM MES, pH 6.0, 1 mM MnCl2, 

and a gradient of 0.05 to 1 M NaCl. Fractions were assayed for β3GalT5 activity and analyzed by 

SDS-PAGE. Fractions that contained the highest β3GalT5 activity were pooled and stored at -

80°C. This purified enzyme solution had an activity of 6.5 µmol/h/mg using 0.5 mM GlcNAcβ-

Bn as the acceptor substrate.  
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6.3.3 ELISA assay 

The confirmation of β3GalT5 expression was made with an ELISA assay using antibody 

MAb5B8. Briefly, purified β3GalT5 was diluted 1:5, 1:10 and 1:50 in coating buffer (0.05 M 

carbonate-bicarbonate, pH 9.7). 100 µl of β3GalT5 preparation were transferred into each well of 

24 well plates and incubated at 4°C overnight. After incubation, supernatants were removed and 

wells washed 3 times with 200 µl PBS containing 10 % Tween, followed by blocking at 4°C 

overnight with 200 µl PBS containing 1 % BSA. Wells were then washed 3 times before transfer 

into each well of 100 µl primary antibody MAb 5B8 (1:4 dilution in PBS containing 10 % Tween 

and 1 % BSA). After incubation for 1 h at room temperature (rt), wells were washed and 100 µl 

of secondary antibody (donkey anti-mouse IgG-HPR at 1:1000 dilution in PBS containing 10 % 

Tween and 1% BSA) were applied and incubated for 1 h at rt. Each well was washed carefully 

before adding 100 µl of chromogenic TMB substrate solution (3,3’, 5,5’-tetramethylbenzidine). 

The reaction was allowed to proceed for 30 min; the reaction was then stopped with 1 % SDS. 

The absorbance at 370 nm was read with a microplate reader. 

6.3.4 Glycosyltransferase assays 

Glycosyltransferases were assayed as previously described [157-159,185,194,239,241]. 

Enzyme products were isolated by the AG1x8 or C18 Sep-Pak method, and analyzed by reverse 

phase HPLC using a C18 column and acetonitrile/water mixtures as the mobile phase. Assays 

were carried out at least in duplicate determinations. GalT were assayed in a total volume of 40 µl 

containing 0.5 mM acceptor substrate (or as indicated in the tables), recombinant enzyme 

preparation or cell homogenate (0.1 to 0.2 mg protein), 0.5 mM UDP-[3H]Gal (1600-1800 

cpm/nmol), 0.125 M MES buffer (pH 7), 12.5 mM MnCl2, 10 mM AMP, and 5 mM  γ-

galactonolactone. In assays of cell homogenates, 0.125 % Triton X-100 was present. The standard 
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GalT assays contained GlcNAcβ-Bn as the acceptor substrate, and control assays lacked the 

acceptor. Reaction mixtures were incubated for 1 h at 37°C, and products isolated using 0.2 ml 

columns of AG1×8 (100-200 mesh). Radioactivity of the eluate was determined by scintillation 

counting. For further analysis of products, mixtures were separated by reverse phase HPLC [157]. 

Kinetic parameters were determined using the program OriginPro [157,159].  

Core 1 β3GalT was assayed similarly using 0.5 or 1 mM GalNAcα-Bn as the acceptor. 

Polypeptide GalNAc-transferase activities were assayed using 1 mM UDP-[3H]GalNAc as the 

donor and 1 mM 362 (TTTVTPTPTG) or 2.5 mM AQPTPPP as the acceptor. GlcNAc-

transferases were assayed using 1 mM UDP-[3H]GlcNAc as the donor and 2 mM Galβ1-

3GalNAcα-Bn acceptor (for core 2 β1,6-GlcNAc-transferase),  2 mM GlcNAcβ1-3GalNAcα-pnp 

(for core 4 β1,6-GlcNAc-transferase), 2 mM GalNAcα−Bn (for core 3 β1,3-GlcNAc-transferase), 

0.5 mM Man3octyl (for GnT-I) or 1.7 mM Manα1-6(GlcNAcβ1-2Manα1-3)Manβ-octyl (for 

GnT-II). Mn2+ was omitted in β1,6-GlcNAc-transferase assays. GlcNAc-transferase V (GnT-V) 

was assayed as described [158], followed by HPLC separation of substrates and products. For 

inhibition studies, compound 612 was present at 0.5 mM concentration with 10 % methanol in the 

assay, or as indicated in the tables.   

6.3.5 Large-scale preparation of GalT products 

For the large-scale preparation of non-radioactive GalT enzyme products for structural 

analysis, GlcNAcβ-benzyl was used as acceptor substrate and non-radioactive UDP-Gal, and the 

assay was scaled up 100-fold.  Products were purified by ion-exchange chromatography (using 10 

ml AG1x8, 100-200 mesh), followed by HPLC, using a C18 column and 7% acetonitrile / 93% 

water as the eluant [157]. The enzyme products, Galβ1-3/4GlcNAcβ-benzyl were exchanged with 
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99.96% D2O and analyzed by 600 MHz 1H-NMR spectroscopy, using a Bruker spectrometer at 

Queen’s University, Department of Chemistry.  

6.3.6 Synthesis of (2-Naphthyl)-2-butanamido-2-deoxy-β-D-glucopyranosylamine 629  

To a solution of 2-butanamido-2-deoxy-D-glucopyranose [243] (500 mg, 2.0 mmol) and 

2-naphthylamine (200 mg, 1.4 mmol) in methanol–water (9:1 v/v, 10 ml) were added ~3 drops of 

0.5 N HCl and the reaction mixture was stirred at rt for 6 h, then heated at 60 °C for 10 h. The 

mixture was neutralized with NaHCO3, washed with ethyl acetate and filtered. The filtrate was 

concentrated, and the residue was washed with ethyl acetate–hexane (1:3 v/v) to give the title 

compound as a white solid (340 mg, 45%): mp 196–197 °C; [α] 25D  -18.8º (c 0.2, CH3OH); 1H 

NMR (400 MHz, DMSO-d6): δ 0.79 (t, J = 7.4 Hz, 3H), 1.43–1.58 (m, 2H), 2.01–2.16 (m, 2H), 

3.16–3.25 (m, 1H), 3.25–3.30 (m, 1H), 3.40–3.57 (m, 2H), 3.64–3.77 (m, 2H), 4.47–4.56 (m, 

2H), 4.97 (app d, J = 5.6 Hz, 1H), 5.04 (app d, J = 5.2 Hz, 1H), 6.27 (d, J = 6.8 Hz, 1H, H-1), 

6.84–6.93 (m, 2H), 7.16 (app t, J = 7.0 Hz, 1H), 7.32 (app t, J = 7.0 Hz, 1H), 7.54–7.71 (m, 3H), 

7.98 (d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, DMSO-d6): δ 13.4, 18.7, 37.4, 55.2, 60.9, 70.8, 

74.4, 77.4, 85.7 (C-1), 105.4, 117.5, 121.8, 125.8, 126.1, 127.2, 127.5, 128.5, 134.7, 144.6, 174.4; 

HRMS (EI) Calculated for C20H27N2O5: 375.1919 [M+H]+. Found: 375.1909. 

6.3.7 Cell cultures and treatments 

All of the cell growth media contained 100 U/ml Penicillin and 0.1mg/ml Streptomycin. 

Human colonic cancer cells HT29 and mouse lymphocytic cells MOPC and P388 were grown in 

DMEM medium (GIBCO) containing 10 % FBS. Human airway epithelial cancer cells NCI-

H292 were propagated in RPMI 1640 medium (GIBCO) containing 10 % FBS. Human colon 

cancer cells Caco-2 were grown in DMEM medium (GIBCO) containing 10 % FBS. Prostate 

cancer cells PC-3, DU145, LNCaP and VCaP, as well as normal prostate cells (ATCC) were 
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grown as recommended by ATCC. Cell homogenates were prepared by hand homogenizing in 

0.25 M sucrose of cells washed with PBS. The protein content was determined by the BioRad 

(Bradford) method.  

6.4 Results 

6.4.1 Inhibition of glycosyltransferases in cell homogenates by 612 

Mammalian cells express a combination of different members of the β3GalT and β4GalT 

families which are Golgi membrane-bound. We used cell homogenates to test whether these 

membrane-bound enzymes would be inhibited by 612. Utilizing GlcNAcβ-Bn as the acceptor 

substrate, GalT activities were high in all homogenates tested, including those from lung cancer 

cells H292, intestinal cancer cells Caco-2, mouse lymphocytic cells MOPC and P388, and 

prostate cell lines RWPE-1, PC-3, DU145, LNCaP and VCaP. The addition of 0.5 mM compound 

612 inhibited GalT activities by 68 % in P388 cells, and by more than 93 % in all other cell 

homogenates.  

In order to determine the specificity of inhibition in cell homogenates, we tested a 

number of cell-derived glycosyltransferases in the presence and absence of 612 (Table 6.1).  In 

the absence of the inhibitor, the activity of polypeptide GalNAc-transferase (ppGalNAcT), using 

2.5 mM AQPTPPP as the acceptor substrate, was high in H292 cell homogenates (115.3 

nmol/h/mg). The presence of 1 mM 612 in the assay reduced ppGalNAcT activity in lung and 

other cell homogenates by <4 % (Table 6.1). No inhibition by compound 612 of core 1 β1,3Gal-

transferase (C1GalT) was observed in cell homogenates from lung and lymphocytic cells. While 

homogenates from P388 cells did not show detectable activity of core 2 β1,6GlcNAc-transferase 

(C2GnT), MOPC cell homogenates showed low activities which were not inhibited by 612. 

HPLC assays showed that C2GnT activity in lung cells (2.8 nmol/h/mg) was inhibited by less 
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than 14%. There was no detectable activity of core 3 β1,3GlcNAc-transferase (C3GnT), and core 

4 β1,6-GlcNAc-transferase (C4GnT) activity was very low in H292 cell homogenates (0.03 

nmol/h/mg). However, GnT-I and II were active in H292 cell homogenates but were not affected 

by the presence of 0.5 mM 612. GnT-V activity in prostate cancer PC-3 cells was not inhibited by 

612. This suggested that 612 blocks the synthesis of Gal extensions of complex O- and N-glycans 

but does not affect the synthesis of underlying structures.  
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Table 6.1 Inhibition by compound 612 of glycosyltransferase activities in cell homogenates. 

Glycosyltransferase activities in cell homogenates were assayed as described in Methods. 
Compound 612 (2-naphthyl-2-butanamido-2-deoxy-1-thio-β-D-glucopyranoside) was added to 
the complete assay at a final concentration indicated in the table. The methanol concentration in 
assays was 10 %. Homogenates were prepared from human airway cells H292, human colonic 
cancer cells Caco-2, and mouse lymphocytic cells MOPC and P388. ppGalNAcT, polypeptide 
GalNAc-transferase; C1GalT, core 1 β3Gal-transferase; C2GnT, core 2 β6GlcNAc-transferase; 
C3GnT, core 3 β3GlcNAc-transferase; C4GnT, core 4 β6-GlcNAc-transferase; GnT-I, GlcNAc-
transferase I; GnT-II, GlcNAc-transferase II. Man3Oct, Manα1-6(Manα1-3)Manβ-octyl; Gn 
Man3Oct, Manα1-6(GlcNAcβ1-2Manα1-3)Manβ-octyl; Bn, benzyl; GnMan(Gn4Man)4ManOct, 
GlcNAcβ1-2Manα1-6(GlcNAcβ1-2[4-deoxy-Manα1-3]4-O-methylManβ-octyl; nd, not 
determined; pnp, p-nitrophenyl. 
 

 

 

To confirm the absence of inhibitory effects of 612 on specific glycosyltransferases, 

recombinant enzymes were tested with and without 612 (Table 6.2). Soluble bovine polypeptide 

GalNAcT1, human GnT-I and GnT-II, and human C2GnT1 activities showed inhibition of <7 % 

by 0.5 mM 612. However, bovine milk β4GalT1 was strongly inhibited (>95%). It is interesting 

that the inhibitor is effective in GalT assays in aqueous solution and in the presence of 10 % 

methanol, although the compound shows no apparent solubility in water.  

Enzyme  Cell type Substrate    Inhibitor Activity     
without 
inhibitor 
(nmol/h/mg) 

    Inhibition 
       (%) 

!3/4GalT  H292 0.5 mM GlcNAc!-Bn 0.5 mM 612    34.9 95 
!3/4GalT CaCo-2 0.5 mM GlcNAc!-Bn 0.5 mM 612    38.4 98 
!3/4GalT MOPC 1.0 mM GlcNAc!-Bn 1.0 mM 612       2.3 93 
!3/4GalT P388 1.0 mM GlcNAc!-Bn 1.0 mM 612  167.0 68 
ppGalNAcT H292 2.5 mM AQPTPPP  1.0 mM 612 115.3 < 4 
ppGalNAcT MOPC 1.0 mM AQPTPPP 1.0 mM 612     0.7 < 1 
C1GalT H292 0.5 mM GalNAc"-Bn 0.5 mM 612     1.4 < 1 
C1GalT P388 1.0 mM GalNAc"-Bn 1.0 mM 612   15.8 < 1 
C2GnT H292 2.0 mM Gal!1-3GalNAc"- 

           Bn 
0.5 mM 612     2.8 < 14 

C3GnT H292 2.0 mM GalNAc"-Bn 0.5 mM 612 < 1 nd 
C4GnT H292 2.0 mM GlcNAc!1-3  

            GalNAc"-pnp 
0.5 mM 612 < 1 nd 

GnT I H292 0.5 mM Man3Oct 0.5 mM 612     1.4 < 1 
GnT II H292 1.7 mM GnMan3Oct 0.5 mM 612     7.7 < 1 
GnT V PC-3 0.5 mM    

GnMan(Gn4Man)4ManOct 
0.5 mM 612     0.6   < 1 
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In contrast to the strong inhibition seen by compound 612, compound 633 was neither a 

GalT substrate nor an inhibitor of purified β4GalT or GalT in H292 lung cell homogenates. 

Peracetylation of sugar derivatives has been shown to facilitate entry of disaccharides into cells 

[228,229], with subsequent de-acetylation inside cells. We therefore tested both, compounds 612 

and the peracetylated form of 612 (compound 633) (Table 6.2, 6.3), for their effect in lung cell 

cultures [238]. Preliminary results (not shown) suggested that 1 mM 612 in the cell medium of 

lung cells H292 reduced cell surface galactosylation but 633 had no effect. Therefore, 612 

apperaed to be taken up by cells. The peracetylated compound 633 may have also penetrated into 

cells but was probably not converted to its active, deacetylated form of the GalT inhibitor (612).  

 

Table 6.2 Activities and inhibition of purified and recombinant glycosyltransferases. 

Purified and recombinant glycosyltransferases were assayed using the substrates and inhibitors 
indicated, as described in the Methods section. ppGalNAcT, polypeptide GalNAc-transferase; 
C2GnT1, core 2 β1,6GlcNAc-transferase 1, GnT-I, GlcNAc-transferase I; GnT-II, GlcNAc-
transferase II; Man3Oct, Manα1-6(Manα1-3)Manβ-octyl; Gn Man3Oct, Manα1-6(GlcNAcβ1-
2Manα1-3)Manβ-octyl; Bn, benzyl. 

 

 

 

Enzyme Substrate  Activity 
      (%) 

Inhibitor Inhibition 
(%) 

Bovine milk !4GalT 0.5 mM GlcNAc!-Bn 100   
 0.5 mM 612 < 1   
 0.5 mM 633 < 1   
 0.5 mM 629  23   
 0.5 mM GlcNAc!-Bn  0.5 mM 612 95 
 0.5 mM GlcNAc!-Bn  0.5 mM 633   0 
 0.5 mM GlcNAc!-Bn  0.5 mM 629 29 
Bovine ppGalNAcT 0.5 mM AQPTPPP  0.5 mM 612 < 7 
Human C2GnT1 0.5 mM Gal!1-3GalNAc" -Bn  0.5 mM 612 < 7 
Human GnTI 0.5 mM Man3Oct  0.5 mM 612 < 7 
Human GnTII 1.7 mM GnMan3Oct  0.5 mM 612 < 7 
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6.4.2 Inhibition of GalT by GlcNAc-naphthyl derivatives 

We have previously shown that several derivatives of GlcNAcβ-2-naphthyl, in spite of 

containing GlcNAc as the acceptor site, were not substrates for β4GalT but these compounds 

inhibited the enzyme [157]. Using human lung cell H292 homogenate, naphthyl derivatives 581 

(GlcNAcβ-O-2-naphthyl) and 589 (GlcNAcβ-S-2-naphthyl) were ineffective as substrates for 

GalT and inhibited the activity by 5% (Table 6.3).  

Several hydrophobic amino acids are present in the acceptor binding site of β4GalT 

[244,245]; thus the hydrophobic properties of the naphthyl ring structure may enable these 

substrate analogs to tightly bind to GalT, forming potent inhibitors. The introduction of a nitrogen 

atom into the naphthyl ring structure (quinolinyl derivatives) yielded substrates for β4GalT, 

probably by distorting the ring structure and/or by adding a charge to the compound. In order to 

examine if the naphthyl ring structure was indeed responsible for the inhibitory activity, we 

introduced a nitrogen atom into the anomeric linkage, leaving the naphthyl ring intact, in 

GlcNBuβ-NH-2-naphthyl (compound 629). In contrast to 612, compound 629 proved to be a 

substrate for bovine milk β4GalT (Table 6.2). This shows that it was not the naphthyl ring alone 

that was responsible for the inhibition of GalT by compounds 612, 581 and 589. The overall 

charge and hydrophobicity of the compounds may also be important. When the nitrogen atom is 

present at various positions in the naphthyl ring (in quinolinyl derivatives), the compounds are 

good GalT substrates [157]. Thus, quinolinyl derivatives have apparent KM values of 0.11 to 0.25 

mM and Vmax of 6.5-19.8 µmol/h/mg [157] with bovine milk β4GalT. Compound 629 was found 

to be a less effective substrate with an apparent KM of 0.3 mM and a Vmax of 2.7 nmol/h/mg for 

bovine milk β4GalT. As expected for a competing substrate, 629 decreased the transfer of Gal to 

the standard substrate GlcNAcβ-Bn by 29%, at 0.5 mM concentrations of both substrates, as 
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shown by HPLC isolation of Galβ1-4GlcNAcβ-Bn product. Using H292 lung cell homogenates, 

629 also served as a GalT substrate (22% of GlcNAcβ-Bn control), and showed a minor 

inhibition of Gal incorporation into GlcNAcβ-Bn (7%), at equimolar concentration of both 629 

and GlcNAcβ-Bn substrates (Table 6.3). 

 

Table 6.3 Inhibition of GalT in H292 cells by GlcNAc-naphthyl derivatives. 

GalT was assayed in H292 cell homogenates using the substrates and inhibitors indicated, as 
described in the Methods section. 

 

 

6.4.3 Specificity and inhibition of β3GalT5 

The inhibition of 612 was studied with an important member of the β3GalT family, 

β3GalT5, expressed in insect cells in the absence of FBS. A large scale enzyme product was 

prepared, purified by HPLC using a C18 column, and analyzed by NMR (Table 6.4). The enzyme 

product using GlcNAcβ-Bn substrate was identified as Galβ1-3GlcNAcβ-Bn, with a doublet of 

H-1 at 4.25 ppm due to Galβ. A major shift of the C-3 signal of the GlcNAc moiety from 75.8 

ppm in the substrate to 82.3 ppm in the product, seen in the HMBC spectrum (Figure 6.1), 

identified the 1-3 linkage.  

Substrate   Activity 
       % 

Inhibitor Inhibition 
      % 

0.5 mM GlcNAc!-Bn 100   
0.5 mM 612 < 1   
0.5 mM 633 < 1   
0.5 mM 629  22   
0.5 mM 581 < 1   
0.5 mM 589 < 1   
0.5 mM GlcNAc!-Bn  0.5 mM 612 95 
0.5 mM GlcNAc!-Bn  0.5 mM 633 < 5 
0.5 mM GlcNAc!-Bn  0.5 mM 629   7 
0.5 mM GlcNAc!-Bn  0.5 mM 581 < 5 
0.5 mM GlcNAc!-Bn  0.5 mM 589 < 5 
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Table 6.4 1H and 13C NMR parameters of enzyme products and substrate. 

