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ABSTRACT 

 Glycosaminoglycans (GAGs) or mucopolysaccharides are a class of highly negatively 

charged polysaccharides, which are present in all mammalian cells and involved in various 

important biological events such as growth factor signaling, blood coagulation, brain development 

and neural stem cell migration. GAGs, except for hyaluronic acid, are commonly found covalently 

linked to proteoglycans (PGs). These PGs typically start with a common tetrasaccharide linkage 

region (GlcAβ1-3Galβ1-3Galβ1-4Xyl) that links to a serine residue on the core protein. The 

tetrasaccharide linkage region is then elongated to polysaccharides composed of disaccharide 

repeating units of chondroitin sulfate (CS) or heparan sulfate (HS).  

In this dissertation, we first discuss the recent advances in the understanding of biosynthetic 

enzymes involved in the synthesis of the tetrasaccharide linkage region in chapter 1 and focus on 

the expression and the relationship between these enzymes. Building on the knowledge of these 

enzymes, in chapter 2, we report a new method using commercially available EAH Sepharose as 

the solid support to synthesize tetrasaccharide linkage region bearing glycopeptides. This method 

eliminates the tedious traditional glycosyl amino acid synthesis, greatly reducing the time need for 

tetrasaccharide linkage region construction. We further modified the synthesized linkage region 

with CS transferase and sulfotransferase to complete the synthesis of multiple CS-bearing 

glycopeptides. Notably, the dodecasaccahride bearing glycopeptide is the largest GAG-bearing 

glycopeptide synthesized to date. CSPG plays important roles in biological events, to better 

understand the mechanism, it is important to map the expression level and the types of CSPG. In 

chapter 3, an enzymatic method was developed to label and enrich CSPG in biospecimen and 

various fragmentation methods have been explored for quantitative CSPG mapping.  
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Chapter 1. Recent Advance On Glycosyltransferases Involved In The Tetrasaccharide 

Linkage Region Synthesis 

1.1 Introduction  

Glycosaminoglycans (GAGs), also known as mucopolysaccharides, are predominantly 

found in vertebrates. They encompass heparan sulfate (HS), chondroitin sulfate (CS), dermatan 

sulfate (DS), keratan sulfate, and hyaluronic acid (HA). Most of the GAGs except for HA are 

presented on proteoglycans (PGs), which are located in the extracellular matrix and on cell surface1, 

2. The biological activities of PGs are diverse, including growth factor signaling, wound repair, 

blood coagulation, brain development, and neural stem cell migration3-7. 

The structure of PGs consists of a protein with an “SA” or “SG” dipeptide motif8, a 

tetrasaccharide linkage region (glucuronic acid (GlcA)-β(1→3)-galactose (Gal)-β(1→3)-galactose 

(Gal)-β(1→4)-xylose (Xyl)-β(1→O)-serine (Ser)), and repeating disaccharide units. The synthesis 

of the tetrasaccharide linkage region involves six enzymatic steps (fig.1). Xylosyltransferase-1 

(XT-1) recognizes a peptide or protein substrate with an SG or SA motif and transfers a xylose in 

β configuration to the serine residue8. Subsequently, β-1,4-galactosyltransferase 7 (β4GALT7) 

transfers a galactose residue to the 4-position of xylose9, 10, followed by the phosphorylation of the 

2-position of xylose by kinase Family with Sequence Similarity 20, Member B (FAM20B). This 

phosphate group significantly enhances the yield of the next enzymatic step involving β-1,3-

galactosyltransferase 6 (β3GALT6), which transfers the second galactose to the disaccharide 

moiety11, 12. The absence of this phosphate prevents the synthesis of the tetrasaccharide linkage 

region, resulting in a trisaccharide linkage region instead13. At this point, 2-phosphoxylose 

phosphatase 1 (XYLP) cleaves the phosphate from xylose14. Finally, β-1,3-glucuronyltransferase 
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3 (β3GAT3) adds a glucuronic acid to the trisaccharide glycopeptide, completing the 

tetrasaccharide linkage region15. 

 

Figure 1.1. Schematic demonstration of the biosynthesis of tetrasaccharide linkage16. 