600 MHz NMR spectra were collected in 1D and 2D experiments. The substrate for GalT was 
GlcNAcβ-Bn. Bovine milk β4GalT was used to produce Galβ1-4GlcNAcβ-Bn as described in the 
Methods section. Human β3GalT5 was used to produce Galβ1-3GlcNAcβ-Bn. GlcNAc 
derivatives were purified by HPLC and exchanged with D2O. 

 

1H-chemical shift (ppm)      GlcNAc!-Bn Gal!1-4GlcNAc!-Bn Gal!1-3GlcNAc!-Bn 
GlcNAc   
H-1    4.53         4.47 (8.5Hz)  4.45 
H-2    3.61  3.69   3.70 
H-3    3.39  3.58   3.59 
H-4    3.40  3.67   3.41 
H-5    3.36  3.52   3.34 
H-6    3.68,3.86 3.77, 4.95  3.34, 3.65 
 
Gal!1-4      
H-1      4.42 (7.8Hz)   
H-2      3.48    
H-3      3.61    
H-4      3.86    
H-5      3.67    
H-6      nd    
 
Gal!1-3 
H-1         4.25 
H-2         3.36 
H-3         3.48 
H-4         3.76 
H-5         3.55 
H-6         3.61 
   
13C-chemical shift (ppm)      GlcNAc!-Bn Gal!1-4GlcNAc!-Bn Gal!1-3GlcNAc!-Bn 
GlcNAc   
C-1    99.7  99.6     99.5 
C-2    55.4  54.9     54.5  
C-3    75.8  72.3 (71.4)    82.3 
C-4    73.6  78.2            68.6 
C-5    69.8  74.7     75.4 
C-6    60.7  60.0     60.8 
 
Gal!1-4     
C-1      102.6    
C-2      70.8    
C-3      72.3 (71.4)    
C-4      68.5    
C-5      75.1    
C-6      60.9    
 
Gal!1-3 
C-1         103.3 
C-2           70.6 
C-3           72.5 
C-4           68.5 
C-5           75.3 
C-6           61.0 
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Figure 6.1 Two-dimensional 600 MHz spectra of Gal-transferase enzyme products. 

(a) and (b) Galβ1-4GlcNAcβ-Bn was prepared from crude β4GalT1 (containing FBS) as 
described in the Methods section. (c) Galβ1-4GlcNAcβBn was prepared with purified bovine 
milk β4GalT. (d) Galβ1-3GlcNAcβBn was prepared with crude β3GalT5 (in the absence of FBS) 
using GlcNAcβ-Bn as the substrate. NMR experiments (HMBC) were performed at rt. a, c, d, 
HMBC; b, NOESY. 

 

β3GalT5 was purified 336-fold and on SDS-PAGE showed a major protein band at 34 

kDa. The reaction was linear with respect to protein concentration up to 0.01mg/ml and 

incubation time up to 1 h. The apparent KM for UDP-Gal was 0.8 mM, and Vmax was 87 

µmol/h/mg using GlcNAcβ-Bn as the acceptor (Figure 6.2A). The apparent KM for GlcNAcβ-Bn 

was 4.9 mM and Vmax was 159 µmol/h/mg. High activities were observed with GlcNAcβ1-

H-1 of Gal (4.4 ppm) coupled to  
C-4 of GlcNAc (78.2 ppm) 

C-1 of Gal (102.6 ppm) coupled to 
H-4 of GlcNAc (3.7 ppm) 

H-1 of Gal (4.4 ppm) coupled to 
C-4 of GlcNAc (78.2 ppm) 

C-1 of Gal (102.6 ppm) coupled to 
H-4 of GlcNAc (3.7 ppm) 

H-1 of Gal (4.4 ppm) coupled to 
H-4 of GlcNAc (3.6 ppm) 

H-1 of Gal(4.3 ppm) coupled to 
C-3 of GlcNAc (82.3 ppm) 

(a) (b) 

(c) (d) 

!
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3GalNAcα-pnp as the acceptor, with an apparent KM of 1.7 mM and Vmax of 172 µmol/h/mg. 

Similarly, GlcNAc1-3Gal-methyl acceptor showed an apparent KM of 1.7 mM and Vmax of 205 

µmol/h/mg (Figure 6.2B). This finding is consistent with those of Zhou et al. [235]. 

 

 

Figure 6.2 Kinetics of β3GalT5 activity. 

(A) The reaction rates of purified β3GalT5 were determined as a function of UDP-Gal 
concentration with 5 mM GlcNAcβ-Bn as the acceptor substrate. The curves were fitted by non-
linear regression with best fit used to determine kinetic mechanism. Apparent KM  = 0.8 mM, 
Vmax = 87 mmol/h/mg. (B) The activities of purified β3GalT5 (in the absence of FBS) are shown. 
GlcNAcβ-Bn (open circles), GlcNAcβ1-3GalNAcα-pnp (diamonds), GlcNBuβ-NH-2-naphthyl 
(629, triangles) and GlcNAcβ3Galβ-Methyl (closed circles) were used as acceptor substrates, in 
the presence of 3 mM UDP-Gal concentration in the assay. The curves were fitted by non-linear 
regression with the best fit used to determine kinetic mechanism. The apparent KM for GlcNAcβ-
Bn was 4.9 mM and Vmax was 159 µmol/h/mg; the KM for GlcNAcβ1-3GalNAcα-pnp was 1.7 
mM and Vmax was 172 µmol/h/mg; the KM for GlcNBuβ-NH-2-naphthyl was 1.8 mM and Vmax 
was 1.9 µmol/h/mg, and the KM for GlcNAcβ1-3Galb-methyl was 1.7 mM and Vmax was 205 
µmol/h/mg (OriginPro). 
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The specificity of purified β3GalT5 was also tested using a series of synthetic 

glycopeptides. At 0.2 mM concentration of acceptors, glycopeptides having GlcNAc only in β1-6 

linkage (core 2 and core 6) showed 0.2 to 16 % of the activity with GlcNAcβ-Bn. However, 

glycopeptides having GlcNAc in β1-3 linkage (core 3 and core 4) were very active (113 to 409 % 

of the activity with GlcNAcβ-Bn). This confirms the preference of β3GalT5 for GlcNAcβ1-

3Gal(NAc) structures found in O-glycan core 3 and type 1 chains of glycoproteins (Table 6.5).  

GlcNAcβ-Bn was a better substrate for β3GalT5 than GlcNAcα-Bn. Most β-anomers of 

GlcNAc showed high activities with the exception of compounds having GlcNAc in β1-2 linkage 

to Man that showed relatively low activities. Although the specificity of purified β3GalT5 largely 

resembled that of bovine β4GalT1 [157], there were significant differences. The naphthyl 

derivatives of GlcNAcβ or GlcNBuβ 581, 583, 589 612 and 629 showed low activities with 

β3GalT5 from <4 % to 35 % (Table 6.6). This is in contrast to β4GalT1 that was inactive with 

these compounds. Compound 629 was an acceptor substrate for β3GalT5 (5 % activity of that 

with GlcNAcβ-Bn) with an apparent KM of 1.8 mM and a Vmax of 1.9 µmol/h/mg (Figure 6.2B, 

6.3). Compound 612 was a substrate showing 3.5 % activity, compared to GlcNAcβ-Bn. 

The inhibition of β3GalT5 by 612 was tested with both core 3 and GlcNAcβ-Bn as 

acceptor substrate. No inhibition was observed using 0.25 mM core 3 acceptor and a 2- or 4-fold 

higher concentration of 612; however, at a 10-fold higher concentration of 612, 23 % inhibition 

was observed, indicating a relatively poor binding of the compound to the enzyme. Using 0.5 mM 

GlcNAcβ-Bn and 0.5 or 1 mM 612, 22% and 35% inhibition were obtained, respectively (Table 

6.7). The β4GalT inhibitors 581, 583 and 589 which were poor substrates showed inhibition 

between <1 and 16 %.  
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6.4.4 Studies of recombinant β3GalT1 and 2 in the presence of FBS 

In order to examine if 612 could inhibit β3GalT1 and 2, these enzymes were each 

expressed as soluble enzymes in Sf9 insect cells in the presence of FBS in the cell growth 

medium. To confirm the β3GalT activity, large scale enzyme products for structure analysis were 

prepared. T1 and T2 enzyme products were purified by HPLC using a C18 column, and analyzed 

by 1D-NMR as well as correlation spectroscopy (Table 6.4). However, the spectra showed that 

most of the GalT products had the structure Galβ1-4GlcNAcβ-Bn, with a signal of H-1 (4.42 

ppm) and C-1 (102.6 ppm) of Gal, and H-4 (3.67 ppm) and C-4 (78.2 ppm) of GlcNAcβ, 

determined by HMBC (Table 6.4, Figure 6.1). The products of β3GalT1 and 2 were minor 

components of the total enzyme product. This suggested that the major GalT activity in the insect 

cell supernatant was β4GalT. This high background made it very difficult to characterize the 

β3GalT activities. 

A GalT from fetal calf serum that acted on GlcNAc and ovalbumin had previously been 

reported by Turco and Heath [246] and it was suggested that the enzyme may be similar or 

identical to the bovine milk enzyme. We therefore characterized GalT in the FBS-containing 

media of insect cells expressing β3GalT1 and 2, as well as in FBS alone. Media and FBS showed 

a high activity of β4GalT towards GlcNAcβ-Bn, while BSA was void of activity. The properties 

and specificities of these GalT activities (data not shown) of FBS-containing preparations showed 

a striking similarity to those of the previously characterized bovine milk β4GalT [157]. In 

addition, the GalT activities of FBS-containing insect cell supernatants, and of pure FBS, were 

strongly inhibited by 612, suggesting that the FBS enzyme is β4GalT. 

 



 

 

124 

Table 6.5 Substrate specificities of β3GalT5 towards GlcNAc-terminating O-glycopeptides. 

β3GalT5 was expressed in insect cells without FBS in the medium. For the specificity study 336-
fold purified β3GalT5 was used. Glycosyltransferase assays were carried out as described using 
the AG1x8 method [157]. GlcNAc-terminating O-glycopeptide substrates were present in the 
complete assays at a final concentration of 0.2 mM. The highlighted Thr residues represent the O-
Glycosylation sites. Gn3GA, core 3, GlcNAcβ1-3GalNAcα-; Gn6GA, core 6, GlcNAcβ1-
6GalNAcα-; Gn[G]GA, core 2, GlcNAcβ1-6 [Galβ1-3]GalNAcα-; Gn[Gn]GA, core 4, 
GlcNAcβ1-6 [GlcNAcβ1-3]GalNAcα-.  
 

 

 

Substrate (0.2 mM) Activity      (%) 
GlcNAc!-Bn 100 
TTTVTP(Gn3GA)TPTG (Core 3) 295 
TTTV(Gn3GA)TPTPTG (Core 3) 252 
TT(Gn3GA)TVTPTPTG (Core 3) 113 
TTTVTP(Gn6GA)TPTG (Core 6)   16 
TTTV(Gn6GA)TPTPTG (Core 6)   17 
TT(Gn6GA)TVTPTPTG (Core 6)     1 
TTTV(Gn[G]GA)TPTPTG (Core 2)     1 
TT(Gn[G]GA)TVTPTPTG (Core 2)     3 
T(Gn[G]GA)TTVTPTPTG (Core 2)   11 
TTTV(Gn[Gn]GA)TPTPTG (Core 4) 279 
TT(Gn[Gn]GA)TVTPTPTG (Core 4) 380 
T(Gn[Gn]GA)TPTPTG (Core 4) 409 
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Table 6.6 Substrate specificity of β3GalT5. 

β3GalT5 was expressed in insect cells and purified to study its substrate specificity, as described 
in the Methods section. The activities are given relative to the activity with the standard substrate 
GlcNAcβ-Bn at the same concentration. The abbreviations are listed in Table 6.1. 
aAssays were carried out in 10% methanol. bAssays were carried out in 7% methanol; M, Man; 
Gn, GlcNAc; GlcNBu, N-butyryl-glucosamine; pnp, p-nitrophenyl. 100% activity = 6.7 
µmol/h/mg. Activities of 13 % or less were confirmed by HPLC. 
 

 

 

# Compounds Activity (%) 
510 GlcNAc!-Bn 100 
537 GlcNAc"-Bn 7 
39 GlcNAc 31 
511 GlcNBu 29 
558 GlcNBu!-Bn 121 
630 GlcNAc!-thio-methyl 116 
611 GlcNAc!-thio-ethyl 115 
616 GlcNAc!-thio-phenyl 115 
589 GlcNAc!-thio-naphthyla 4 
581 GlcNAc!-naphthyla 35 
583 GlcNBu!-naphthyla 13 
612 GlcNBu!-thio-naphthyla < 4 
629 GlcNBu!-NH-naphthyla 5 
588 GlcNAc!-3-isoquinolinyla 214 
592 GlcNAc!-6-quinolinyla 207 
587 GlcNAc!-8-quinolinylb 321 
53 Gn!2M"6Glc-!-allyl 22 
54 Gn!2M"6Glc!4Glc-!-allyl 49 
192 Gn!2M"6(Gn!2M"3)M-!-octyl 16 
197 Gn!2M"6(Gn!2[4-deoxy-]M"3)(4-O-methyl)M-!-octyl 23 
121 GlcNAc!1-3GalNAc"-pnp 462 
50 GlcNAc!1-3Gal!-methyl 564 
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Table 6.7 Inhibition of β3GalT5 by 612 (2-naphthyl-2-butanamido-2-deoxy-1-thio-β-D-
glucopyranoside).   

Glycosyltransferase assays were carried out as described in the Methods section.  To measure 
inhibition, GlcNAcβ-Bn or GlcNAcβ1-3GalNAcα-pnp was utilized as acceptor substrate. 
Inhibitor 612 was present in the assay at the final concentration indicated in the table. Assays 
contained 10% methanol in the reaction mixture. The abbreviations are listed in Table 6.1. 
 

 

 

Substrate Inhibitor % Inhibition 
0.25 mM GlcNAc!1-3GalNAc"-pnp 0.5 mM 612 < 1 
0.25 mM GlcNAc!1-3GalNAc"-pnp 1.0 mM 612 < 1 
0.25 mM GlcNAc!1-3GalNAc"-pnp 2.5 mM 612 23 
0.5 mM GlcNAc!-Bn 0.5 mM 612 22 
0.5 mM GlcNAc!-Bn 1.0 mM 612 35 
0.5 mM GlcNAc!-Bn 0.5 mM 581 < 1 
0.5 mM GlcNAc!-Bn 1.0 mM 581 < 2 
0.5 mM GlcNAc!-Bn 0.5 mM 589 10 
0.5 mM GlcNAc!-Bn 1.0 mM 589 16 
0.5 mM GlcNAc!-Bn 0.5 mM 583   8 
0.5 mM GlcNAc!-Bn 1.0 mM 583 11 
 



 

 

127 

 

 

Figure 6.3 Structures of analogs of GlcNBuβ-2-naphthyl and GlcNAcβ-2-naphthyl used as 
acceptor substrates and inhibitors. 
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6.5 Discussion 

In this work we showed that the inhibitor 612 is specific for β4GalT. The compound did 

not inhibit membrane-bound and purified polypeptide GalNAc-transferases and several GlcNAc-

transferases but inhibited GalT activities in all human and mouse cell homogenates tested and in 

bovine serum (FBS), as well as the activity of purified bovine β4GalT1. In contrast, β3GalT5 

only showed minimal or no inhibition by 612. The major difference between β4GalT1 and 

β3GalT5 was shown to be the preferred recognition of β1-3-linked GlcNAc by β3GalT5, and the 

binding of naphthyl derivative 612 which is an acceptor substrate for β3GalT5 with no significant 

inhibition, while it strongly inhibits β4GalT1. Other properties and the cofactor requirements of 

β4GalT1 and β3GalT5 were found to be similar.  

There is a very high degree (85 %) of sequence identity between human and bovine 

β4GalT. The human β3GalT5 protein showed 34%, 27%, 31% and 23% sequence identity with 

human β3GalT1, T2, T3 and T4, respectively [235]. β4GalT2, T3, T4, T5, T6 and T7 have 50 %, 

40 %, 36 %, 37 %, 34 % and 25 % sequence identity, respectively, to β4GalT1. β4GalT activities 

from all cell and tissue homogenates studied are strongly inhibited by 612; it is likely therefore 

that other members of the β4GalT family are inhibited by 612. However, this needs to be 

confirmed with the individual enzymes of the β4GalT family. 612 will be useful in GalT assays 

of tissue or cell homogenates as a blocker of β4GalT, thus allowing β3GalT activity to proceed.  

Among the members of the β3GalT family, β3GalT5 appears to be mainly responsible for 

type 1 chain synthesis and the extension of the GlcNAcβ1-3 residue of O-glycan cores 3 and 4. 

The enzyme is highly expressed in small intestine, pancreas and testis [235]. Our specificity 

studies suggest significant differences in the acceptor binding sites of β4GalT1 and β3GalT5. The 

specific amino acids responsible for inhibitor binding of β4GalT1 and the binding of 612 to 
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β3GalT5 remain to be determined. The β3-linked GlcNAc may fit into the acceptor binding site 

of β3GalT5 tighter than β1-2 or β1-6 linked GlcNAc residues. The 1-6 linkage is very flexible 

which may prevent tight substrate binding [247]. GlcNAcβ1-3GalNAc-, GlcNAcβ1-2Man- and 

GlcNAcβ1-6GalNAc- containing compounds have similar efficiencies as acceptor substrates for 

bovine milk β4GalT [157,185]. Thus, the extension of N-glycans is less likely to be catalyzed by 

β3GalT5 than by other members of the β3GalT5 and β4GalT families. 

A comparison of the sequences of human β3GalT and human β4GalT shows that human 

β3GalTs lack the GWGG sequence which may be responsible for binding hydrophobic residues. 

This may explain why the naphthyl containing compound 612 binds to human β4GalT and 

prevents catalysis, but poorly binds to human β3GalT5, and is a poor substrate for the latter 

enzyme but not an inhibitor. In contrast to naphthyl derivatives, the quinolinyl compounds that 

have a nitrogen within the aromatic ring structure are good β3GalT5 and β4GalT1 substrates, 

suggesting that the bulky ring structure does not represent a steric hindrance for binding and 

catalysis. However, the naphthyl group is an important structural element of the 612 inhibitor, 

and promotes inhibition while other hydrophobic groups, such as benzyl and phenyl groups, 

promote binding but do not inhibit catalysis. We determined here that not only GlcNAc and the 

naphthyl moiety but also other structural features are responsible for binding and inhibiting the 

enzyme, and no single group is solely responsible for inhibition. Several GlcNAc-naphthyl 

analogs having oxygen or sulfur in the glycosidic linkage inhibit β4GalT; however, the 

introduction of nitrogen into the anomeric linkage (compound 629) which adds to the hydrophilic 

properties of the compound resulted in a GalT substrate with little inhibitory properties. The 

design of a more potent inhibitor needs to consider the properties of the inhibitor as well as the 

binding site in the enzyme.  
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Since β3GalT5 likely competes with β4GalT in the synthesis of the backbones of glycan 

chains, lowering the activity of β4GalT and maintaining the activity of β3GalT5 with 612 

treatment could suppress the formation of the type 2 chains and consequently reduce the 

abundance of sialyl-Lewis x [238]. This strategy may be beneficial as an anti-cancer or anti-

inflammatory strategy. 
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 Chapter 7

General Discussion 

7.1 Glycosylation of prostate cancer cell lines 

The cellular glycosylation machinery appears to be especially sensitive to oncogenic 

transformation; therefore, altered glycosylation is recognized as a feature of cancer cells. Since 

early cancer diagnosis is extremely challenging, cancer biomarker discovery is an urgent 

requirement and should receive more attention. Recently, mass spectrometry (MS) analysis of 

glycomics has been intensively used to identify differences in glycosylation between malignant 

and healthy tissues, which also made a rapid progress in correlating altered glycan structures with 

cancer progression [8,248-250]. High-sensitivity MS instruments allow the analyses of small 

volumes of samples and high-throughput techniques allow the analyses of carbohydrates 

compositions to be accomplished in a reasonably short time, suggesting that MS-based glycomics 

strategy is a promising method that enables the discovery of sensitive and specific cancer 

biomarkers [251]. Research results presented in this thesis indicate that human prostate cancer 

cells have aberrant glycosylation, compared to cultured normal prostatic cells. These differences 

correlate with the modified biochemical and physiological properties that are related to 

metastasis. 

The glycan profiles of prostate cancer cells show a high diversity of oligosaccharides, 

suggesting a significant heterogeneity of glycosylation (Chapter 2). Although these prostate 

cancer cell lines were derived from different metastatic sites, common features were observed. 

Prostate cancer cells contain more high-mannose structures compared to normal prostatic cells 

and are therefore expected to have altered N-glycan processing pathways. More sialylated N-
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glycans and core-fucosylated N-glycans were also detected in prostate cancer cells. These 

features have also been observed in other types of cancers. For example, increased level of high 

mannose N-glycans are detected in breast and ovarian cancer cells as well as in the sera from 

breast cancer patients [116-118]. This may due to abnormal N-glycan processing and synthesis 

pathways in cancers. As a result, the functions of glycoproteins could be altered in cancer cells. 

Similarly, increased N-glycan sialylation and core-fucosylation have been found in other cancers 

including breast, colon and pancreatic cancers [11,72,119,252]. This could result from up-

regulation of corresponding glycosyltransferases in cancers. ST3Gal-III, ST3Gal-IV, and 

ST6Gal-I together are responsible for transferring sialic acids to N-glycans with α2-3 and α2-6 

linkages.  High activities and expression levels of ST3Gal-III and ST6Gal-I have been shown to 

associate with gastric cancer tissues and invasive cervical cancer cells [65,125]. FUT8 

responsible for adding fucose residues to the N-glycan core in an α1-6 linkage is overexpressed in 

thyroid carcinoma [121], hepatocellular carcinoma [122] and colon carcinoma cells, associated 

with increased metastatic potential of cancer cells [123]. Nevertheless, it still needs to be 

confirmed that the enzyme is also overexpressed in prostate cancer cells. 

Furthermore, MS-based glycomics indicated that the predominant O-glycans on prostate 

cancer cells are sialyl-T, sialyl-Tn and di-sialyl-T antigens. The sialyl-T is the most abundant 

structure appeared in prostate cancer cell lines, allowing it to be selected as a potential marker for 

further investigations. The production of truncated O-glycans could be caused by up-regulation of 

corresponding sialyltransferases and down-regulation of O-glycan core synthesis enzymes 

(Figure 1.5). Indeed, the enzyme that synthesizes O-glycan core 3, C3GnT, is down-regulated and 

ST3Gal1 is up-regulated in prostate cancer cells. A high expression of sialyl-T antigen has been 

achieved by up-regulation of ST3Gal-I in breast cancer cells [4,22,53,153] and was shown to 

provide protection of cancer cells in vivo.  
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As featured in Chapter 2, abnormal glycans have been found in prostate cancer cells; 

however, the complete spectrum of glycosyltransferases responsible for these alterations has not 

been fully identified. We have compared the enzymatic activities and the gene expression levels 

of key glycosyltransferases involved in N- and O-glycan synthesis in normal and cancerous 

prostatic cells (Chapter 3). It has been shown that most of the enzymatic activities corresponded 

well with their gene expression levels. However, because of the complexity of the biosynthetic 

pathways and the fact that a change of one enzyme activity could have multiple outcomes, our 

understanding of the control of biosynthesis is still limited. We have identified a number of 

glycosyltransferases that may potentially serve as markers for prostate cancer, including high 

GnT-V activity and gene expression level, reduced activity and expression of C3GnT, altered 

activities and expression levels of C2GnT1 and ST3Gal-I in prostate cancer cell lines derived 

from different metastatic sites. These studies show that each type of prostate cancer cell is 

characteristic in its glycosylation pattern and the range of biosynthetic enzymes. Therefore, more 

cell types need to be examined, e.g. non-metastatic cancer cell types and normal transformed 

cells. To validate these results, analyses of prostate cancer tissues from patients should be carried 

out.  

The increased expression levels and activities of GnT-V in prostate cancer cells suggest 

that more β1-6 branched N-glycans are produced, contributing to enhanced invasive and 

metastatic potential of cancer cells [253-255]. The activity of C3GnT has been detected in normal 

prostatic cells, whereas, this activity is missing in prostate cancer cells. However, low expression 

levels and low amounts of core 3 structures were detected suggesting a limitation in activity 

assays. Nevertheless, similar observations have been made in colon cancer cells and tissues [56, 

83]. This suggests that the lack of core 3 is a potential marker for cancers. The function of core 3 

O-glycans has been studied in vivo [49, 51, 168]. These studies show that C3GnT transfected into 
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prostate cancer cells (LNCaP) attenuates the migration and invasion of cancer cells and 

suppresses the formation of cancer metastasis. Thus both, GnT-V and C3GnT, are not only 

prostate cancer cell markers but are also potential targets for cancer treatment. 

The enzyme activity and expression levels of glycosyltransferases reveal that normal 

prostatic RWPE-1 cells are capable of forming complex O-glycans. These data correlate well to 

the findings obtained with MS analysis (Chapter 2). The prostate cancer cell line LNCaP that was 

derived from lymph node metastasis exhibited high activities and expression levels of C2GnT1 

and ST3Gal-I. Since there is a competition between these two enzymes for the same substrate in 

vivo in the Golgi [167], the high ST3Gal-I activity probably reduced the formation of core 2 by 

C2GnT1, explaining that the sialyl-T antigen is prevalent in LNCaP cells. In the bone metastatic 

prostate cancer cells (PC-3), the down-regulation of C2GnT1 and up-regulation of ST3Gal-I 

correlate well with the glycan structures determined by MS showing abundant sialyl-T antigens. 

ST3Gal-I is the major enzyme that transfers sialic acid to O-glycan core 1 synthesizing the sialyl-

T antigen [167]. Since ST3Gal-I has been proposed to be a promoter for mammary tumor 

development [22,53], the role of ST3Gal-I in prostate cancer cell apoptosis has been investigated 

in this thesis. 

7.2 Role of ST3Gal-I in prostate cancer cell apoptosis 

Carcinogenesis is usually characterized by uncontrolled cell growth, associated with loss 

of contact inhibition and failure of apoptosis. Increased expression of sialyl-T antigen occurs in 

many cancers and correlates to cancer progression. [126,127]. Studies of mammary tumorigenesis 

in MUC1 transgenic mice revealed that sialylated core 1 O-glycans enhance the growth rate of 

mammary carcinoma cells [22]. The reduction of cancer cell metastasis could be achieved by 

sialyltransferase inhibition, further proving the critical roles of sialic acids in malignant 
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transformation [104]. Blocking O-glycan elongation by overexpressing ST3Gal-I made prostate 

cancer cells resistant to galectin-1-triggered apoptosis, suggesting ST3Gal-I as an important 

factor that causes cancer cells to evade from the immune system [132]. These studies clearly link 

sialyltransferases to cancer development. The sialylation-accompanied survival is likely mediated 

through different molecular pathways.  

Cell surface apoptosis receptors such as Fas/CD95, DR4 and 5 are glycosylated and are 

expressed in prostate cancer cells [93,111]. They have been strongly implicated in cancer cell 

survival and are considered to be promising targets for apoptosis-directed cancer therapy [88-91]. 

We have therefore studied the role of ST3Gal-I in death receptor mediated apoptosis of prostate 

cancer cells (Chapter 2). This type of study leads to a new aspect in our understanding of the 

control of apoptosis. Fas ligand as well as its receptor Fas are N-glycosylated [95,256]. A 

proapoptotic ligand known as TRAIL triggers apoptosis through death receptors, DR4/DR5, 

which are both modified by N- and O-glycosylation [92,93]. In this thesis, we show that cultured 

prostate cancer cells (PC-3) are resistant to TRAIL-induced apoptosis. There is no specific 

inhibitor for ST3Gal-I, therefore RNA interfering technology has been used to suppress the 

expression of ST3Gal-I in PC-3 cells (PC-3SH) in order to understand whether ST3Gal-I 

catalyzed sialylation contributes to cancer cell self-protection from apoptosis.  Our results 

indicate that down regulation of ST3GalT-I in PC-3SH cells did not increase the sensitivity of 

cancer cells to TRAIL-induced cell death. Therefore increased expression and activity of ST3Gal-

I in prostate cancer cell (PC-3) may not be relevant to the decreased sensitivity of DR4/DR5 to 

TRAIL-induced apoptosis. The TRAIL resistance may be due to another mechanism. However, 

Wagner et al. 2007 showed that colon cancer cells treated with GalNAcα-benzyl, an inhibitor that 

blocks formation of O-glycan core structures as well as sialylation, have attenuated sensitivity of 
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DR4/DR5 to TRAIL [92]. Thus the relationship between DR4/DR5 and O-glycosylation in 

prostate cancer cells needs to be further investigated. 

Fas is an N-glycosylated receptor [94] that belongs to the tumor necrosis factor (TNF) 

family and is ubiquitously expressed in most tissue types including prostate tissue [257] and 

cultured prostate cancer cell lines [111,258]. Fas receptor contains two N-glycosylation sites and 

SHIP-1 phosphatase has been reported to promote its O-glycosylation in leukemic cells [97], 

indicating that the receptor glycosylation may vary between cell types. Both tunicamycin, an N-

glycosylation inhibitor, and GalNAcα-Bn, an O-glycosylation inhibitor, have been shown to 

induce apoptosis in colon cancer cells and SV40 (cancer inducing virus) transfected fibroblasts 

[103,260]. We observed that tunicamycin and GalNAcα-Bn also cause an apoptotic effect on 

prostate cancer cells (data not shown), indicating both N- and O-glycans are involved in 

apoptosis. In this thesis, we focused on the importance of α2-3 sialylation regarding Fas-triggered 

apoptosis. We did not observe a variation of Fas expression caused by RNA interference of 

ST3Gal-I in PC-3SH cells. Prostate cancer cells transfected with control shRNA (PC-3C) were 

resistant to Fas antibody (C11)-induced apoptosis, while down-regulation of ST3GalT-I increased 

the susceptibility of C-11-induced apoptosis in PC-3SH cells. Therefore, we think that Fas-

induced apoptosis is likely regulated through α2-3 sialylation. The regulation of Fas by sialylation 

in cancer was previously suggested by others [96,97]. Fas carrying sialylated N-glycans failed to 

trimerize upon stimulation, resulting in an impaired apoptotic signaling cascade in primary T 

lymphocytes and T leukemic cells [97]. A highly elevated expression of α2-6 linked sialic acids 

on Fas inhibited Fas internalization and consequently prevented apoptosis in colon carcinoma 

cells. [96]. However, ST3GalT-I is responsible for transferring sialic acids mainly to core 1 and 2 

O-glycans and to glycolipids, thus the role of sialylated O-glycans and glycolipids in Fas-induced 

apoptosis still needs further studies.  Recently, it has been shown that increased localization of 
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Fas in lipid rafts sensitizes cancer cells to Fas-mediated apoptosis [89,91,134]. We can make an 

assumption that highly sialylated Fas and glycolipids repel each other due to their negative charge 

and prevent the clustering of Fas and lipid rafts, leading to the attenuation of apoptosis in prostate 

cancer cells. We therefore conclude that decreased sialylation achieved by knocking down 

ST3Gal-I in PC-3 cells promoted the sensitivity of prostate cancer cells to Fas-induced apoptosis. 

It will have to be shown if sialic acids are directly involved in controlling the oligomerization of 

apoptosis receptors. Apoptosis induced by an antibody (RP215) directed against the cancer 

antigen CA215 also induced apoptosis in prostate cancer cells and this was controlled by sialic 

acids (research in progress). However, the mechanism of RP215-induced apoptosis, the specific 

receptors involved and the mechanism by which sialic acids blocked apoptosis are not yet known. 

These studies show that sialic acids play important roles in apoptosis, and sialyltransferases may 

be appropriate targets for anti-cancer drug development. Sialylation is also controlled by 

glycosyltransferases that synthesize the scaffold structures for sialylation. Thus GnT-V and 

C2GnT1 are also considered important targets.  

7.3 Biochemical characterization of glycosyltransferases 

Glycosylation is determined by the relative activities of glycosyltransferases involved in 

the complex pathways of biosynthesis and glycosyltransferases are potential targets for cancer 

therapy. In order to develop specific glycosylation modifiers as additional tools for studies of 

glycan functions we have characterized the four enzymes involved in the synthesis of the 

common O-glycan core structures, as well as Gal-transferases that extend N- and O-glycan 

structures. Only two of these enzymes (β1,4-Gal-transferase and C2GnT1) have been crystallized. 

Thus knowledge of glycosyltransferase substrate properties and specificities form the primary 

basis for the rational design of glycosylation inhibitors that allow studies of the biological and 
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pathological functions of glycans. Chapter 4 presents our work on characterizing the four human 

O-glycan core synthesis enzymes that helps to understand the mechanisms of O-glycosylation. 

The characterization of Gal-transferases has been reported in Chapter 6 [164]. 

The four human enzymes studied here are responsible for synthesizing the major mucin 

type O-glycan core structures and are therefore expected to accept glycopeptide moieties in the 

acceptor substrates. However, in vitro enzyme assays indicate that only C1GalT shows a distinct 

preference for mucin-derived glycopeptides where GalNAc is linked to Thr or Ser. Enzymes that 

assemble core 2, 3 and 4 structures were poorly active using mucin-derived glycopeptides as 

acceptors. This may due to the fact that the synthetic glycopeptides used in this study are 

relatively short and flexible, not allowing the efficient binding to enzymes. Some exceptions were 

seen, for example the high activity of C2GnT1 (but not of the related enzyme C2GnT2) towards 

the glycopeptide Galβ1-3GalNAcα-Thr-Ala-Gly-Val. It is possible that C2GnT1 has a specific 

binding site for the peptide moiety of this glycopeptide.  

GalNAc in α-configuration linked to a hydrophobic aglycone group such as benzyl forms 

a good substrate for human C1GalT (Figure 7.1). In contrast, GalNAc in β-configuration does not 

serve as a substrate. This indicates that not only the configuration but also the hydrophobic 

moieties assist in the binding of synthetic substrates to the enzyme. In addition, C1GalT requires 

the unsubstituted hydroxyl groups at 3 and 4 positions of the GalNAc-ring. However, the 

hydroxyl group at the 6 position of GalNAc is not essential. Either removal of the 6-hydroxyl or 

its substitution results in analogues that are highly active as substrates. While GlcNAcβ1-

6GalNAcα-Bn is a good substrate for C1GalT, the MUC3-derived GlcNAcβ1-6GalNAcα -

peptide was inactive as substrate. This suggests that glycopeptides are not always preferred 

substrates and can have unfavorable conformations causing poor accessibility of the compounds 

to the enzyme catalytic site or obstruct catalysis. Moreover, C1GalT requires the presence of the 
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2-N-acetyl group in the acceptor. 2-N-butyryl-GalNα-Bn is inactive as a substrate but inhibits the 

enzyme, probably due to steric hindrance of catalysis. Although 2-N-butyryl-GalNα-Bn is a weak 

inhibitor, it is the first reported substrate analog that inhibits human C1GalT. Further knowledge 

of C1GalT structure may help to design more potent inhibitors 

 

 

Figure 7.1 GalNAc derivatives where R is a hydrophobic substituent. 

 

 

C3GnT also requires GalNAc in the α-configuration as an acceptor substrate but also 

requires all of the hydroxyl groups of GalNAc sugar ring. The substrate binding site of C3GnT 

differs from that of C1GalT, since 2-N-butyryl-GalNα-Bn is neither a substrate nor an inhibitor of 

C3GnT. None of the GalNAc analogs inhibited C3GnT. However C3GnT but not C1GalT was 

strongly inhibited by bis-imidazolium compounds (discussed in section 7.4).  C3GnT also acts on 

mucin type substrates in vivo, and glycopeptides showed variable low C3GnT activities. It 

appears that the lengths, amino acid compositions and glycosylation of glycopeptides determine 

the efficiency of GlcNAc transfer.  

Both, human C1GalT and C3GnT sequences contain DXD motifs which are expected to 

coordinate Mn2+ and thus interact with (PO4)3- of UDP-Gal / UDP-GlcNAc to recruit nucleotide 

sugar donors to the enzyme catalytic site. Although human C2GnT1 and C2GnT2 have DXD or 
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alternative SPDE motifs, they do not require divalent metal ions for activity. This may be due to 

positively charged amino acid residues that are located close to DXD motifs and replace the 

function of the Mn2+ in catalysis. The interactions may also stabilize the UDP leaving group after 

the transfer of GlcNAc. 

 

 

 

Figure 7.2 (A) Galβ1-3GalNAc analog, (B) GlcNAcβ1-3GalNAc analog. 

R is a hydrophobic group. 
 

 

C2GnT1 and C2GnT2 transfer GlcNAc to core 1, Galβ1-3GalNAc sequence (Figure 7.2 

A) where the 4- and 6-hydroxyls of both sugar residues have to be unmodified. C2GnT2 has a 

broader acceptor substrate specificity allowing it to also accommodate the GlcNAc residue of 

core 3 (GlcNAcβ1-3GalNAc-) to synthesize core 4 O-glycans (Figure 7.2 B). However, core 3 

substrate GlcNAcβ1-3GalNAcα-pnp shows a 3-fold higher KM value compared to core 1 

substrate, suggesting that the binding of core 1 is preferred over core 3 in the C2GnT2 catalytic 

site.   

We have also characterized a bacterial glycosyltransferase that is responsible for O-

antigen synthesis (Appendix E). O-antigen is essential to the full function of bacteria and is 

related to bacterial virulence. We showed that bacterial enzymes have many similarities to human 

glycosyltransferases and could be models to understand human enzymes; they have distinct donor 
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and acceptor substrate specificities, require divalent metal ions and have a DXD motif in their 

sequences. In addition, some of the di-imidazolium salt inhibitors inhibited human and bacterial 

enzymes. These inhibitors could make bacteria more susceptible to the host immune system and 

decrease their survival time in animals or humans. 

7.4 Bivalent imidazolium salts selectively inhibit glycosyltransferases 

Chapter 4 presents a series of positively charged imidazolium salts that potently inhibit 

C3GnT and C2GnT1 but not C1GalT or C2GnT2. The value of having C3GnT inhibitors would 

be for studies of core 3 functions. C2GnT1 inhibitors, in addition, could be important potential 

drug candidates for cancer. Since only selected GlcNAc-transferases are inhibited, the mode of 

inhibition does not involve binding of the negatively charged nucleotide sugar donor or the 

acceptor substrates that differ between these enzymes. We can make an assumption that 

negatively charged and hydrophobic amino acids are exposed on C3GnT and C2GnT1 and 

interact with the imidazolium salts thus causing an unfavorable protein conformation or blockage 

of the substrate-binding site.  

In Chapter 5, we have shown that these compounds effectively inhibit a number of 

glycosyltransferases that utilize various nucleotide sugars and different acceptor substrates. More 

impressively, the activity of purified bovine ppGalNAcT1 is strongly inhibited by bis-

imidazolium salts. ppGalNAcT initiates the synthesis of O-glycan structures of glycoproteins. 

The inhibition achieved could be very useful for studying the role of O-glycans in cell behavior. 

These bis-imidazolium salts also inhibit the extension enzymes β4GalT1 and β3GalT5 from the 

Gal-transferase family but they do not inhibit C1GalT. Although the O-glycan core synthesis 

enzymes C3GnT and C2GnT1 are inhibited, C2GnT2 and other GlcNAc-transferases that 
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synthesize branched N-glycans are not inhibited. These results further confirm that the inhibition 

is protein specific and does not involve the binding and elimination of substrates. 

These bis-imidazolium salt inhibitors are positively charged and contain an aliphatic 

chain length of 18, 20 or 22 carbons. Despite structural similarities, positively charged bis-

imidazolium compounds having shorter aliphatic chains or the structurally similar neutral bis-

imidazole compounds show no inhibition, indicating that a specific structure is necessary for the 

inhibitory effect and that the length of aliphatic chain is critical. To understand whether the 

imadazolium moieties or the chloride ions contribute to the inhibitory effect, the dimesylate salt 

analogs were synthesized and analyzed. The results reveal that bis-imidazolium cationic structure 

is critical for inhibition and not the negative ions. The inhibition kinetics study indicates that the 

inhibition is not competitive. This is probably due to the fact that these inhibitors do not bear 

resemblance to the acceptors. The inhibition appears to have a mixed uncompetitive / 

noncompetitive nature.  