 

The complete tetrasaccharide linkage region can be extended by chondroitin sulfate N-

acetylgalactosaminyltransferase 1 (Csgalnact2), chondroitin Sulfate N-

acetylgalactosaminyltransferase 2 (Csgalnact2), or by exostosin-like glycosyltransferase 2 (Extl2), 

exostosin-like glycosyltransferase 3 (Extl3)17-20. Pentasaccharides containing N-

acetylgalactosamine (GalNAc) are further elongated by bifunctional enzymes like chondroitin 

sulfate synthase 1 (Chsy1), Chondroitin Polymerizing Factor (Chpf), and Chondroitin 

Polymerizing Factor 2 (Chpf2), resulting in polymerized CS chain as part of CSPG18. Similarly, 

pentasaccharides containing N-acetylglucosamine (GlcNAc) are elongated by exostosin 

glycosyltransferase 1 (Ext1) or exostosin glycosyltransferase 2 (Ext2), leading to polymerized HS 

chain for HSPG20. The length, sulfation, and epimerization pattern of these repeating disaccharide 

units can naturally vary, resulting in a highly heterogeneous glycan pattern2. 
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While previous research primarily focused on the glycan part of PGs viewing the protein 

mainly as a carrier of GAGs in biological events, recent studies from our group21 and others22-24 

demonstrate that both the protein and GAGs can actively participate in protein binding. Hence, it 

is imperative to consider both the protein and glycan in biological studies, necessitating the use of 

structurally well-defined homogeneous PGs or glycopeptides. However, due to the inherent 

heterogeneity of PGs, the isolation of homogeneous PGs or glycopeptides remains unattainable.  

 As tetrasaccharide linkage region is an important bridge between the core protein and 

GAGs, it is necessary to review the enzymes involved in its biosynthesis. Over the years, there are 

several reviews about these enzymes25, 26. Recently, a review covered the efforts made in 

xylosyltransferase I (XT-1) and beta-1,4-galactosyltransferase 7 (B4GALT7)27. In this review, we 

will focus on the recent progress made in the expression and substrate specificity of other enzymes 

responsible for tetrasaccharide linkage region synthesis. The relationships between these enzymes 

will also be discussed. 

1.2 Family With Sequence Similarity 20 Member B 

Family with Sequence Similarity 20 Member B (FAM20B) is a protein belonging to the FAM20 

family, which plays a significant role in various biological processes28-30. The FAM20 family consists of 

three proteins, namely FAM20A, FAM20B, and FAM20C. FAM20C functions as a Golgi casein kinase, 

phosphorylating SxE/pS motifs. FAM20A acts as a pseudo kinase that interacts with FAM20C, enhancing 

its activity31. Conversely, FAM20B functions as a xylosylkinase, phosphorylating the 2-position of xylose 

in the tetrasaccharide linkage region, making it crucial for GAG synthesis11. 

Studies investigating the depletion of FAM20B have revealed its essential role in GAG biosynthesis. 

When FAM20B is depleted or dysfunctional, it can lead to abnormalities in cartilage matrix organization, 

early-stage chondrocyte development, development of supernumerary teeth, chondrosarcoma with major 

postnatal ossification defects, and severe craniofacial defect32-37. Understanding the consequences of 
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FAM20B depletion provides valuable insights into the mechanisms underlying these developmental 

disorders and underscores the significance of FAM20B in GAG synthesis and its relationship with these 

disorders. 

1.2.1 Expression of FAM20B 

The discovery of FAM20 series dated back to 200538, but the expression of human 

FAM20B was achieved later. In 2009, Kitagawa group expressed it with Hela cells using a stable 

transfection system11. At that time, the relationship between FAM20B and B3GALT6 was not 

clear and FAM20B was only known as a xylosylkinase. 

Shortly after this, in 2011, Kimmel group reported that FAM20B could be expressed in 

vivo when Tol 2 expression plasmids were injected into the embryo of zebrafish33. In 2013, 

Kitagawa group again expressed FAM20B but using the African green monkey kidney fibroblast-

like cell line (COS-1 cells) with the plasmid inserted with a cleavable (Immunoglobulin G) IgG 

domain. Upon harvest, the culture medium was incubated with IgG-Sepharose for further 

purification39. 

In 2014, Dixon group expressed FAM20B using Hi5 cells12. The desired gene containing 

truncated FAM20B(aa 42-409) was fused to a maltose binding protein (MBP)-6Xhis tag and was 

then generated as a baculovirus plasmid. Hi5 cells were infected and then incubated for 2 days. 

The medium was collected and purified with Ni-NTA resin. When necessary, the MBP fusion 

protein can be cleaved by Tobacco Etch Virus (TEV) protease to obtain pure FAM20B12. 

Interestingly, in 2018, Dixon and Xiao group together reported another expression of FAM20B40. 