Interestingly, the addition of non-ionic detergent Triton X-100 or phosphatidylcholine 

vesicles restores the activity of β3GalT5 with a dose-related manner. Since bis-imidazolium salts 

studied have detergent-like hydrophilic as well as hydrophobic properties, it is possible that 

Triton X-100 as well as phosphatidylcholine support an unfavourable micelle formation that no 

longer allows the interaction between compound and enzyme. Moreover, DNA from calf thymus 

also blocks the inhibitory effect of the bis-imidazolium salts. Taken together, the results suggest 

that the inhibition effect is possibly due to the binding of negatively charged as well as 

hydrophobic amino acids of the enzyme. This predicted inhibition mechanism still needs to be 

proven by co-crystallizing enzyme and inhibitor. In vivo applications of these bis-imidazolium 

salts remain to be shown. Due to detergent-like properties, the in vivo applications of the 

compounds are limited. Therefore, a delivery system may be required for further investigation. It 
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would also be useful to modify these compounds to achieve inhibition at lower inhibitor 

concentrations. 

7.5 A specific inhibitor for β4GalT 

Since glycan structures are highly diverse in nature, glycosyltransferases have to handle 

these small variations with a high degree of specificity. Compounds used to inhibit these enzymes 

should achieve the same amount of specificity. In Chapter 4, we have introduced a compound, 2-

N-butyryl-GalNα-Bn, a substrate analog that specifically inhibits C1GalT. However, the IC50 

value of 2.3 mM shows that it is a poor inhibitor. Another substrate analog, GlcNBu-S-naphthyl 

(612) has been described in Chapter 6 that specifically inhibits mammalian β4GalT. The 

compound did not inhibit membrane-bound and purified ppGalNAcTs and several GlcNAc-Ts. 

β4GalT synthesizes the common type 2 chain backbone, Galβ1-4GlcNAcβ1-3, which can be 

extended and branched, and serves as a scaffold for terminal modifications. In contrast to β4GalT, 

β3GalT5 that catalyzes the biosynthesis of type 1 chain and uses the same donor and acceptor 

substrates, showed no inhibition by 612. The major difference between β4GalT1 and β3GalT5 is 

the preferred recognition of O-glycan core 3 by β3GalT5. A comparison of the sequences of 

human β3GalT and human β4GalT shows that human β3GalT lack the GWGG sequence, which 

may be responsible for binding hydrophobic residues. This may explain why the naphthyl 

containing compound 612 binds to human β4GalT and prevents catalysis, but poorly binds to 

human β3GalT5. We are currently trying to crystallize β4GalT bound with 612 to determine the 

binding site of the inhibitor.  

A series of compounds has been synthesized to study the inhibition mechanism of 612 

(GlcNBu-S-naphthyl, Figure 7.3). Peracetylation of 612 prevented inhibition of β4GalT, 

suggesting that the hydroxyl groups are important for binding to the enzyme. The quinolinyl 
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derivatives which contain nitrogen in the aromatic rings, or the analog having nitrogen in the 

anomeric linkage served as substrates for both β3GalT5 and β4GalT1 suggesting that the bulky 

ring structure does not represent a steric hindrance for binding and catalysis. However, the 

hydrophobic naphthyl group makes an important contribution to the inhibitory effect.  

 

 

Figure 7.3 Structure of 612. 

 

Furthermore, compounds containing an acetyl instead of a butyryl group or having 

oxygen in the anomeric linkage showed decreased inhibition compared to 612. These differences 

are probably due to altered hydrophilic properties of the compound. Therefore, not only GlcNAc 

and the naphthyl moiety but also other structural features and properties of the compounds are 

responsible for binding and inhibiting the enzyme.  

Since members of the β3GalT and β4GalT families involved in the extension of N- and 

O-glycans may compete for the synthesis of the backbones glycan chains, lowering the activity of 

β4GalT and maintaining the activity of β3GalT5 by 612 could suppress the formation of the type 

2 chains and potentially reduce the expression of SLex involved in tumorigenesis. This strategy 

may be beneficial as an anti-cancer or anti-inflammatory strategy. However it remains to be 

shown if 612 is able to across cell membrane and reaches the Golgi apparatus and inhibits 

β4GalT in vivo. 
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7.6 Conclusion 

In conclusion, this thesis represents a comprehensive study on prostate cancer cell glycosylation 

that helps to identify biomarkers for prostate cancer diagnosis. It also builds the foundation for 

studying the role of glycans as well as glycosyltransferases in cancer progression. Key 

glycosyltransferases have been determined as potential targets, and inhibitors have been 

discovered. This facilitates the development of specific glycosylation modifiers that can be used 

for fundamental research and also with potential therapeutic applications. 

7.7 Future outlook 

7.7.1 Role of glycosyltransferases in prostate cancer cell progression 

This thesis shows that several glycosyltransferase activities are substantially modified in 

prostate cancer cells, including ST3Gal-I, C2GnT1, C3GnT, and GnT-V. All of them are 

candidates for studying their roles in cancer progression. Large efforts have been made to suggest 

that apoptosis-based strategies are promising cancer treatments [88,89,260]. However, tumor cells 

are usually resistant to apoptosis and at the same time they are abnormally glycosylated. 

Therefore, additional work on the modifications of glycans may achieve sensitization of cancer 

cells to apoptosis and will help to maximize the effects of anti-cancer therapy. To further explore 

the role of glycosyltransferases in prostate carcinogenesis, future work can focus on regulating 

enzyme expression levels by using RNA interference technology or gene-overexpression 

methods, for example targeting other sialyltransferases. The overall effects on cells, such as 

cancer cell proliferation, migration and apoptosis can then be studied. 

7.7.1.1 Knocking down GnT-V in prostate cancer cells with RNA interference technology 
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It has been shown that N-glycans are required for Fas receptor expression [94], and that 

inhibition of N-glycosylation increases the susceptibility of prostate cancer cells to TRAIL-

induced apoptosis [98]. GnT-V is over expressed especially in prostate cancer cell lines PC-3 and 

LNCaP. To explore the role of GnT-V in cancer progression it can be knocked down with RNA 

interference methods. Cells with reduced expression and activity of GnT-V can be used as models 

to compare cell proliferation, cell migration and cell sensitivity to TRAIL- / Fas-triggered 

apoptosis. The effects can be further analyzed by studying the down stream signaling. 

7.7.1.2 Animal model experiments 

Engineered prostate cancer cell lines that have reduced or overexpressed critical 

glycosyltransferases can be inoculated into syngeneic mice to determine the rate of tumor growth 

and metastatic potential. Furthermore, the sensitivity of the tumor to TRAIL- / Fas-based cancer 

treatment can be assessed.  

7.7.2 Modification of cellular glycosylation with glycosyltransferases inhibitors  

The alternative tool to RNA interference methods is the incorporation of 

glycosyltransferase inhibitors in cell cultures. Inhibitors have the advantage that they can 

modulate the activity of an individual enzyme and can provide dose- and time-dependent studies, 

allowing enzyme functions to be explored. The in vivo applications of the inhibitors developed in 

our lab remain to be studied. Thus it is important to choose the right compound structures, 

conditions, solvents and concentrations for inhibitor delivery into cells, and ideally into the Golgi 

where glycosyltransferases reside.  

Drug delivery technologies are critical for potential cancer treatments. Drugs that are 

insoluble in water could be safe, effective and potent, but may not be applicable in cells and need 

appropriate delivery systems. Phospholipid vesicles can be used to promote fusion with cell 
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membranes, and they can transfer normally impermeable molecules into cells. We have used this 

method for the transfer of GlcNBu-S-naphthyl inhibitor into prostate cancer cells but more efforts 

are required to optimize the transport, for example by testing different phospholipids and other 

lipid derivatives, as well as different methods of preparation. 

The addition of hydrophilic or hydrophobic groups may improve the solubility or 

membrane association of inhibitors. The modifying group has to be stable in aqueous solution and 

must be hydrolyzed in vivo with a reasonably short half-life to yield active inhibitor. For example, 

we can add a phosphate ester group to the inhibitor GlcNBu-S- naphthyl. After the inhibitor is 

taken up by cells, phosphatases in the cytosol would activate the pro-inhibitor by cleaving off the 

phosphate group.  

Nanotechnologies have become an important tool for increasing the efficiency of drugs, 

for example, the technology using Gold nanoparticles (AuNP) having biocompatibility and low 

toxicity [261]. AuNP can be selected as inhibitor-delivering agent mainly because it is water and 

oxygen insensitive and the particle size can be uniformly controlled. The monolayer of 

nanoparticles forms hydrophobic pockets that could encapsulate hydrophobic compounds and 

release target compounds into cells through membrane diffusion. 

7.8 Significance of the research 

The proposed future studies will provide important information on the role of glycosylation in 

prostate cancer cell proliferation, migration as well as apoptosis. These studies provide an insight 

into the molecular mechanisms of tumorigenesis and form the basis for the determination of 

enzyme targets and new specific strategies for the restoration of apoptosis in prostate cancer cells. 

These methodologies are also valuable for application to other cancers. 
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Appendix A 

 

Appendix A Table 1 Relative amounts of mass / charge ions of permethylated N-glycans 
determined by MALDI-TOF MS. 

N-glycans were released from prostate cell glycoproteins by PNGase F. 

2070 3.6 0.0 4.0 4.2 14.0 

2083 2.9 8.8 5.1 0.0 10.8 

2152 0.0 0.0 0.0 0.0 10.5 

2193 13.5 14.9 19.1 15.7 31.7 

2245 7.3 8.9 8.1 8.6 9.3 

2326 2.5 3.8 3.1 2.8 0.0 

2397 10.8 12.7 13.4 12.5 23.7 

2419 4.6 4.5 5.4 5.4 0.0 

2432 2.7 3.7 4.5 0.0 0.0 

2605 2.3 6.3 4.2 0.0 0.0 

2635 2.6 2.8 2.8 0.0 0.0 

2694 7.2 5.0 3.8 6.9 0.0 

2779 2.0 3.0 2.7 0.0 0.0 

[M+Na]+ Structures RWPE-1           PC-3             DU145            LNCaP              VCaP 

Table 1: Mass charge ratio of pre-methylated N-glycans determined by MALDI-TOF. 
N-glycans were isolated from prostate cancer cell lines by PNGase. 
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Appendix A Table 1 Continued 

 

 

2792 1.9 2.6 2.6 0.0 0.0 

2868 4.0 2.7 0.0 4.7 0.0 

2966 1.8 2.6 2.3 0.0 0.0 

3043 0.0 0.0 0.0 4.5 0.0 

3054 2.0 2.2 2.1 0.0 0.0 

3143 5.9 3.6 3.5 6.9 0.0 

3228 1.8 2.1 2.1 0.0 0.0 

3241 1.6 0.0 0.0 0.0 0.0 

3317 4.8 0.0 0.0 5.6 0.0 

3402 1.5 0.0 0.0 0.0 0.0 

3415 1.5 2.2 2.0 0.0 0.0 

3491 0.0 0.0 0.0 5.2 0.0 

3503 0.0 2.0 1.9 0.0 0.0 

3589 1.3 0.0 0.0 0.0 0.0 

[M+Na]+ Structures RWPE-1           PC-3             DU145            LNCaP              VCaP 

Table 1: Continue 
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Appendix A Table 1 Continued 

 

3666 0.0 0.0 0.0 4.9 0.0 

3681 0.0 0.0 0.0 2.5 0.0 

3763 1.2 0.0 0.0 0.0 0.0 

3766 1.4 0 0.0 0.0 0.0 

3776 0.0 2.0 1.8 0.0 0.0 

3851 1.1 0.0 0.0 0.0 0.0 

3864 1.2 1.9 1.7 0.0 0.0 

4027 1.1 0.0 0.0 0.0 0.0 

4040 1.1 0.0 0.0 1.3 0.0 

4214 1.1 0.0 0.0 1.2 0.0 

4227 1.0 1.7 1.7 0.0 0.0 

4388 1.0 0.0 0.0 1.0 0.0 

4562 0.0 0.0 0.0 0.9 0.0 

[M+Na]+ Structures RWPE-1           PC-3             DU145            LNCaP              VCaP 

Table 1: Continue 
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Appendix A Table 1 Continued 

 

 

4588 0.7 0.0 0.0 0.0 0.0 

4663 0.0 0.0 0.0 0.9 0.0 

4837 0.0 0.0 0.0 0.9 0.0 

5011 0.0 0.0 0.0 0.9 0.0 

[M+Na]+ Structures RWPE-1           PC-3             DU145            LNCaP              VCaP 

Table 1: Continue 
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Appendix A Table 2 Relative amounts of mass / charge ions of permethylated O-glycans 
determined by MALDI-TOF MS. O-glycans were isolated from prostate cancer cell lines by β-
elimination. 

 

[M+Na]+ Composition of oligosaccharide alditols Structures Relative Intensity 
RWPE-1 PC-3 DU145 LNCaP VCaP 

534 Gal, GalNAcol 1.9 3.7 4.51 6.67 2.8 

575 HexNAc, GalNAcol 1.7 2.9 1.96 7.18 1.1 

708 Gal, Fuc, GalNAcol 5.7 6.8 9.22 8.12 8.7 

779 Gal, HexNAc, GalNAcol 8.7 11.1 14.56 12.62 12.4 

820 2HexNAc, GalNAcol 0 0 0 0 0.9 

953 Gal, HexNAc, Fuc, GalNAcol 7.3 7.2 11.01 7.77 9.8 

983 2Gal, HexNAc, GalNAcol 4.1 3.1 10.88 7.95 5.5 

1024 Gal, 2HexNAc, GalNAcol 7.9 6.9 6.74 8.22 8.4 

1127 Gal, HexNAc, 2Fuc, GalNAcol 0 1.3 1.86 1.24 1.3 

1157 2Gal, HexNAc, Fuc, GalNAcol 8.3 0 7.79 1.57 10.3 

1198 Gal, 2HexNAc, Fuc, GalNAcol 4.6 0.9 1.24 0.55 0.7 

1228 2Gal, 2HexNAc, GalNAcol 6.5 1.7 1.36 0.76 1.4 

Table 2: Mass charge ratio of pre-methylated O-glycans determined by MALDI-TOF. 
O-glycans were isolated from prostate cancer cell lines by !-elimination. 
 

1269 Gal, 3HexNAc, GalNAcol 4.7 1.2 1.86 1.31 0.8 

1331 2Gal, HexNAc, 2Fuc, GalNAcol 12.8 2.4 2.7 2.09 0.9 

1402 2Gal, 2HexNAc, Fuc, GalNAcol 9.3 2 1.01 0.99 5.6 

1432 3Gal, 2HexNAc, GalNAcol 1.5 0 0 0 0 

1473 2Gal, 3HexNAc, GalNAcol 0.3 1.2 0.87 0.59 1.6 

1505 2Gal, HexNAc, 3Fuc, GalNAcol 0 0 0 1.33 0 

1576 2Gal, 2HexNAc, 2Fuc, GalNAcol 0 1.3 1.18 0.77 0.8 

1606 3Gal, 2HexNAc, Fuc, GalNAcol 0.5 1.4 0 0 0 

1647 2Gal, 3HexNAc, Fuc, GalNAcol 0.3 1.1 0.83 0.58 0.9 

1677 3Gal, 3HexNAc, GalNAcol 0.5 0.7 0.6 0.5 0.8 

1780 3Gal, 2HexNAc, 2Fuc, GalNAcol 0.3 1.2 0 0 0 

Table 2: Continue 
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Appendix A Table 2 Continued 

1374 NeuGc, 2Gal, HexNAc, GalNAcol 0.8 1.2 1.7 1.2 1.4 

1488 NeuAc, Gal, HexNAc, 2Fuc, GalNAcol 0 0 1.49 0 1.3 

1385 NeuAc, Gal, 2HexNAc, GalNAc-ol 0.2 0 0 0.3 0.2 

1559 NeuAc, Gal, 2HexNAc, Fuc, GalNAcol 0 0 0 0.51 0 

1733 NeuAc, Gal, 2HexNAc, 2Fuc, GalNAcol 0 0 0 0 0.2 

1256 2NeuAc, Gal, GalNAcol 5 22.5 3.17 0.87 5.6 

1316 2NeuGc, Gal, GalNAcol 0.4 0.8 0.7 0.8 0.7 

1501 2NeuAc, Gal, HexNAc, GalNAcol 0.3 0 0 0 0 

1675 2NeuAc, Gal, HexNAc, Fuc, GalNAcol 0 0 0 0 0.2 

1705 2NeuAc, 2Gal, HexNAc, GalNAcol 0.3 0 0 0.64 0.9 

Table 2: Continue 

1851 3Gal, 3HexNAc, Fuc, GalNAcol 0 1 0 0.42 0 

1881 4Gal, 3HexNAc, GalNAcol 0.2 0.4 0.5 0.3 0.3 

1892 2Gal, 4HexNAc, Fuc, GalNAcol 0.2 0 0 0.2 0.2 

2025 3Gal, 3HexNAc, 2Fuc, GalNAcol 1.4 0 1.77 1.8 1.7 

Oligosaccharides with NeuAc/NeuGc 
residues 

691 NeuAc,GalNAcol 0 0.7 0 0.85 1.3 

895 NeuAc, Gal, GalNAcol 4.1 16.6 11.57 16.1 9.9 

925 NeuGc, Gal, GalNAc-ol 0.5 1.1 0.5 1.3 0.6 

936 NeuAc, HexNAc, GalNAcol 0 0 0 0.91 0 

1069 NeuAc, Gal, Fuc, GalNAcol 0.6 0 0 1.28 0 

1140 NeuAc, Gal, HexNAc, GalNAcol 1.5 0 0 0.49 1.9 

1314 NeuAc, Gal, HexNAc, Fuc, GalNAcol 0 0 0.2 0.2 0.2 

1344 NeuAc, 2Gal, HexNAc, GalNAcol 0.2 0 1.06 4.26 0.8 

Table 2: Continue 
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Appendix A Figure 1 Lectin staining of prostate cancer cells (PC-3) upon incubation with 
neuraminidase. 

Ricin, MAAII (Maackia amurensis lectin II) and SNA (Sambucus nigra lectin) were used. I, 
control (cells without neuraminidase treatment); II, cells were treated with 5 mU/mL 
neuraminidase for 48 h before lectin staining; III, cells were treated with 10 mU/mL 
neuraminidase for 48 h before lectin staining. This neuraminidase was from Sigma (N7885). 
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Appendix B 

Appendix B Table 1 Oligonucleotide primers used for quantitative real-time PCR analysis. 

Glycosyltransferases Forward primer (5′-3′) Reverse primer (5′-3′) 
MGAT1 ATTGTCACCTTCCAGTTCCG GTCCCACCTCAGCTCATG 
MGAT2 CAGTTCCGACCGTGACAG AGGATTAGCACCTTCCGTTTG 
MGAT5 TGTGAGGGAAAGATCAAGTGG GCTCTCCAAGGTAAATGAGGAC 
C1GALT1 AGAAGCAAAGGTCACCAGTCCCAA AGCCAGGATTTAGAGGCCATTTCC 
C2GnT1 GCATGGTTTCTGCAGAGCACAGTT TTTCCACAATGCCTTGCTACCTGC 
C2GnT2 AGAAGCGAGAGCCTTTCACAGACA TACACAGCTCGCAGTAGCCTTTCA 
C2GnT3 GTTCCCTGGGCTTTCCTTGTTTGA ACTCACCTAAGGCCAAAGGGAACA 
B3GNT1 TCCTATATCGCCAGTTCAAACAG AGCGACATTTCTTACCCCAG 
B3GNT6 CAACGTAGTCCGCTTCCTG AAGTACTTGCTCCAGCTGTC 
B4GalNT3 TGGATGTTGAGATGGCACTG TGGAGGTCACAGAGGAAGAT 
B4GalT1 CTAGCAACTTGACCTCGGT CATTTGGGTTCTGCTTTGCC 
B4GalT2 GCATAACGAACCTAACCCTCAG GCCCAATGTCCACTGTGATA 
B4GalT3 GTAACCTCAGTCACCTGCC ATTCCGCTCCACAATCTCTG 
B4GalT4 ACTTCGTGGGTGCCATTCAAGAGA AAGGAGACACAGAAGGGCAGTTGT 
B4GalT5  TGGAACAGAGTACAGAATGCAG CCTTGCCGTTCTTTTGACTTC 
B4GalT6 CTTCACATACTCACCATACCTCC CCCCTGGCTCAATATCTAAATCC 
B3GalT5 ATTGGCATATCTGGTTCTGAGG AGGTTCTGGGCTTGGTTTG 
ST3Gal1 ATCCCGGTTCCTGCAAAGATCAGA ACAAGTCCACCTCATCGCAGACAT 
ST3Gal2 TTTGCATGTGGTGCCAGAATAGGC AGGTGAAGAGCAGGGACATGATGA 
FUT1  CCACTCTGGACATTGGCTA GCTGGCTCTAGAAAGATCAG 
FUT2 GAGTGAAGAGAGACCCAGAGGGAAC CTTTGATGTTGAGGCTAGCACTGGT 
FUT3  AGAGAGATCATCACGGCACGGTTT ATAAGTGGTGGTCCTGGGCTTGAA 
FUT4  TGCAGGTGGGACTTTGTTGTTTGG TCCTCCAAGGACAATCCAGCACTT 
Gal3ST2 GATTCCTGCACTCGGACTTAG GAAGCGGTAGAGGATGTTGAG 
Gal3ST4 CTACCCAAAGCTCTTCCAGG AGAAGCTGTCAGAAGGCATG 
GlcNAc6ST1 CGAAATGGAGCAGTTTGCCCTGAA ACTCCTCCACCTGTTTGATCTGCT 
GlcNAc6ST2 ATCCCATGAATTTGCTGGGCTACC AGATGTAGGCAAGGCTCAGAAGCA 
GlcNAc6ST3 GCAGACACGCCAAGCTTTGAGAAA AGCTGCAACGCTGATCACAAATCC 
GlcNAc6ST4 TAGTGCAACTTCCTGTGAGCCAGT TCCATCAAGCCTCACCTCACAACA 
B3GNT2 CTGCTCCTATGTAGATCTGATGTTAG TGGGAACTATTCAAAATACACCTTTC 
B3GNT3 ATAAGGGAGTGCCAGGGAAGGTTT ACAGTTGGAACTCTAGCACAGGCA 
B3GNT4 CCCAACGTGTTAGAGTTCCTG TGAGGGTGGGATGAAGTATTT 
B3GNT5 TGACTTCAGCAAGAGTGACTG TTGTTTTGCGTGTTTCCGAC 
ST3Gal3 TGTTCCTGGATGACTCCTTTCGCA CTTGTTGGCAAGAACGCCTCCATT 
ST3Gal4 ATGAGCAGATCACGCTCAAGTCCA TCCCATCTCCAGCATCCGCTTAAT 
ST3Gal5 GCACGGATTAGAACTGGG CGCCCTCTGGATAAGTCAT 
ST3Gal6 TCTATTGGGTGGCACCTGTGGAAA TGATGAAACCTCAGCAGAGAGGCA 
Gal3ST1 CCTCAGCCTTCCAAGTAACTAG AGGAAACTAGTGAAGAGCGC 
Gal3ST3 CACCGTAAGCCTTCTCATCC CTGCCGTCTTGTGAGTCTTC 
B3GalT1 GACCATGCTTGATTTCCTGAAC CCTCTGCGCTCATTCTACTTTC 
B3GalT2 AGTGGGCATAATCCTCTTCAC GCAATCATTTTCTAATTCAGTCACATT 
ST6GalNAc1 TTCAAATCTGAGCCTCGGTG AGTGAGGTTGGGCAGAAAG 
ST6GalNAc2 AACTCCCTCGTCTCCTACTG CCGATCTCAGCATCACATAGTC 
ST6GalNAc3 CATTCTCCTACACATACAGGCG CTATCTCATTTCCCACCTTCTGG 
ST6GalNAc4 TTCACCATGATCCTCGCG CATCTGACACTCATCTAGCCG 
ST6Gal1 TGGTGAATGTCATGGAGCC AGGGAAGGTTTATTGGGTCTG 
GAPDH GAGAGGAGCAGGTAGAGGG AGAATGAGGGTGGCATTGG 
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Appendix B Figure 1 Lectin staining of whole prostatic cells. 

Lectin binding was carried out as described in the Methods section in Chapter 3 using Ricin 
(Ricin A chain lectin), WGA (wheat germ agglutinin), MAAII (Maackia amurensis lectin II), 
SNA (Sambucus nigra lectin), GSL-1 (Griffonia simplicifolia lectin 1), UEA-1 (Ulex eauropaeus 
lectin 1), PNA (Peanut agglutinin), HP, (Helix pomatia lectin), ConA (Concanavalin A), BSL-1 
(Bandeiraea simplicifolia lectin 1), DSL (Datura stramonium lectin). The intensity of absorbance 
at 405 nm was recorded, normalized to the same cell number of 105 cells (Intensity).  
(a) Normal prostatic RWPE-1 cells; (b) Prostate cancer cells PC-3; (c) DU145 cells; (d) LNCaP 
cells; (e) VCaP cells. The error bars show the variations among the 7 samples tested.  
 

0 

0.4 

0.8 

1.2 

1.6 

2 

1 2 3 4 5 6 7 8 9 10 11 !"#"$%%&'(%%)((**%%%+,(%%%'+-.*%%%/0(.*%%%1,(%%%%%21%%%%34$(%%%5+-.*%%%%6+-%

e 

In
te

ns
ity

 



 

 

177 

 

 

 

 

a 

!"
#$
"%
&#'

(

)*$+(((((*$'(((((((,"(((((((*$-(((((),"((
0 

0.4 

0.8 

1.2 

1.6 

2 

1 2 3 4 5 

b 

0 

0.4 

0.8 

1.2 

1.6 

2 

1 2 3 4 5 

!"
#$
"%
&#'

(

)*$+(((((*$'(((((((,"(((((((*$-(((((),"((

c 

0 

0.4 

0.8 

1.2 

1.6 

2 

1 2 3 4 5 

!"
#$
"%
&#'

(

)*$+(((((*$'(((((((,"(((((((*$-(((((),"((



 

 

178 

 

 

Appendix B Figure 2 ELISA of whole prostatic cells. 

Prostatic cells were stained as described in the Methods section using anti-Tn antibody (Tn) anti-
sialyl-Tn (STn), anti-sialyl-Lewisx (SLe x), anti-Lewis y (Le y) and anti-Lewis a (Le a) antibodies. 
The intensity of staining measured at 405 nm, normalized to the same cell number is shown.  
(a) Normal prostatic RWPE-1 cells; (b) Prostate cancer cells PC-3; (c) DU145 cells; (d) LNCaP 
cells; (e) VCaP cells. 
 

d 

!"
#$
"%
&#'

(

0 

0.4 

0.8 

1.2 

1.6 

2 

1 2 3 4 5 

)*$+(((((*$'(((((((,"(((((((*$-(((((),"((

e 

!"
#$
"%
&#'

(

0 

0.4 

0.8 

1.2 

1.6 

2 

1 2 3 4 5 

)*$+(((((*$'(((((((,"(((((((*$-(((((),"((



 

 

179 

 

Appendix B Figure 3 Quantitative real time PCR analysis of various glycosyltransferase 
and sulfotransferase genes in normal and cancerous prostatic cells. 

The expression levels of glycosyltransferase and sulfotransferase genes are shown. The gene 
expression levels were calculated by the ∆Ct method as described in Materials and Methods and 
expressed as relative amount to that of GAPDH (100%). The enzyme names are listed in Table 
3.1. Results are shown for B3GNT2 - 5 (Extension β3GlcNAcT), ST3GAL3 - 6 (α3-
sialyltransferases), GAL3ST1 and 3 (3-O-sulfotransferases); ST6GALNAC1 - 4 (α6-
sialyltransferases acting on GalNAc) and ST6GAL1 (α6-sialyltransferase acting on Gal).   The 
data were obtained from three independent experiments and expressed as mean ± SEM. 
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Appendix C Figure 1 C1GalT and C3GnT activities using acceptor GalNAcα-Bn as a 
function of divalent metal ions. 

The standard assay as described under Materials and methods was used except the divalent 
cations were varied as indicated. The metal ions were tested at a concentration of 12.5 mM and 
the activity with Mn2+ was set to 100%. The black bars represent C1GalT activity and the gray 
bars represent C3GnT activity. 
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Appendix C Figure 2 Activity dependence on MnCl2 concentration.   

(A) C1GalT transfer of Gal to acceptor GalNAcα-Bn, as a function of MnCl2 concentration. 
C1GalT was assayed as described under Materials and methods, except that the concentration of 
MnCl2 was varied as indicated, and the results were analyzed by regression analysis. Half-
maximal activity was obtained at a MnCl2 concentration of 0.25 mM. (B) GlcNAc transfer by 
C3GnT to acceptor GalNAcα-Bn as a function of MnCl2 concentration. The standard assay for 
C3GnT was used as described under Materials and methods, except that the concentration of 
MnCl2 was varied as indicated. The results were analyzed by regression analysis. Half-maximal 
activity was obtained at a MnCl2 concentration of 27.6 mM. 
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Appendix C Figure 3 Kinetics of human C1GalT.  

Kinetic parameters were determined with Origin 8.0 Pro.  The curves were fitted by nonlinear 
regression with the best fit used to determine kinetic mechanism.  
(A) The reaction rates of human recombinant C1GalT were determined as a function of UDP-Gal 
with 5 mM GalNAcα-Bn as acceptor substrates. The apparent KM for UDP-Gal was 1.0 mM and 
Vmax was 0.16 µmol/h/mg. (B) The reaction rates of human recombinant C1GalT were determined 
as a function of GalNAcα-Bn concentration in the presence of 2.6 mM UDP-Gal in the reaction 
mixture. The apparent KM for GalNAcα-Bn was 0.8 mM and Vmax was 0.14 µmol/h/mg.  
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Appendix C Figure 4 Analysis of human recombinant C3GnT by electrophoresis.  

(A) SDS-PAGE analysis of each fraction during protein purification. Lane A, control insect cell 
supernatant (infected with empty baculovirus vector); lane B, insect cell supernatant (with soluble 
C3GnT); lane C, flow through from Ni2+-NTA affinity chromatography; lane D, protein 
molecular weight markers; lanes E-G, wash; lanes H-J, elutions from Ni2+-NTA affinity 
chromatography. The enzyme shown in lane J was concentrated and used for characterization.  
(B) Western blotting analysis. Lane A, pre-stained molecular weight markers; lane B, control 
insect cell supernatant (no infection); lane C, insect cell supernatant (with soluble C3GnT); lane 
D, flow through from Ni2+-NTA affinity chromatography, lane E, wash; lane F, protein eluted 
from Ni2+-NTA affinity chromatography.  
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Appendix C Figure 5 Kinetics of human C3GnT.  

The kinetic parameters were determined with Origin 8.0 Pro.  The curves were fitted by nonlinear 
regression with the best fit used to determine kinetic mechanism.  
(A) The reaction rates of purified human recombinant C3GnT were determined as a function of 
UDP-GlcNAc with 5 mM GalNAcα-Bn as acceptor substrates. The apparent KM for UDP-
GlcNAc was 2.8 mM and Vmax was 1.3 µmol/h/mg. (B) The activities of C3GnT as a function of 
different substrates. GalNAcα-Bn (squares), Ac-A-(GA)TG-NH2 (circles) and GalNAcα-perillyl 
(triangles).  In the presence of 3 mM UDP-GlcNAc, the apparent KM for GalNAcα-Bn was 3.0 
mM and Vmax was 1.0 µmol/h/mg; the apparent KM for Ac-A-(GA)TG-NH2 was 0.7 mM and Vmax 
was 1.0 µmol/h/mg; the KM for GalNAcα-perillyl was 0.3 mM and Vmax was 0.4 µmol/h/mg. 
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Appendix C Figure 6 Analysis of human recombinant C2GnT2 by electrophoresis.  

(A) SDS-PAGE analysis of each fraction during protein purification. Lane A, protein molecular 
weight markers; lane B, control insect cell supernatant (no infection); lane C, insect cell 
supernatant (with soluble C2GnT2); lane D, flow through from Ni2+-NTA affinity 
chromatography; lane E, wash; lane F, elutions from Ni2+-NTA affinity chromatography. 
(B) Western blotting analysis. Lane A, pre-stained molecular weight markers; lane B, protein 
eluted from Ni2+-NTA affinity chromatography.  
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Appendix C Figure 7 Mn2+ ion dependence of C2GnT2 and C2GnT1 activities.  

(A) C2GnT2 transfer of GlcNAc to acceptors Galβ1-3GalNAcα-pnp and GlcNAcβ1-3GalNAcα-
pnp as a function of the MnCl2 concentration. The standard assay for C2GnT2 was used as 
described under Materials and methods. Assays were carried out without MnCl2 and in the 
presence of 12.5 mM MnCl2. The activities without Mn2+ were set to 100 %. The white bars 
represent C2GnT2 activity with Galβ1-3GalNAcα-pnp as acceptor (220 nmol/h/mg) and the dark 
bars represent C2GnT2 activity with GlcNAcβ1-3GalNAcα-pnp (70 nmol/h/mg) as acceptor 
substrate. (B) C2GnT1 activity with Galβ1-3GalNAcα-pnp acceptor as a function of MnCl2 
concentration. 
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Appendix C Figure 8 Kinetics of human C2GnT1.  

(A) The reaction rates of human C2GnT1 were determined as a function of UDP-GlcNAc with 5 
mM Galβ1-3GalNAcα-pnp as acceptor substrate. The apparent KM for UDP-GlcNAc with Galβ1-
3GalNAcα-pnp as acceptor substrate was 3.2 mM and Vmax was 0.10 µmol/h/mg. (B) The reaction 
rates of human recombinant C2GnT1 were determined as a function of Galβ1-3GalNAcα-pnp 
concentration in the presence of 4.5 mM UDP-GlcNAc. The apparent KM for Galβ1-3GalNAcα-
pnp was 1.1 mM and Vmax was 0.08 µmol/h/mg  (Origin 8.0 Pro).  
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Appendix C Figure 9 Kinetics of human C2GnT2.  

(A) The reaction rates of purified human recombinant C2GnT2 were determined as a function of 
UDP-GlcNAc with 5 mM Galβ1-3GalNAcα-pnp (closed squares) and 5 mM GlcNAcβ1-
3GalNAcα-pnp (open squares) as acceptor substrates. The apparent KM for UDP-GlcNAc with 
Galβ1-3GalNAcα-pnp as acceptor substrate was 2.2 mM and Vmax was 1.7 µmol/h/mg. The 
apparent KM for UDP-GlcNAc with GlcNAcβ1-3GalNAcα-pnp as acceptor substrate was 2.1 mM 
and Vmax was 0.8 µmol/h/mg.  (B) The activities of C2GnT2 as a function of different substrates. 
Galβ1-3GalNAcα-pnp (closed diamonds) and GlcNAcβ1-3GalNAcα-pnp (open diamonds) were 
used as acceptor substrates, in the presence of 4.6 mM UDP-GlcNAc. The apparent KM for 
Galβ1-3GalNAcα-pnp was 2.1 mM and Vmax was 1.5 µmol/h/mg; the KM for GlcNAcβ1-
3GalNAcα-Bn was 5.8 mM and Vmax was 1.0 µmol/h/mg. The curves were fitted by non-linear 
regression with the best fit used to determine kinetic mechanism (Origin 8.0 Pro). 
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Appendix C Figure 10 Inhibition of human C1GalT by different concentrations of inhibitor 
N-butyryl-GalNα-Bn.  

Assay mixtures for C1GalT contained 0.5 mM GalNAcα-Bn as the acceptor substrate. The 
inhibition increased with increasing inhibitor concentrations. The IC50 value of 2.31 mM was 
calculated using Origin 8.0 Pro.   
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Appendix C Figure 11 Inhibition of human C3GnT with different concentrations of three 
bis-imidazolium salt inhibitors.  

Assay mixtures for C3GnT were as described in Materials and methods, and contained 0.5 mM 
GalNAcα-Bn as the acceptor substrate and different inhibitors: 1,20-bis-(3-methyl-1H-
imidazolium-1-yl)eicosane dichloride, 1,20-bis-(3-methyl-1H-imidazolium-1-yl)eicosane 
dimesylate, and 1,22-bis-(3-methyl-1H-imidazolium-1-yl)docosane dimesylate, as well as 10 % 
EtOH. IC50 values were calculated using Origin 8.0 Pro. For 1,20-bis-(3-methyl-1H-imidazolium-
1-yl)eicosane dichloride (closed circles/dark solid line), the IC50 was 0.14 mM; for 1,20-bis-(3-
methyl-1H-imidazolium-1-yl)eicosane dimesylate (opened circles/dashed line), the IC50 was 0.13 
mM; for 1,22-bis-(3-methyl-1H-imidazolium-1-yl)docosane dimesylate (closed diamonds /light 
solid line), the IC50 was 0.26 mM.  
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Appendix C Figure 12 Inhibition of human C2GnT1 with different concentrations of four 
bis-imidazolium salt inhibitors.  

Assay mixtures for C2GnT1 were as described in Materials and methods, and contained 0.5 mM 
Galβ1-3GalNAcα-pnp as the acceptor substrate and different inhibitors: 1,16-Bis-(3-methyl-1H-
imidazolium-1-yl)hexadecane dichloride, 1,18-Bis-(3-methyl-1H-imidazolium-1-yl)octadecane 
dichloride, 1,20-bis-(3-methyl-1H-imidazolium-1-yl)eicosane dichloride, and 1,22-bis-(3-methyl-
1H-imidazolium-1-yl)docosane dimesylate, as well as 10 % EtOH. For 1,16-Bis-(3-methyl-1H-
imidazolium-1-yl)hexadecane dichloride (closed circles/black solid line), the IC50 value was 0.23 
mM; for 1,18-Bis-(3-methyl-1H-imidazolium-1-yl)octadecane dichloride (opened circles/gray 
dashed line) the IC50 value was 0.081 mM; for 1,20-bis-(3-methyl-1H-imidazolium-1-yl)eicosane 
dichloride (closed squares/gray solid line), the IC50 value was 0.062 mM; for 1,22-bis-(3-methyl-
1H-imidazolium-1-yl)docosane dimesylate (opened triangles/gray dashed line), the IC50 value 
was 0.067 mM.  
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Appendix D 

Synthetic Procedures of Bis-imidazolium Compounds 

D.1 Representative procedure for the formation of bis-imidazolium compounds 

(dichloride salt form) 

 

D.1.1 1,4-Bis-(3-methyl-1H-imidazolium-1-yl)butane dichloride (2). A sample of 1,4-bis-(3-

methyl-1H-imidazolium-1-yl)butane diiodide (318 mg, 0.67 mmol, 1 equiv) was dissolved in 

methanol (0.5 mL) and loaded onto a preparatory-scale silica gel TLC plate (20 cm × 10 cm × 2 

mm). The plate was dried with warm air, then eluted with acetonitrile. The section corresponding 

to Rf = 0.32–0.06 was excised and ground into a fine powder. To the powder was added 1:1 

acetonitrile–methanol (40 mL) and Amberlite IRA-410 anion-exchange resin in the chloride form 

(2 g) and the mixture stirred for 30 min. The solids were removed by filtration and washed with 

1:1 acetonitrile–methanol (2 × 40 mL). Treatment of the filtrate with Amberlite IRA-410 

followed by stirring and filtration as before was repeated two more times; the final filtrate was 

concentrated, the residue treated with diethyl ether (10 mL), and then the mixture was 

concentrated again. High-vacuum drying gave the product (102 mg, 0.35 mmol, 52%) as a white 

solid; mp 164–165 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.73–1.86 (m, 4H), 3.86 (s, 6H), 4.20–

4.31 (m, 4H), 7.73 (s, 2H), 7.82 (s, 2H), 9.35 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.9, 

35.7, 47.7, 122.3, 123.6, 136.9; HRMS (ESI) [M-Cl]+ Calcd for C12H20ClN4: 255.1376. Found: 

255.1372. 
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D.2 Characterization of the bis-imidazolium compounds (dichloride salt form) 

synthesized following the representative procedure above for compound 2 

 

D.2.1 1,6-Bis-(3-methyl-1H-imidazolium-1-yl)hexane dichloride (4).  