The expression system was very similar to their 2014 publication with the exception that the 

protein sequence was changed to 55-402. This change in the sequence does not alter the protein 

function.  
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1.2.2 Acceptor Specificity of FAM20B 

The substrate specificity of FAM20B was initially documented in 2009 by the Kitagawa 

group11. Their study employed α-TM (α-thrombomodulin) as the substrate for FAM20B. Notably, 

α-TM is a glycoprotein found on the surface of endothelial cells41. Unlike β-TM, the CS variant of 

thrombomodulin, α-TM only possesses the tetrasaccharide linkage region, which can potentially 

serve as a substrate for FAM20B. FAM20B recognizes and accepts tetrasaccharide-bearing PG α-

TM with a kcat value of 102 pmol/h per mL of medium. When the acceptor was switched to a 

trisaccharide with serine as the aglycon (Galβ1-3Galβ1-4Xyl-Ser), similar kinase activity of 128 

pmol/h per mL of medium was observed. This indicates that FAM20B does not require a 

protein/peptide aglycon for acceptor binding and can readily phosphorylate trisaccharides or 

tetrasaccharides. 

In 2014, the Dixon group conducted a kinetic assay of FAM20B using [γ-32P]ATP to 

evaluate its kinetics with various substrates12. Three substrates were employed: tetra-Bn (GlcA1-

3Galβ1-3Galβ1-4Xylβ1-Bn), Gal-Xyl-Bn (Galβ1-4Xylβ1-Bn), and Xyl-Bn (Xylβ1-Bn), all 

containing a β-benzyl (Bn) group as the aglycon of the substrate. Both tetra-Bn and the 

disaccharide Gal-Xyl-Bn served as the substrate with Km values of 40 μM and 42 μM, respectively. 

In contrast, the enzyme did not have much activity toward the monosaccharide Xyl-Bn. 

By combining the results from these two studies, it is clear that FAM20B can carry out 

phosphorylation without a stringent requirement on the aglycon. Instead, it is primarily the number 

of saccharides that influences its activity. The findings indicate that the substrate must possess a 

minimum disaccharide motif (Gal-Xyl) for the reaction to occur, implying that galactose 

potentially plays a crucial role in binding. 
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1.3 β-1,3-Galactosyltransferase 6 

B3GALT6, also referred to as β-1,3-glucuronyltransferase 6, is an enzyme of significant 

importance in the biosynthesis of the tetrasaccharide linkage region. The discovery and 

comprehension of B3GALT6 have significantly advanced our understanding of PG biosynthesis 

and its profound impact on various biological processes. 

In 2013, the Ikegawa group conducted a study that reported the connection between 

B3GALT6 mutations and several types of connective tissue disorders, such as lax skin, muscle 

hypotonia, joint dislocation, skeletal dysplasia, and deformities 42-44. This investigation highlighted 

the crucial role of B3GALT6 in the development and maintenance of various tissues, including the 

skin, bones, cartilage, tendons, and ligaments. The findings from this study shed light on the vital 

contributions of B3GALT6 to the intricate processes involved in tissue growth, organization, and 

overall physiological homeostasis. Further research continues to explore the precise mechanisms 

by which B3GALT6 operates and its implications for understanding and potentially treating 

connective tissue disorders44. 

The knowledge on the molecular mechanisms and significance of B3GALT6 has broader 

implications for areas such as developmental biology, skeletal formation, and tissue homeostasis. 

Ongoing research continues to explore the precise functions and regulatory mechanisms of 

B3GALT6, aiming to deepen our knowledge of its contribution to physiological and pathological 

processes. 

1.3.1 Expression of B3GALT6 

Although the initial discovery of B3GALT6 occurred in 2001,45 the expression of B3GALT6 

was achieved much later. In 2014, the Dixon group published a study describing the expression of 

B3GALT6 utilizing a baculovirus expression system12. A truncated version of B3GALT6 
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consisting of amino acids 31 to 329 was inserted into a bacmid along with a His-MBP affinity tag. 

The constructed bacmid was then transfected into Hi5 cells, and the resulting medium was 

collected after a 2-day period. The fusion protein was subsequently purified using a Ni-NTA 

purification method. 

To date, the Dixon report remains the sole existing publication detailing the expression of 

B3GALT6 12. In 2018, the Moremen lab outlined their approach to construct a library of 

glycosyltransferases and glycoside hydrolases46. In their study, a truncated form of B3GALT6 

comprising amino acids 35 to 329 was cloned into the mammalian expression vector pGen2-DEST. 