This compound was prepared in 48% yield from 1,6-bis-(3-methyl-1H-imidazolium-1-yl)hexane 

diiodide and was obtained as a white solid; mp 105–106 °C; 1H NMR (400 MHz, DMSO-d6): δ 

1.20–1.32 (m, 4H), 1.72–1.84 (m, 4H), 3.87 (s, 6H), 4.19 (t, J = 7.0 Hz, 4H), 7.76 (s, 2H), 7.88 (s, 

2H), 9.49 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 24.7, 29.1, 35.7, 48.5, 122.3, 123.6, 136.7; 

HRMS (ESI) [M-Cl]+ Calcd for C14H24ClN4: 283.1689. Found: 283.1686. 

 

D.2.2 1,8-Bis-(3-methyl-1H-imidazolium-1-yl)octane dichloride (6).  

This compound was prepared in 58% yield from 1,8-bis-(3-methyl-1H-imidazolium-1-yl)octane 

diiodide and was obtained as a hygroscopic white sticky solid; mp ~80 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 1.17–1.33 (m, 8H), 1.71–1.83 (m, 4H), 3.87 (s, 6H), 4.17 (t, J = 7.2 Hz, 4H), 7.74 

(s, 2H), 7.82 (s, 2H), 9.38 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.3, 28.1, 29.3, 35.7, 48.6, 

122.2, 123.5, 136.6; HRMS (ESI) [M-Cl]+ Calcd for C16H28ClN4: 311.2002. Found: 311.2005. 

 

D.2.3 1,10-Bis-(3-methyl-1H-imidazolium-1-yl)decane dichloride (8).  

This compound was prepared in 37% yield from 1,10-bis-(3-methyl-1H-imidazolium-1-yl)decane 

diiodide and was obtained as a clear oil; 1H NMR (400 MHz, DMSO-d6): δ 1.15–1.35 (m, 12H), 

1.75–1.85 (m, 4H), 3.87 (s, 6H), 4.17 (t, J = 7.2 Hz, 4H), 7.76 (s, 2H), 7.84 (s, 2H), 9.43 (s, 2H); 

13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.3, 28.7, 29.4, 35.7, 48.7, 122.2, 123.5, 136.7; HRMS 

(ESI) [M-Cl]+ Calcd for C18H32ClN4: 339.2315. Found: 339.2327. 
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D.2.4 1,11-Bis-(3-methyl-1H-imidazolium-1-yl)undecane dichloride (10).  

This compound was prepared in 64% yield from 1,11-bis-(3-methyl-1H-imidazolium-1-

yl)undecane diiodide and was obtained as a clear oil; 1H NMR (400 MHz, DMSO-d6): δ 1.18–

1.32 (m, 14H), 1.71–1.83 (m, 4H), 3.86 (s, 6H), 4.17 (t, J = 7.2 Hz, 4H), 7.75 (s, 2H), 7.83 (s, 

2H), 9.38 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.3, 28.7, 28.8, 29.4, 35.7, 48.7, 

122.2, 123.5, 136.6; HRMS (ESI) [M-Cl]+ Calcd for C19H34ClN4: 353.2472. Found: 353.2461. 

 

D.2.5 1,12-Bis-(3-methyl-1H-imidazolium-1-yl)dodecane dichloride (12).  

This compound was prepared in 57% yield from 1,12-bis-(3-methyl-1H-imidazolium-1-

yl)dodecane diiodide and was obtained as a clear oil; 1H NMR (400 MHz, DMSO-d6): δ 1.16–

1.33 (m, 16H), 1.71–1.82 (m, 4H), 3.86 (s, 6H), 4.17 (t, J = 7.0 Hz, 4H), 7.75 (s, 2H), 7.82 (s, 

2H), 9.36 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.8, 28.9, 29.4, 35.7, 48.7, 

122.3, 123.6, 136.6; HRMS (ESI) [M-Cl]+ Calcd for C20H36ClN4: 367.2628. Found: 367.2633. 

 

D.2.6 1,13-Bis-(3-methyl-1H-imidazolium-1-yl)tridecane dichloride (14).  

This compound was prepared in 50% yield from 1,13-bis-(3-methyl-1H-imidazolium-1-

yl)tridecane diiodide and was obtained as a clear oil; 1H NMR (400 MHz, DMSO-d6): δ 1.12–

1.34 (m, 18H), 1.71–1.83 (m, 4H), 3.86 (s, 6H), 4.17 (t, J = 7.0 Hz, 4H), 7.75 (s, 2H), 7.82 (s, 

2H), 9.37 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.8, 28.9 (2C), 29.4, 35.7, 

48.7, 122.2, 123.5, 136.6; HRMS (ESI) [M-Cl]+ Calcd for C21H38ClN4: 381.2785. Found: 

381.2781. 
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D.2.7 1,14-Bis-(3-methyl-1H-imidazolium-1-yl)tetradecane dichloride (16).  

This compound was prepared in 39% yield from 1,14-bis-(3-methyl-1H-imidazolium-1-

yl)tetradecane diiodide and was obtained as a hygroscopic white sticky solid; 1H NMR (400 

MHz, DMSO-d6): δ 1.15–1.32 (m, 20H), 1.72–1.82 (m, 4H), 3.86 (s, 6H), 4.16 (t, J = 7.2 Hz, 

4H), 7.74 (s, 2H), 7.81 (s, 2H), 9.35 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.8, 

28.9, 29.0, 29.4, 35.7, 48.7, 122.2, 123.5, 136.6; HRMS (ESI) [M-Cl]+ Calcd for C22H40ClN4: 

395.2941. Found: 395.2951. 

 

D.2.8 1,15-Bis-(3-methyl-1H-imidazolium-1-yl)pentadecane dichloride (18).  

This compound was prepared in 35% yield from 1,15-bis-(3-methyl-1H-imidazolium-1-

yl)pentadecane diiodide and was obtained as a hygroscopic white sticky solid; 1H NMR (400 

MHz, DMSO-d6): δ 1.15–1.32 (m, 22H), 1.71–1.83 (m, 4H), 3.86 (s, 6H), 4.16 (t, J = 7.0 Hz, 

4H), 7.74 (s, 2H), 7.81 (s, 2H), 9.32 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.8, 

28.9, 29.0 (2C), 29.4, 35.7, 48.7, 122.2, 123.6, 136.6; HRMS (ESI) [M-Cl]+ Calcd for 

C23H42ClN4: 409.3098. Found: 409.3095. 

 

D.2.9 1,16-Bis-(3-methyl-1H-imidazolium-1-yl)hexadecane dichloride (20).  

This compound was prepared in 51% yield from 1,16-bis-(3-methyl-1H-imidazolium-1-

yl)hexadecane diiodide and was obtained as a white sticky solid; 1H NMR (400 MHz, DMSO-d6): 

δ 1.12–1.33 (m, 24H), 1.70–1.83 (m, 4H), 3.85 (s, 6H), 4.15 (t, J = 7.0 Hz, 4H), 7.72 (s, 2H), 7.79 

(s, 2H), 9.22 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.9, 29.0, 29.05, 29.08, 

29.4, 35.7, 48.7, 122.3, 123.6, 136.7; HRMS (ESI) [M-Cl]+ Calcd for C24H44ClN4: 423.3254. 

Found: 423.3248. 
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D.2.10 1,18-Bis-(3-methyl-1H-imidazolium-1-yl)octadecane dichloride (22).  

This compound was prepared in 51% yield from 1,18-bis-(3-methyl-1H-imidazolium-1-

yl)octadecane diiodide and was obtained as a white solid; mp 92–95 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 1.05–1.35 (m, 28H), 1.68–1.84 (m, 4H), 3.86 (s, 6H), 4.08–4.23 (m, 4H), 7.75 (s, 

2H), 7.82 (s, 2H), 9.34 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.3, 28.8, 28.91, 28.97, 

29.0 (2C), 29.4, 35.7, 48.7, 122.2, 123.5, 136.6; HRMS (ESI) [M-Cl]+ Calcd for C26H48ClN4: 

451.3568. Found: 451.3554. 

 

D.2.11 1,20-Bis-(3-methyl-1H-imidazolium-1-yl)eicosane dichloride (24).  

This compound was prepared in 52% yield from 1,20-bis-(3-methyl-1H-imidazolium-1-

yl)eicosane diiodide and was obtained as a white solid; mp 103–108 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 1.18–1.32 (m, 32H), 1.72–1.82 (m, 4H), 3.85 (s, 6H), 4.15 (t, J = 7.2 Hz, 4H), 7.71 

(s, 2H), 7.78 (s, 2H), 9.19 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.8, 28.9, 29.0, 

29.1 (3C), 29.3, 35.7, 48.7, 122.2, 123.6, 136.5; HRMS (ESI) [M-Cl]+ Calcd for C28H52ClN4: 

479.3875. Found: 479.3876. 

 

D.3 Other synthetic procedures 

 

D.3.1 1,20-Eicosanediol.  

Under an atmosphere of nitrogen, eicosanedioic acid (890 mg, 2.60 mmol, 1 equiv) was dissolved 

in freshly distilled THF (60 mL). The solution was cooled to 0 °C and to this was added in small 

portions lithium aluminum hydride (370 mg, 9.75 mmol, 3.75 equiv). The mixture was warmed to 

rt and then heated at reflux temperature for 12 h. The mixture was cooled to 0 °C, quenched with 

wet THF and then water (5 mL), stirred at rt for 1 h, then concentrated and dried under high 
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vacuum. The remaining residue was extracted with boiling methanol, then boiling ethyl acetate, 

and the combined organic extracts were filtered, and the filtrate concentrated. High-vacuum 

drying gave a white solid that was washed with a solution of 1% w/w sodium carbonate in water 

(100 mL). The solid was collected by filtration and washed with water (100 mL). High-vacuum 

drying gave the product (416 mg, 1.32 mmol, 51%) as a white solid; mp >260 °C; 1H NMR (400 

MHz, CD3OD): δ 1.18–1.38 (m, 32H), 1.46–1.57 (m, 4H), 3.54 (t, J = 6.6 Hz, 4H); 13C NMR 

(100 MHz, DMSO-d6 + CDCl3): δ 25.4, 28.8, 28.9 (5C), 29.0, 32.4, 60.9. 

 

D.3.2 1,20-Bis-(methanesulfonyloxy)eicosane.  

Under an atmosphere of nitrogen, 1,20-eicosanediol (403 mg, 1.28 mmol, 1 equiv) was dissolved 

in warm THF (10 mL) and the solution was then cooled to rt. To this solution was added 

triethylamine (0.44 mL, 320 mg, 3.16 mmol, 2.5 equiv), the mixture cooled to 0 °C, and 

methanesulfonyl chloride (0.22 mL, 326 mg, 2.85 mmol, 2.2 equiv) was added. The mixture was 

stirred at rt for 2 h, methylene chloride (5 mL) added, and the mixture heated at reflux 

temperature for 1 min. The mixture was then stirred at rt overnight, concentrated and dried under 

high vacuum. The resulting white solid was washed with water (250 mL) and the solid collected 

by filtration. High-vacuum drying gave the product (533 mg, 1.13 mmol, 88%) as a white solid; 

mp 94–95 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.10–1.40 (m, 32H), 1.57–1.71 (m, 4H), 3.15 

(s, 6H), 4.17 (t, J = 6.2 Hz, 4H); 13C NMR (100 MHz, DMSO-d6): δ 24.6, 28.2, 28.3, 28.5, 28.6, 

28.7 (4C), 36.5, 70.1; HRMS (ESI) [M+Na]+ Calcd for C22H46O6S2Na: 493.2634. Found: 

493.2641. 
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D.3.3 1,20-Bis-(3-methyl-1H-imidazolium-1-yl)eicosane dimesylate (25).  

Under an atmosphere of nitrogen, 1,20-bis-(methanesulfonyloxy)eicosane (100 mg, 0.21 mmol, 1 

equiv) was mixed with 1-methylimidazole (0.17 mL, 175 mg, 2.13 mmol, 10 equiv) and the 

mixture was heated at 80–90 °C for 1 h; acetone (20 mL) was then added and the mixture was 

stirred at reflux temperature for 24 h, concentrated and dried under high vacuum. The resulting 

golden oil was dissolved in methanol, the solution was concentrated, and the residual oil was 

washed with diethyl ether (10 mL). This dissolution/concentration/washing procedure was 

repeated two more times. High-vacuum drying gave the product (126 mg, 0.20 mmol, 95%) as a 

white waxy oily solid; mp ~55 °C; 1H NMR (300 MHz, DMSO-d6): δ 1.15–1.40 (m, 32H), 1.65–

1.85 (m, 4H), 2.31 (s, 6H), 3.85 (s, 6H), 4.15 (t, J = 9.2 Hz, 4H), 7.71 (s, 2H), 7.78 (s, 2H), 9.14 

(s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.4, 28.8, 28.9, 29.00, 29.04 (3C), 29.4, 35.7, 

peak under solvent, 48.7, 122.2, 123.6, 136.6; HRMS (ESI) [M-O3SCH3]+ Calcd for 

C29H55N4O3S: 539.3994. Found: 539.3991. 

 

D.3.4 1,22-Docosanediol.  

Under an atmosphere of nitrogen, docosanedioic acid (1.04 g, 2.81 mmol, 1 equiv) was dissolved 

in freshly distilled THF (55 mL). The solution was cooled to 0 °C and to this solution was added 

in small portions lithium aluminum hydride (650 mg, 17.13 mmol, 24.4 equiv). The mixture was 

warmed to rt and then heated at reflux temperature for 18 h. The mixture was cooled to 0 °C, 

quenched with wet THF and then water (10 mL), stirred at rt for 1 h, then diluted with water (50 

mL). The mixture was cooled to 0 °C and the resulting white solid precipitate was collected by 

filtration and washed with water (3 × 50 mL). The solid was dried under high vacuum and 

extracted with boiling ethyl acetate (300 mL), then boiling methanol (150 mL). The combined 

organic extracts were filtered, and the filtrate concentrated. High-vacuum drying gave the product 
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(350 mg, 1.02 mmol, 36%) as a white solid; mp 96–98 °C; 1H NMR (400 MHz, 1:1 

CD3OD/CDCl3): δ 1.18–1.37 (m, 36H), 1.46–1.56 (m, 4H), 3.53 (t, J = 6.8 Hz, 4H); 13C NMR 

(100 MHz, 1:1 CD3OD–CDCl3): δ 26.3, 30.0, 30.1, 30.2 (6C), 33.1, 62.8; HRMS (EI) [M]+ Calcd 

for C22H46O2: 342.3498. Found: 342.3483. 

 

D.3.5 1,22-Bis-(methanesulfonyloxy)docosane.  

Under an atmosphere of nitrogen, 1,22-docosanediol (340 mg, 0.99 mmol, 1 equiv) was dissolved 

in warm THF (20 mL) and the solution was then cooled to rt. To this solution was added 

triethylamine (0.34 mL, 251 mg, 2.48 mmol, 2.5 equiv) and then methanesulfonyl chloride (0.17 

mL, 250 mg, 2.18 mmol, 2.2 equiv). The mixture was stirred at rt for 19 h, methylene chloride 

(10 mL) added, and the mixture heated at reflux temperature for 1 min. The mixture was then 

stirred at rt for 2 h, concentrated and dried under high vacuum. The resulting white solid was 

washed with water (250 mL) and the solid collected by filtration. High-vacuum drying gave the 

product (397 mg, 0.80 mmol, 81%) as a white solid; mp 95–96 °C; 1H NMR (400 MHz, 1:1 

DMSO-d6–CDCl3): δ 1.13–1.40 (m, 36H), 1.61–1.71 (m, 4H), 3.02 (s, 6H), 4.14 (t, J = 6.4 Hz, 

4H); 13C NMR (100 MHz, 1:1 DMSO-d6–CDCl3): δ 24.7, 28.3, 28.4, 28.7, 28.8, 28.9 (5C), 36.5, 

69.9; HRMS (ESI) [M+Na]+ Calcd for C24H50O6S2Na: 521.2947. Found: 521.2941. 

 

D.3.6 1,22-Bis-(3-methyl-1H-imidazolium-1-yl)docosane dimesylate (26).  

Under an atmosphere of nitrogen, 1,22-bis-(methanesulfonyloxy)docosane (100 mg, 0.20 mmol, 

1 equiv) was mixed with 1-methylimidazole (0.16 mL, 165 mg, 2.01 mmol, 10 equiv) and the 

mixture was heated at 80–90 °C for 1 h; acetone (15 mL) was then added and the mixture was 

stirred at reflux temperature for 12 h, then concentrated and dried under high vacuum. The 

resulting golden oil was dissolved in methanol, the solution was concentrated, and the residual oil 
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was washed with diethyl ether (40 mL). This dissolution/concentration/washing procedure was 

repeated two more times. High-vacuum drying gave the product (112 mg, 0.17 mmol, 85%) as a 

grey oily solid; mp ~70 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.12–1.42 (m, 36H), 1.68–1.85 

(m, 4H), 2.29 (s, 6H), 3.84 (s, 6H), 4.14 (t, J = 7.2 Hz, 4H), 7.70 (s, 2H), 7.76 (s, 2H), 9.11 (s, 

2H); 13C NMR (100 MHz, DMSO-d6): δ 25.5, 28.3, 28.8, 28.9, 29.0, 29.1 (4C), 29.3, 35.7, peak 

under solvent, 48.7, 122.2, 123.6, 136.5; HRMS (ESI) [M-O3SCH3]+ Calcd for C31H59N4O3S: 

567.4307. Found: 567.4305. 
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Appendix E 

Biochemical Characterization of WbdN, a β1,3-glucosyltransferase 

involved in O-antigen Synthesis in Enterohemorrhagic Escherichia coli 

O157 

E.1. Statement of Co-Authorship 

This manuscript has been published in Glycobiology, (2012) 22, 1092-1102. The authors are Gao, 

Y., Liu, B., Strum, S., Schutzbach, J., Druzhinina, T.N., Utkina, N.S., Torgov, V.I., Danilov, 

L.L., Veselovsky, V.V., Vlahakis, J.Z., Szarek, W.A., Wang, L. and Brockhausen, I. Yin Gao 

(Y.G.) performed all the purified enzyme assays and the determined  the structure of enzyme 

product. Bin Liu provide the enzyme plasmid. Scott Strum did some preliminary enzyme assays 

with bacteria homogenates. Jason Vlahakis synthesized the enzyme substrate. Y.G. wrote the 

initial manuscript, Y.G., I.B. were involved in editing of the manuscript. All authors read and 

approved the final manuscript. 

 

E.2. Abstract 

The enterohemorrhagic O157 strain of Escherichia coli, which is one of the most well 

known bacterial pathogens, has an O-antigen repeating unit structure with the sequence [-2-D-

Rha4NAcα1-3-L-Fucα1-4-D-Glcβ1-3-D-GalNAcα1-]. The O-antigen gene cluster of E. coli 

O157 contains the genes responsible for the assembly of this repeating unit and includes wbdN. In 

spite of cloning many O-antigen genes, biochemical characterization has been done on very few 

enzymes involved in O-antigen synthesis. In this work we expressed the wbdN gene in E. coli 

BL21, and the His-tagged protein was purified. WbdN activity was characterized using the donor 



 

 

202 

substrate UDP-[14C]Glc and the synthetic acceptor substrate GalNAcα-O-PO3-PO3-(CH2)11-O-Ph. 

The enzyme product was isolated by HPLC, and mass spectrometry showed that one Glc residue 

was transferred to the acceptor by WbdN. NMR analysis of the product structure indicated that 

Glc was β1-3 linked to GalNAc in the acceptor substrate. WbdN contains a conserved DxD motif 

and requires divalent metal ions for full activity. WbdN activity has an optimal pH between 7 and 

8, and is highly specific for UDP-Glc as the donor substrate. GalNAcα derivatives lacking the 

diphosphate group were inactive as substrates, and the enzyme did not transfer Glc to GlcNAcα-

O-PO3-PO3-(CH2)11-O-Ph. Our results illustrate that WbdN is a specific UDP-Glc: GalNAcα-

diphosphate-lipid β1,3-Glc-transferase. The enzyme is a target for the development of inhibitors 

to block O157-antigen synthesis. 