To enhance solubility, a His tag and avidin tag were introduced at the N-terminus of B3GALT6, 

and a super-folded green fluorescent protein (GFP) was added between the tags and the desired 

protein sequence. While there has been no literature reporting the successful expression of this 

particular plasmid, our research group has successfully expressed this enzyme using the 

aforementioned construct, which will be elaborated upon in Chapter 2 of this thesis. 

1.3.2 Acceptor Specificity of B3GALT6 

The acceptor specificity of B3GALT6 exhibited a strong dependence on FAM20B. In 

Dixon’s in vitro investigation conducted in 201412, it was observed that B3GALT6 displayed 

minimal activity when tested with Gal-Xyl-Bn as a substrate. Interestingly, when the disaccharide 

was phosphorylated by FAM20B prior to B3GALT6 activity, the Km value for this reaction 

decreased by approximately 230-fold, suggesting the phosphorylated xylose is critical for binding. 

Previously, the role of FAM20B remained unclear, with its recognition limited to its kinase 

activity in phosphorylating xylose. However, in 2014, the study conducted by the Dixon group 

provided insights into the relationship between FAM20B and B3GALT612. They generated 

FAM20B knockout (KO) human bone osteosarcoma epithelial cells (U2OS). Two distinct methods 
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were employed to assess the overall GAGs content in the cell lysate. The first method involved the 

widely used 3G10 antibody, which specifically detects HS. The second method utilized the isotope 

[35S] to quantify the sulfate content within GAGs. Comparative analysis with wild-type (WT) 

U2OS cells against the FAM20B KO U2OS cells revealed a significant 95% reduction in GAG 

levels as detected by the 3G10 antibody, and a similar outcome was observed using the 35S isotope 

measurement approach. Furthermore, the researchers investigated the linkage region of glypican 

1 (GPC1) in the FAM20B KO cells12, 47. Through β-elimination and mass spectrometry analysis, 

they discovered that instead of the expected tetrasaccharide linkage region, a trisaccharide linkage 

region comprising Siaα2–3Galβ1–4Xylβ1 was observed. Intriguingly, in 2018, the Yang group 

conducted a similar experiment by knocking out FAM20B in Chinese hamster ovary cells (CHO)13. 

High-performance liquid chromatography (HPLC) analysis demonstrated a roughly 3-fold 

decrease in CS and a 6-fold decrease in HS levels compared to those from WT CHO cells. This 

finding suggests that the impact on GAG levels may vary in different cell lines when specific 

GAG-associated enzymes are altered. Subsequent experiments involving the KO of B3GALT6 in 

CHO cells revealed that CS and HS were still detectable, although the overall content of GAG was 

significantly reduced compared to WT CHO cells. Similarly, in 2018, the Malfait group also 

reported the decrease of GAGs in patients with mutated B3GALT6 genes48. Additionally, in 2019, 

the Larson group reported the identification of a trisaccharide linkage region (GlcA-Gal-Xyl) 

within GAGs, indicating that cells are capable of elongating GAGs with an incomplete linkage 

region49. Collectively, these findings suggest that B3GALT6 can only function when the 

disaccharide (Gal-Xyl) moiety is phosphorylated. However, even in the absence of B3GALT6, 

GAG synthesis is not completely halted but instead occurring in a lower yield, leading to the 

formation of a trisaccharide linkage region instead. 
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1.4 Phosphoxylose Phosphatase 

2-Phosphoxylose phosphatase, also known as XYLP, is a phosphatase responsible for 

dephosphorylation of xylose. It is one of the least studied enzymes among those involved in the 

linkage region synthesis. To the best of my knowledge, the only systematic study of this enzyme 

was reported in 2014 by Kitagawa group14.  

1.4.1 Expression of XYLP 

In the 2014 study reported by Kitagawa group, a truncated version of XYLP(aa 38-480) 

was fused to pEF-BOS vector. Transfection reagent FuGENE 6 was used to transfect XYLP into 

COS-1 cells. Two days post-transfection, medium was collected and purified with IgG-Sepharose 

beads. 

1.4.2 Substrate Specificity of XYLP 

The substrate specificity of XYLP was reported in the aforementioned publication 14. The 

Kitagawa group conducted comparisons using different substrates: a phosphorylated trisaccharide 

(Gal-Gal-Xyl(2P)-TM) and a tetrasaccharide (GlcA-Gal-Gal-Xyl(2P)-TM), both bearing α-TM. 