 

E.3. Introduction 

Lipopolysaccharides (LPS) are a major constituent of the outer membrane in Gram-

negative bacteria, where they contribute to antigenic variability and the structural integrity of the 

cell surface [1]. The LPS also acts as pro-inflammatory agent and is believed to play a major role 

in bacterial pathogenesis [2,3]. LPS is composed of the lipid A anchor, oligosaccharide core, and 

a repeating O-antigenic polysaccharide (O-antigen) [4-6]. The O-antigen consists of many repeats 

of a specific oligosaccharide unit and is a major contributor to the antigenic variability of the 

Gram-negative bacterial cell surface. The O-antigen confers various defense mechanisms to the 

bacteria [7,8].  

The genes responsible for the biosynthesis of O-antigens are normally clustered between 

galF and gnd in E. coli [9,10]. The putative glycosyltransferase genes found within the O-antigen 

gene cluster are thought to be responsible for completing the synthesis of the O-antigen repeating 

unit by adding sugars to the non-reducing end of the oligosaccharide. These units are pre-
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assembled on the cytosolic face of the inner membrane where the catalytic domains of 

glycosyltransferases are directed into the cytoplasm with access to the nucleotide sugar donor 

substrate pools, as well as to the membrane-bound undecaprenol-linked acceptor substrates [11-

13].  

The O157:H7 clone of E. coli, which has gained international attention, belongs to the 

enterohemorrhagic E. coli (EHEC) pathovar, and is the most prominent clone of this pathovar. It 

is responsible for a major proportion of cases with hemolytic-uremic syndrome [14-20]. E. coli 

O157 synthesizes an O-antigen with a tetrasaccharide repeating unit structure of [-2-D-

Rha4NAcα1-3-L-Fucα1-4-D-Glcβ1-3-D-GalNAca1-], preassembled on undecaprenyl 

diphosphate (PP-Und) [21]. The genes of the O157-antigen gene cluster include putative 

glycosyltransferase genes wbdN, wbdO, wbdP as well as genes responsible for the synthesis of 

glycosyltransferase substrates [22-24]. As with other O-antigens in E. coli, the assembly of PP-

Und-linked O-antigen repeating units is initiated by transfer of GlcNAc-phosphate, or GalNAc-

phosphate, by GlcNAc/GalNAc-phosphotransferase WecA to P-Und. The wecA gene is located 

outside of the O157-antigen gene cluster. However, GalNAc-PP-Und can be synthesized 

reversibly by GlcNAc-PP-Und 4-epimerase in E. coli O157 [25]. Three sugars are then added to 

GalNAc-PP-Und to complete the formation of the O157 repeating unit (Appendix E Figure 1). 

The enzymes necessary for the completion of the O157 subunit are predicted to be encoded by the 

genes wbdN, wbpP and wbpO [10,26], respectively. The lipid-linked tetrasaccharide is then 

transferred across the inner membrane by flippase Wzx, followed by polymerization in the 

periplasmic space by Wzy to form a lipid-linked polysaccharide. The wzz gene located on the 

chromosome between the gnd and his genes is responsible for regulating the O-antigen chain 

length [27]. This is then followed by the ligation of the completed O157-specific polysaccharide 
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to the lipid A-core moiety and the transport of the completed LPS to the outer membrane by the 

Ltx complex [12,28].  

 

 

Appendix E Figure 1 Proposed model of the wzy-dependent O-antigen synthetic pathway in 
E. coli O157.  

Synthesis is thought to be initiated on the cytoplasmic face of the inner membrane and to begin 
with the transfer of GlcNAc-1-P to P-Und by GlcNAc-phospho-transferase WecA. 4-epimerase 
converts GlcNAc-R to GalNAc-R which then is a substrate for WbdN. The sequential addition of 
three sugar residues is proposed to be catalyzed by three glycosyltransferases (WbdN, WbdO, 
WbdP) encoded in the O-antigen gene cluster. The functions of WbdO and WbdP are not yet 
known. The completed monomeric O-repeating unit is then translocated across the inner 
membrane into the periplasmic space (likely by the flippase Wzx). Repeating units are 
polymerized by polymerase Wzy, and transferred to the oligosaccharide core-linked to lipid A 
transferase by a ligase. Finally, the completed LPS is transported to the extracellular surface of 
the outer membrane.  
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Very few of the cloned O-antigen synthesis genes have been biochemically characterized. 

WbdN shares 79% amino acid sequence identity with the glycosyltransferase encoded by the 

wfaM gene in the E. coli O24-antigen gene cluster [29]. The O-antigen of E. coli O157 and O24 

share only one common linkage: D-Glcpβ1-3-D-GalpNAc [30]. 

Therefore, we proposed that WbdN shares the same function with WfaM, and is involved in the 

second step of O157-antigen synthesis, i.e. the transfer of Glc to GalNAc-R. We have previously 

synthesized GlcNAcα-O-PO3-PO3-(CH2)11-O-Ph (GlcNAc-PP-PhU, compound 580) to 

characterize several glycosyltransferases that add a sugar residue to GlcNAc [31-35]. The 

corresponding GalNAc derivative GalNAcα-O-PO3-PO3-(CH2)11-O-Ph (640) was synthesized 

based on the original synthesis, as well as by a more efficient procedure (unpublished results). In 

the present work, biochemical approaches were used to characterize the WbdN enzyme that 

catalyzes the transfer of Glc to GalNAcα-O-PO3-PO3-(CH2)11-O-Ph. We were able to show that 

WbdN is a UDP-Glc: GalNAc-diphosphate-lipid β1,3-Glc-transferase with strict donor and 

acceptor specificity. The enzyme is a target for blocking O157-antigen synthesis and for the 

development of chemo-enzymatic vaccine synthesis. 

 

E.4. Results 

E.4.1 Properties of WbdN 

A BLAST comparison revealed that the amino acid sequence of WbdN from E. coli 

O157 shares 42 % identity with uncharacterized WbdN from E. coli O81, and 99 % identity with 

WbdN from Escherichia fergusonii [36] and 79 % identity with WfaM from E. coli O24. 

Homologues of WbdN are also found in a number of other bacterial strains. None of these 

enzymes have been characterized. WbdN shares 32 % and 33% identity with β1,3-Glc-
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transferases WfaP (E. coli O56) and WfgD (E. coli O152) [31], respectively, but very low (10 %) 

identity with the expected gene product (α1,3-Glc-transferase) of the wbbG gene (E. coli O148) 

[37]. The other putative glycosyltransferases (WbpP and WbpO) encoded by genes located in the 

O157-antigen gene cluster share only 5 % and 13 % identity, respectively, with WbdN. Similarly, 

very low sequence identity (<12 %) was found between WbdN and other bacterial and eukaryotic 

glycosyltransferases. The predicted protein fold of WbdN is GTA, and like other b1,3-Glc-

transferases WbdN has been classified in the CAZy GT2 family that includes many other 

bacterial and mammalian inverting β-glycosyltransferases. All of the WbdN homologues, as well 

as WfaM, have a DxD sequence that may be involved in catalysis [38].  

Under standard conditions, the transfer of Glc to GalNAcα-O-PO3-PO3-(CH2)11-O-Ph was 

linear up to 10 min incubation time, and up to 0.12 mg/mL protein concentration for the purified 

WbdN. WbdN activity in the bacterial homogenate was stable for several days at room 

temperature, for at least 2 weeks at 4°C, and for at least four months at -20°C.  

The conserved presence of the DxD motif (DxDD) in the WbdN sequence suggested the 

involvement of divalent metal cations as cofactors in Glc-transferase catalysis [38,39]. In order to 

determine the requirement of WbdN for divalent metal cations, MnCl2, other divalent metal 

cations, or EDTA were tested.  Mn2+, Mg2+, and Co2+, were shown to be efficient cofactors at 5 

mM. None of the other metal ions tested (Pb2+, Ca2+, Zn2+, Cu2+), or EDTA were effective in 

stimulating Glc-transferase activity (Appendix E Figure 2A). Half maximal activity was reached 

at 2.26 mM MnCl2 concentration (Appendix E Figure 2B). WbdN activity was shown to have a 

broad pH optimum between pH 7 and 8 (Appendix E Figure 3).  
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Appendix E Figure 2 Glucosyltransfer to acceptor 640 as a function of divalent metal ion.   

The standard assay as described under “Methods” was used except the divalent cation was varied 
as indicated. (A) The metal ions were tested at a concentration of 5 mM and the activity with 
Mn2+ was taken as 100 %. (B) The standard assay as described under “Methods” was used except 
the concentration of MnCl2 was varied as indicated and the results were analyzed by regression 
analysis. Half-maximal activity was obtained at a MnCl2 concentration of 2.26 mM. 
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Appendix E Figure 3 Glucosyltransfer to acceptor 640 as a function of pH.  

The standard assay as described under “Methods” was used except the pH was varied as indicated 
using MES buffer (pH 5-6) and Tris buffer (pH 7-11).  

 

 

E.4.2 Membrane Association Analysis and Purification of WbdN 

Kyte and Doolittle hydropathy analysis showed that WbdN is not an integral membrane 

protein. However, a short hydrophobic sequence at the N-terminal region may be responsible for 

the association of the enzyme with the membrane. We therefore tested if detergent would 

solubilize and activate the enzyme. However, the activity decreased dramatically with increasing 

Triton X-100 concentrations in the assay, exhibiting less than 4% activity at 1% Triton X-100 

(Appendix E Figure 4). To test the extent to which WbdN in bacterial homogenates was 

associated with the plasma membrane, disrupted cells were fractionated by centrifugation at 

100,000g; 18% of the total activity was found in the supernatant, while 82% stayed with the pellet 

fraction.  
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Appendix E Figure 4 Effect of Triton X-100 on WbdN activity.  

Assays were performed as described in Materials and Methods. 0.3 mM UDP-[14C]Glc and 0.05 
mM acceptor substrate were used in the assays in the presence of the indicated concentrations 
(v/v) of Triton X-100. 

 

 

The molecular weight of WbdN containing a His6 tag was calculated to be 31 kDa 

(protein molecular mass calculator; Science Gateway). The bacterial lysate showed an intense 

band on SDS-PAGE at 31 kDa which was induced by Isopropyl 1-thio-β-D-galactoyranoside 

(IPTG) (Appendix E Figure 5A). The His-tagged enzyme was purified by Ni2+-NTA affinity 

chromatography. Western blotting showed a major protein band at 31 kDa for both the cell lysate 

and the purified enzyme (Appendix E Figure 5B). The specific activity of purified WbdN was 

enriched 28-fold, compared to that of the lysate, to a specific activity of 0.98 mmol/h/mg. 
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Appendix E Figure 5 Analysis of WbdN by electrophoresis.  

(A) SDS-PAGE analysis of bacteria lysate and supernatant before and after IPTG induction. Lane 
A, molecular weight markers; lane B, cell lysate before IPTG induction; lane C, supernatant 
before IPTG induction; lane D, cell lysate after IPTG induction; lane E, supernatant after IPTG 
induction. (B) Western blotting analysis. Lane A, pre-stained molecular weight markers; lane B, 
cell lysate after induction with IPTG; lane C, diluted protein elution obtained from Ni2+-NTA 
affinity chromatography; lane D, concentrated protein eluted from Ni2+-NTA affinity 
chromatography. 

 

 

E.4.3 Analysis of WbdN Enzyme Product  

To validate the in vitro synthesis of WbdN enzyme product, aliquots of assay mixtures 

were applied to Sep-Pak C18 columns and the enzyme product eluted with MeOH. The ESI-MS 

spectrum (negative ion mode) of the MeOH eluate showed the presence of substrate (m/z 626) 

and enzyme product (m/z 788) (Appendix E Figure 6).  The Sep-Pak step was required for the 

efficient HPLC separation of the product. On reversed-phase HPLC using 28 % acetonitrile/72 % 

water as the mobile phase, the enzyme product Glc-GalNAcα-O-PO3-PO3-(CH2)11-O-Ph was 
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eluted between 36 and 55 min. The radioactive product served as a standard for HPLC. The 

product peaks were pooled and analyzed by ESI-MS, showing m/z 788 for Glc-GalNAcα-O-PO3-

PO3-(CH2)11-O-Ph (Appendix E Figure 6). This demonstrated that one Glc residue (m/z 162) had 

been added to the substrate GalNAcα-O-PO3-PO3-(CH2)11-O-Ph by WbdN and that substrate and 

product were well separated on HPLC.  

 

Appendix E Figure 6 Electrospray ionization mass spectrometry (ESI-MS) (negative-ion 
mode) of WbdN product.  

WbdN product was produced using bacterial sonicate, as described in Materials and Methods, 
isolated by Sep-Pak C18, and analyzed by ESI-MS (negative ion mode). Both m/z 626 (substrate) 
and m/z 788 (product) are at a single charge state. The absence of m/z 950 indicates that only one 
Glc residue (m/z 162) was transferred. amu, atomic mass unit. 
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Digestion of the enzyme product by active α– and β-glycosidases, including a β1,3-

glucanase, to cleave the Glcβ1-3GalNAc- linkage was unsuccessful (data not shown). For linkage 

analysis, product was prepared in a reaction mixture scaled up 1000-fold over the standard assay 

mixture with GalNAcα-O-PO3-PO3-(CH2)11-O-Ph acceptor substrate and the product was purified 

by SepPak and HPLC. The isolated product was then analyzed by one- and two-dimensional 

NMR spectroscopy including correlation spectroscopy (COSY), heteronuclear single quantum 

coherence (HSQC), heteronuclear multiple bond correlation (HMBC) and nuclear overhauser 

effect spectroscopy (NOESY) (Appendix E Figure 7). Two-dimensional NMR analysis helped to 

identify the 1H and 13C signals from the Glc and GalNAc rings, as well as long range coupling of 

the enzyme product residues. The product was identified as Glcβ1-3GalNAcα-O-PO3-PO3-

(CH2)11-O-Ph, with a signal of b-Glc-H-1 at 4.48 ppm (J1,2 = 7.8 Hz) and the H-1 of GalNAca-R 

at 5.53 ppm (Appendix E Table 1, Figure 7A).  While the H-3 signals of the substrate 640 (3.78–

3.88 ppm) was shifted to 3.98 in the WbdN product, the H-4 signal was also shifted from 3.90-

3.94 to 4.19 ppm in the product. The largest difference between substrate and product in the 13C 

signals was seen for the C-3 signal which was 66.9 in the substrate and 77.4 ppm in the product. 

Neither H-6 nor C-6 signals showed large differences between substrate and product; thus, a β1-6 

linkage is unlikely. 

A strong NOE coupling between H-1 of Glc and the H-3 of GalNAc-R was seen in the 

NOESY spectrum (Appendix E Figure 7B). In addition, the HMBC spectrum revealed the 

coupling between the H-1 of Glc and the C-3 of GalNAc-R (Appendix E Figure 7C). This 

confirmed the Glcβ1–3GalNAc-R linkage in the WbdN product. The chemical shifts of the Glc 

residue were similar but not identical in the spectra of the enzyme products of WfaP and WfgD 

β3-Glc-transferases, Glcβ1-3GlcNAcα-O-PO3-PO3-(CH2)11-O-Ph [33]. Those spectra were taken 

in CD3OD which causes a slight difference in chemical shifts. We noticed that in dilute D2O 
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solutions, the resolution of WbdN substrate and product signals was much better, probably 

because concentrated solutions contain micelle-like associations of the detergent-like substrates 

and enzyme products. 
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Appendix E Figure 7 One- and two-dimensional 600 MHz spectra of WbdN Glc-transferase 
enzyme product. 

Sample preparation was described in the Materials and Methods section. (A) One-dimensional 
1H-NMR experiments, (B) 2D-NMR nuclear overhauser effect spectroscopy (NOESY), (C) 2D-
NMR heteronuclear multiple bond correlation (HMBC), (D) 2D-NMR correlation spectroscopy 
(COSY) and (E) 2D-NMR heteronuclear single quantum coherence (HSQC). Experiments 
performed at room temperature. 
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Appendix E Table 1 1H and 13C NMR parameters of WbdN enzyme substrate 640 and 
WbdN product Glcβ1-3GalNAcα-O-PO3-PO3-(CH2)11-O-Ph 

The substrate for WbdN was GalNAcα-O-PO3-PO3-(CH2)11-O-Ph 640 as described in the 
Materials and Methods section. Enzyme product was purified by SepPak C18 column and 
reversed-phase HPLC. 400 MHz NMR spectra were collected in 1D and 2D experiments in D2O. 

 

 

 

E.4.4 Acceptor Substrate Specificity of WbdN 

The acceptor substrate specificity of WbdN in bacterial homogenates was tested with a 

series of synthetic acceptor substrate analogs, including GalNAcα-glycopeptides and GalNAc α- 

and β-linked to a number of different hydrophobic aglycone groups, as well as GlcNAc 

derivatives (Appendix E Table 2).  The only compound in this series that could serve as an 

acceptor substrate was GalNAcα-O-PO3-PO3-(CH2)11-O-Ph but not the corresponding GlcNAc 

Residues   1H (ppm)   13C (ppm)     
WbdN product Glc!1-3GlcNAc!-O-PO3-PO3-(CH2)11-O-Ph  
Glc-1    4.48 J1,2= 7.8  104.0 
Glc-2    3.20    72.9 
Glc-3    3.42    75.4 
Glc-4    3.33    75.4 
Glc-5    3.34    69.2 
Glc-6    3.67, 3.75   60.3 
GalNAc-1   5.53    94.6 
GalNAc-2   4.31    48.3 
GalNAc-3   3.98    77.4 
GalNAc-4   4.19    68.6 
GalNAc-5   4.13    71.6 
GalNAc-6   3.65, 3.70   60.9 
 
Substrate 640, GalNAc!-O-PO3-PO3-(CH2)11-O-Ph 
GalNAc-1   5.39    94.6 
GalNAc-2   4.13    49.8 
GalNAc-3   3.78-3.88   66.9 
GalNAc-4   3.90-3.94   67.3 
GalNAc-5   4.07    72.1 
GalNAc-6   3.58, 3.69   61.1 
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analog GlcNAcα-O-PO3-PO3-(CH2)11-O-Ph or any other GalNAc or GlcNAc derivative. This 

suggested that the presence of a diphosphate bridge in the acceptor as well as the axial 4-hydroxyl 

of the acceptor sugar were required for the activity of WbdN. Purified WbdN had an apparent KM 

for GalNAcα-O-PO3-PO3-(CH2)11-O-Ph of 0.032 mM, and Vmax was 1.9 µmol/h/mg (Appnedix E 

Figure 8A). For UDP-Glc, the apparent KM was 0.039 mM, with a Vmax of 2.3 µmol/h/mg 

(Appnedix E Figure 8B) 

 

Appendix E Table 2 Acceptor substrate specificies of WbdN 

WbdN assays were performed as described in the Materials and Methods section for standard 
assays. Neutral compounds were assayed by the AG1x8 method. Compounds 640 and 580 were 
assayed by the C18 Sep-Pak method. Bold amino acids indicate the glycosylation site. 
 

 

 

 
Compound   Assay concentration 

(mM) Activity (%) 
 GalNAc!-O-PO3-PO3-(CH2)11-O-Ph (640) 0.05 100 
 GlcNAc!-O-PO3-PO3-(CH2)11-O-Ph (580) 0.50 <1 
 GalNAc!-O-Bn 3.13 <1 
 4-deoxy GalNAc!-O-Bn 2.00 <1 
 6-deoxy GalNAc!-O-Bn 2.00 <2 
 GalNAc!-O-(CH2)2NHCO(CH2)4COOCH3 2.00 <3 
 4-Fluoro-4-deoxy-GlcNAc!-O-methyl 2.00 <2 
 GalNAc"1-4GlcNAc"-O-Bn 2.00 <1 
 Gal"1-4GlcNAc"-O-Bn 2.00 <3 
 GlcNAc!-O-CO-CH2-CO-O-(CH2)11-O-phenyl 2.00 <1 
 AP-(GalNAc!)T-(GalNAc-!)SSS 0.99 <1 
 Ac-PTT-(Gal"1-3GalNAc!-)TTPIST-NH2 0.40 <1 
 AP-(GalNAc!)TSSA 1.01 <1 
 Ac-A-(GalNAc!)TG-NH2 0.53 <1 
 (GalNAc!)TA 0.94 <1 
 TET-(GalNAc!)TSHSTPG 0.40 <3 
 Ac-P-(GalNAc!)TSTPIST-NH2 1.03 <2 
 T-(GalNAc!)TTVTPTPTG 0.40 <1 
 Ac-ELA-(GalNAc!)T-(GalNAc!)TGPG-NH2 0.20 <2 
 Ac-GHA-(GalNAc!)TSLPVTG-NH2 1.00 <1 
 Ac-ELA-(GalNAc!)TEGPG-NH2  2.00 <2 
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Appendix E Figure 8 Kinetics of WbdN reaction.  

(A) The standard assay as described under “Methods” was used to measure glucosyltransfer by 
purified WbdN to acceptor 640 as a function of acceptor concentration. The UDP-Glc donor 
concentration was 0.42 mM. The results were analyzed by regression analysis with ENZFITTER. 
The apparent KM was determined to be 0.032 mM with an apparent Vmax of 1.9 µmol/h/mg 
protein. (B) Glucosyltransfer by purified WbdN to acceptor 640 (0.04 mM) is shown as a 
function of UDP-Glc concentration. UDP-Glc concentration was varied as indicated and the 
results were analyzed by regression analysis with ENZFITTER. The apparent KM was determined 
to be 0.039 mM with an apparent V max of 2.3 µmol/h/mg protein. 
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E.4.5 Donor Specificity of WbdN  

The donor specificity of WbdN was examined by replacing 0.2 mM UDP-[14C]Glc with a 

number of other nucleotide sugars in the assay. No activity was observed with 0.46 mM UDP-

[3H]GalNAc, 0.3 mM CMP-[3H]sialic acid, or 0.23 mM GDP-[3H]Fuc. Minor activities were 

observed with 0.75 mM UDP-[3H]Gal (1.4% of the activity with UDP-Glc) and 0.5 mM UDP-

[3H]GlcNAc (2.5% of the activity with UDP-Glc) (Appendix E Figure 9). This was indicative of 

a strict specificity of WbdN for UDP-Glc as the donor substrate. It also suggested the absence of 

other glycosyltransferases in the BL21 bacterial homogenates that could act on GalNAcα-O-PO3-

PO3-(CH2)11-O-Ph.  

 

Appendix E Figure 9 Donor specificity of WbdN.   

Glycosyltransfer to acceptor 640 as a function of nucleotide sugar donor.  The standard assay as 
described under “Methods” was used except the nucleotide sugar was varied as indicated (0.20 
mM UDP-Glc, 2200 cpm/nmol; 0.75 mM UDP-Gal, 1750 cpm/nmol; 0.5 mM UDP-GlcNAc, 
2900 cpm/nmol; 0.46 mM UDP-GalNAc, 3800 cpm/nmol; 0.3 mM CMP-sialic acid, 3600 
cmp/nmol; or 0.23 mM GDP-Fuc, 970 cpm/nmol). The activity with 0.2 mM UDP-Glc was set to 
100 %.  
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E.5. Discussion 

WbdN has been identified as a UDP-Glc: GalNAcα-diphosphate-lipid b1,3-D-Glc-

transferase which catalyzes the second step of the O-antigen repeating unit assembly in E. coli 

O157. There are two other putative glycosyltransferase genes in the E. coli O157-antigen gene 

cluster (wbdO, wbdP) that may encode the α1,4-L-Fuc-transferase and α1,3-D-Rha4NAc-

transferase necessary to complete the assembly of the O157 repeating unit. The wzx and wzy 

genes in the gene cluster then are expected to encode the flippase and polymerase, respectively 

[22-24]. Because of the high similarity between WbdN from E. coli O157 and proteins from other 

bacteria that have been assigned as WbdN, we assume that all WbdN proteins, as well as WfaM 

are b1,3-Glc-transferases that act on GalNAca-diphosphate -lipid acceptor. However, biochemical 

analyses of these proteins are necessary to confirm their functions. Sometimes, a single amino 

acid or subtle changes in the protein can alter the substrate binding properties of a 

glycosyltransferase [40]. 

Analysis of the structures of the WbdN enzyme product by HPLC, mass spectrometry 

and NMR spectroscopy clearly showed that WbdN adds one Glc residue in β1-3 linkage to 

GalNAcα-O-PO3-PO3-(CH2)11-O-Ph, an analog of the natural substrate. To determine the linkage, 

both 1D and 2D-NMR experiments were employed. NOESY and HMBC experiments clearly 

demonstrated the β1-3 linkage between Glc and GalNAc in the enzyme product Glcβ1-

3GalNAcα-O-PO3-PO3-(CH2)11-O-Ph. We therefore identified WbdN as a UDP-Glc: GalNAcα-

diphosphate-lipid β1,3-Glc-transferase which corresponds to the structure of the O157-antigen 

and establishes WbdN as the second enzyme in the O157-antigen repeating unit pathway.  

The synthetic acceptor substrate GalNAcα-O-PO3-PO3-(CH2)11-O-Ph is an amphipathic 

molecule with similarity to the endogenous substrate GalNAcα-PP-Und that acts as a lipid carrier 

in O-antigen biosynthesis and is exposed at the cytoplasmic side of the inner membrane [41]. We 
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have shown that GalNAcα-O-PO3-PO3-(CH2)11-O-Ph is an excellent synthetic acceptor substrate 

analog for WbdN in vitro and has the advantage that substrate and enzymatic reaction product can 

be readily detected and separated by HPLC. 

This acceptor has previously been used to characterize an α1,3-GalNAc-transferase from 

E.coli O86:H2 [42], and we have shown that it also serves as a substrate for enzymes from other 

bacterial strains (unpublished results). The GlcNAc analog GlcNAcα-O-PO3-PO3-(CH2)11-O-Ph 

has also been shown to be an excellent acceptor for Gal- and Glc-transferases from E. coli 

serotypes [33,35,43] but does not serve as a substrate for WbdN.  Therefore, the axial 4-OH of 

GalNAc is critical for the activity of WbdN. The chemical synthesis of additional substrate 

analogs will reveal further details of the substrate recognition of WbdN.  

There is limited sequence identity between other Glc-transferases and WbdN. However, 

since they share similar donor and acceptor substrates, and are dependent on divalent cations for 

activity, similarities may be mainly found in the substrate binding and catalytic domains which 

remain to be determined. In addition, all of the enzymes characterized to date that assemble O-

antigens lack a transmembrane domain and probably reside close to the cytosolic face of the inner 

membrane with access to both the soluble nucleotide sugar pools and the membrane-bound 

substrates. Our in vitro assays destroy this organization but allow accurate measurement of the 

enzyme activity with a hydrophobic acceptor which mimics the natural substrate. Since WbdN 

acts in vitro on phenyl-undecyl compounds and is thought to act on Und-based substrates in vivo, 

there may not be a requirement for a specific lipid moiety in the acceptor. The 

glycosyltransferases studied by us that catalyze the second step in O-antigen synthesis appear to 

have limited solubility and may thus be tethered to the membrane by a yet unknown mechanism, 

possibly by an enzyme complex formation.  

The sequence hydrophobicity analysis indicated that the amino acids at positions 4-9, 33-

38, 115-118,182-184 and 239-242 are hydrophobic which may assist the association of WbdN 
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with the cell membrane. However, this part of the sequence is missing in WfaM which may have 

a similar function as WbdN. Since a considerable portion of the enzyme activity was lost after 

purification, the association with membrane components may be a critical factor for in vitro 

activity, and may be necessary to hold the detergent-like acceptor substrate and the enzyme in the 

right position that favours glucose transfer. However, it is possible that the enzyme is not 

properly folded or unstable in the purified form due to lack of membrane factors [44]. WbdN has 

five Cys residues, and the activity may possibly be destroyed by oxidation. The activity was also 

gradually lost when increasing the percentage of detergent in the assay which may have altered 

the accessibility by the enzyme active site to the substrate due to unfavourable micelle formation.   

Biochemical analyses of glycosyltransferases are critical to determine their specific 

functions in O-antigen assembly. Like eukarytic glycosyltransferases, WbdN has a DXD motif 

[38], requires divalent metal ion for activity, utilizes a specific donor substrate, UDP-Glc, and has 

distinct specificity for the sugar residue and the diphosphate group in the acceptor substrate. 

Divalent metal ions may interact with the diphosphate group of UDP-Glc, supporting the 

nucleophilic attack of GalNAc, mediated by one or more acidic residues of the highly conserved 

DADD sequence. The DXD motif has been shown to interact with the sugar donor substrate in 

the Mn2+-stimulated reaction of LgtC β1,4Gal-transferase from N. meningitides [45] and a 

number of other glycosyltransferases [38,39]. Site-directed mutagenesis could confirm the 

importance of the acidic amino acid residues in catalysis. In β1,4Gal-transferase WfeD, the 

central Glu residue of the DYEIE sequence was shown to be the essential residue [34]. In 

addition, the binding of the negatively charged acceptor and donor substrates may be facilitated 

by divalent metal ions, or by positively charged amino acids. Thus, Lys211 has been shown to be 

essential for the activity of WfeD [34].  Further studies of the protein structure of WbdN will 

reveal the importance of its DxD motif and clustered positively charged amino acids. Our 

preliminary results show that positively charged alkanes can inhibit WbdN activity but the 
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mechanism of inhibition remains to be determined. As the second enzyme in the O157 

biosynthesis pathway, WbdN is a suitable target for blocking O157-antigen synthesis. The 

characterization of the β1,3-Glc-transferase activity is also the basis for the development of 

chemo-enzymatic vaccine synthesis.  

 

E.6. Materials and Methods 

E.6.1 General 

Protein concentrations were determined with the Bradford assay (BioRad) and the protein 

concentration calibration curve was established with bovine serum albumin. Ni2+-nitriloacetic 

acid (Ni-NTA) resin used for WbdN purification was obtained from Qiagen. Flash column 

chromatography was performed on Silicycle silica gel (230–400 mesh, 60 Å). Preparative-scale 

chromatography was performed on Silicycle SiliaPlate glass-backed TLC 60 Å plates (2000 µm 

thick) cut to 10 cm x 10 cm. Analytical thin-layer chromatography was performed on glass-

backed pre-coated silica gel 60 F254 plates (Silicycle), and the compounds were visualized by 

UV illumination (254 nm). Melting points were measured on a Mel-Temp II apparatus and are 

uncorrected. 1H and 13C NMR spectra were recorded on a Bruker Avance 400 spectrometer in 

DMSO-d6. The chemical shifts are reported in d (ppm) relative to tetramethylsilane using the 

residual solvent peak as an internal reference. High-resolution ESI mass spectra were recorded on 

an Applied Biosystems/MDS Sciex QSTAR XL mass spectrometer with an Agilent HP1100 Cap-

LC system. Samples were run in 50% aqueous MeOH at a flow rate of 6 µL/min.  

 

E.6.2 Materials 

Reagents and materials were obtained from Sigma unless otherwise stated. The synthesis 

of the sodium salt 640, GalNAcα-O-PO3-PO3-(CH2)11-O-Ph, was adapted from the synthesis of 

GlcNAcα-O-PO3-PO3-(CH2)11-O-Ph [43,46]. In addition, it was synthesized by a new method that 
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will be published elsewhere (NMR parameters are shown in Appendix E Table 1) and used to 

produce large scale enzyme product. 640 showed the following NMR and HRESIMS data: 1H 

NMR (400 MHz, CD3OD) δ: 1.30-1.35 (m, 12H, 6CH2), 1.38 (m, 2H, CH2), 1.55 (m, 2H, CH2), 

1.67 (m, 2H, CH2), 1.95 (s, 3H, CH3CO), 3.64 (dd, 1H, J6,6’ 12.0 Hz, H-6’), 3.71 (dd, 1H, J6,6’ 

12.0 Hz, H-6), 3.83 (bs, 1H, H-4), 3.88 (m, 2H, CH2OPh),  3.97(m, 2H, CH2OP), 4.08 (m, 1H, H-

3), 4.25 (bd, 1H, H-2), 5.57 (bs, 1H, H-1), 6.80 (m, 3H, aromatic protons), 7.15 (m, 2H, aromatic 

protons); 13C NMR (150.90 MHz, CD3OD) δ: 174.5, 160.7, 130.5, 121.6, 115.7 (aromatic 

carbons), 96.72 (d, C-1), 75.1 (С-5), 77.1 (С-4), 73.94 (С-3), 69.06 (СH2OPh), 67.68 (CH2OP), 

63.02 (C-6). 51.54 (d, C-2); 31P NMR ( 242.94 MHz, CD3OD) δ: -10.75 (bd, P-2), -12.68 (bd, P-

1); HRESIMS: calculated for C25H43NO13P2Na [M+H]+: m/z 650.2102; found: m/z 650.2073.  

GalNAc-derivatives were synthesized previously [35,47,48]. Glycopeptides were 

synthesized by Hans Paulsen, University Hamburg, Germany. Khushi Matta (Roswell Park 

Cancer Institute, Buffalo, NY, USA) provided GalNAcb1-4GlcNAb-O-benzyl.  

 

E.6.3 Bacterial Growth, Plasmids and Protein Expression  

The putative glycosyltransferase gene wbdN from E. coli O157 was amplified by PCR 

and cloned into expression plasmid vector pET28a (Kanr), containing a cleavable His-tag-

encoded sequence at the C-terminus. Plasmid constructs were transformed into E. coli BL21 for 

protein expression. For the induction of plasmid-derived enzyme, bacteria were grown overnight 

at 37°C in 5 mL of Luria broth containing 50 µg/mL kanamycin with constant shaking at 150 

rpm. The bacterial suspension (5 mL) was transferred to 125 mL Luria broth containing 

kanamycin and the mixture was incubated at 37°C. IPTG was added to a final concentration of 1 

mM when the suspension reached an absorbance at 600 nm of 0.8. Cells were grown for an 

additional 4 h at 37°C and were then harvested by centrifugation for 15 min at 4,000 rpm 

(Beckman J2-21M, JA17 rotor). Pellets were washed in phosphate-buffered saline (PBS). 10 mL 
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PBS containing 10 % glycerol were added and aliquots of bacteria were stored at -20°C for 

enzyme assays. 

 

E.6.4 Glucosyltransferase Activity Assays 

WbdN homogenate was obtained as described before [35,43] by sonication in 50 mM 

sucrose. Standard assay mixtures for WbdN (total of 40 µL volume) contained: 0.025 mM 

acceptor substrate GalNAcα-O-PO3-PO3-(CH2)11-O-Ph (640), 5 mM MnCl2, 10 % MeOH, 0.125 

M 2-(N-morpholino)ethanesulfonic acid (MES) buffer, pH 7, 10 µL of enzyme homogenate 

containing 50–80 µg protein, and 0.3 mM UDP-[14C]Glc (2,000–3,000 cpm/nmol) or 0.46 mM 

UDP-[3H]Glc (4,000–6,000 cpm/ nmol). Control assays lacked the acceptor. All assays were 

carried out in at least duplicate. Mixtures were incubated for 10 min at 37°C, and reactions 

quenched by the addition of 700 µL of ice-cold water. Reaction product was isolated using Sep-

Pak C18 eluted first in water, then in MeOH, and was quantified by scintillation counting as 

described [33,34]. HPLC separations were carried out as described [35], using a C18 column and 

acetonitrile / water as the mobile phase. Kinetic parameters were determined using the program or 

ENZFITTER or OriginPro8.0 [49]. 

 

E.6.5 Enzyme Purification 

WbdN protein containing a His6-tag at the C-terminus was purified using Ni-NTA 

Sepharose. Bacterial pellets were resuspended at 0.2 mg protein/mL in lysis buffer (10 mM Na-

phosphate, 300 mM NaCl, 2 mM MgCl2 and 0.1 mM ethyleneglycol tetra-acetic acid (EGTA), 

pH 7.2, with EDTA-free protease inhibitor, 5 mM β-mercaptoethanol and 0.2 mM ATP added 

right before use) and sonicated for four cycles at 55 sec with 3 min intervals on ice (Misonix 

Sonicator 3000, program 1, power 7.0). 0.02 g DNAse per 100 mL bacteria homogenate was 

added and mixtures were further incubated on ice for 15 min. The homogenate was then 



 

 

228 

centrifuged at 21,000 rpm (JA20 rotor in Beckman JA21 centrifuge) for 30 min. The His6-tagged 

fusion protein in the supernatant was purified by affinity chromatography with a Ni-NTA column. 

Bound proteins were eluted with a gradient of 200 to 600 mM imidazole buffer containing the 

same content as the lysis buffer except for the protease inhibitor. Each fraction was analyzed by 

SDS-PAGE (12 % gel). The desired fractions that contain fusion protein were pooled and 

dialyzed in dialysis buffer (10 mM Na-phosphate, 300 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 

pH 7.2, with EDTA-free protease inhibitor, 0.2 mM ATP and 1 mM Tris(2-

carboxyethyl)phosphine) at 4°C overnight.  

Western blot analysis was performed with rabbit antibody against the His6 tag as the 

primary antibody (provided by Dr. Ken Jarrell, Queen’s University) and horseradish peroxidase 

(HRP)-conjugated anti-rabbit IgG as the secondary antibody (Promega). Ni2+-NTA-purified 

WbdN and cell lysates (0.03 to 0.05 µg protein/µL) were diluted 2 times in 10 µL SDS-PAGE 

loading buffer consisting of 2% SDS, 2 mM β-mercaptoethanol, 4 % glycerol, 40 mM Tris-HCl 

(pH 6.8), and 0.01 % Bromophenolblue and run on SDS-PAGE (12% gel). With an electrical 

field applied (15V, 30 min), proteins were transferred onto polyvinylidene difluoride membrane 

(Millipore). Membranes were blocked with 10 % blocking reagent (Roche Molecular 

Biochemicals) in Tris-buffered saline with 1 % Tween-20, and then probed sequentially with anti-

His antibody (1:5,000) and anti-rabbit IgG (1: 10,000) [50]. Labeling was visualized with 10 mL 

of a 1:1 mixture of chemiluminescence blotting substrate and peroxide solution (Roche Molecular 

Biochemicals). Prestained protein standards (Fermentas) were used to calibrate the gels. The 

Western blot film was developed based on Boehringer Mannheim Chemiluminescence Blotting 

Substrate protocol.  
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E.6.6 Product Identification Using Mass Spectrometry, HPLC and NMR 

The enzyme product was prepared in large-scale radioactive and non-radioactive forms 

for HPLC, HPLC-MS and NMR analyses, respectively. The non-radioactive assay mixture (40 

mL) contained 8 µmol GalNAcα-O-PO3-PO3-(CH2)11-O-Ph 640, 18.4 µmol UDP-Glc, 10 mL 

bacterial cell homogenate in 0.25 M sucrose, 5 mM MnCl2 and 0.125 M Tris-buffer, pH 8.0. 

After incubation for 30 min at 37°C, 20 mL of cold water were added to stop the reaction. The 

reaction mixture was then applied to a total of 60 C18 Sep-Pak columns and product eluted with 

methanol. Following flash evaporation and lyophilization of the eluate, enzyme product was 

resuspended in water and further purified by reversed-phase HPLC using a C18 column [35] with 

a 28 % acetonitrile / 72 % water mixture in the mobile phase at a flow rate of 1 mL/min. Peaks 

were monitored by measuring absorbance at 195 nm and the use of standard compounds. Pooled 

fractions were then flash evaporated and lyophilized. Compounds were analyzed by matrix-

assisted laser desorption ionization (MALDI) MS or electrospray ionization (ESI) MS in the 

negative-ion mode, as described previously [35]. The dried pooled enzyme product fractions were 

dissolved in D2O, and analyzed by 400-MHz NMR. Spectra were collected in 1D and 2D 

experiments using a Bruker spectrometer as described [33].   

E.6.7 Ultracentrifugation of Bacterial Membranes 

To determine how the enzyme distributes between soluble and membrane-associated 

fractions, enzyme sonicate in 50 mM sucrose was centrifuged at 100,000 g for 30 min at 4 °C in a 

TLX Ultracentrifuge using a Beckman TLA 100 rotor. Pellets were resuspended in 50 mM 

sucrose buffer. The original homogenate, pellet suspension, and supernatant fractions were 

assayed for Glc-transferase activity (0.05 mM GalNAcα-O-PO3-PO3-(CH2)11-O-Ph as acceptor 

substrate). 
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