The results showed that only the phosphorylated trisaccharide with α-TM was accepted as a 

substrate by XYLP with little activities for the tetrasaccharide with α-TM. Furthermore, when 

comparing GalNAc-type (GalNAc-GlcA-Gal-Gal-Xyl(2P)-TM, a potential precursor to CSPG) 

and GlcNAc-type (GlcNAc-GlcA-Gal-Gal-Xyl(2P)-TM, a potential precursor to HSPG) 

compounds, both bearing a phosphorylated pentasaccharide with α-TM, XYLP only 

dephosphorylated the GalNAc-type compound, while no reaction was observed when GlcNAc-

type was used as a substrate. 

It is important to note that XYLP does not accept other phosphorylated glycans on 

glycoproteins such as osteopontin or matrix extracellular phosphoglycoprotein. This observation 
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suggests that XYL’'s substrate specificity is limited to 2-phosphoxylose. Interestingly, when 

alkaline phosphatase (ALP), a commercially available phosphatase, was used, all the substrates 

mentioned above could be dephosphorylated. In particular, co-expression of XYLP and B3GAT3 

led to rapid dephosphorylation of the linkage region. This is because B3GAT3, a transferase 

responsible for GlcA addition to the trisaccharide, can form oligomers with XYLP to enhance the 

dephosphorylation activity over 16-folds.  

1.4.3 Relationship between FAM20B, B3GALT6 and XYLP 

Following the synthesis of the phosphorylated linkage region trisaccharide, ß-1,3-

glucuronyltransferase 3 (B3GAT3) transfers GlcA to the phosphorylated trisaccharide (Gal-Gal-

Xyl(2P)-Ser) linked to a serine residue. Simultaneously, xylose dephosphorylation is initiated by 

XLYP. During this phase, chondroitin (Chn) or heparan sulfate (HS) polymerases facilitate the 

polymerization of disaccharide chains onto the tetrasaccharide linkage region. Excessive 

acceleration of linkage region phosphorylation by FAM20B and/or attenuated Xyl 

dephosphorylation by XYLP may lead to the accumulation of biosynthetic intermediates, 

specifically phosphorylated linkage tetrasaccharides. Notably, EXTL2 is a negative regulator of 

HS synthesis, which is inhibited when the linkage region is phosphorylated, therefore terminating 

HS synthesis50.  



11 

 

 

Figure 1.2. Phosphorylation and dephosphorylation of Xyl residues regulate the formation of the 

linkage region and GAG biosynthesis14. 

 

1.5 Glucuronyltransferase I 

Human glucuronyltransferase I (GlcAT-I), also known as B3GAT3, is an enzyme that 

plays a crucial role in a assembling tetrasaccharide linkage region. GlcAT-I specifically catalyzes 

the transfer of a GlcA to trisaccharide(Gal-Gal-Xyl) linkage region. GlcA is an important 

component of GAGs such as HS and CS. The addition of GlcA to the PG chain by GlcAT-I is a 

key step in the modification and maturation of GAG molecules. The synthesis of HS and CS is 

completely abolished when GlcAT-I is knocked out in cells13, which subsequently affects the 
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integrity and function of tissues and contributes to the development of certain diseases such as 

recessive joint dislocations and congenital heart defects, including bicuspid aortic valve (BAV) 

and aortic root dilatation51. 

Overall, GlcAT-I is an important enzyme for PG biosynthesis, contributing to the structural 

diversity and functional versatility of these complex carbohydrates in the body. Its study has 

implications in understanding developmental processes, disease mechanisms, and potentially 

identifying therapeutic targets for GAG-related disorders. 

1.5.1 Expression of GlcAT-I 

In 1998, Sugahara group reported the expression of the first expression of GlcAT-1, a 

truncated version of GlcAT-1, lacking the 43 amino acids from N-terminal of the transferase. This 

enzyme was cloned into vector pSVL containing an insulin signal sequence and a protein A 

sequence52, and then transfected into COS-1 cells using LipofectAMINE. Two days after the 

transfection, medium was separated and purified with IgG bearing Sepharose. 

In 1999, Esko group reported a similar method using stable transfection53. In this study, 

cDNA encoding amino acid 30-335 was cloned into pcDNA1, then further fused into vector pRK5-

F10-PROTA with C-terminal protein A. This plasmid was then transfected into COS-7 cells using 

LipofectAMINE, and stable transfectants were selected using 0.2 mg/ml active G418. 

Supernatants after transfection were purified with rabbit IgG beads.  

During the same year, Esko group reported another expression of GlcAT-I using a stable 

transfection method54. Gene contains sequence of GlcAT-1 was cloned from CHO cells and 

inserted into vector pCDNA3. Plasmid was then transfected into mutated CHO cells with 

Lipofectin with appropriated colony selected.  
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In 2000, to study the role of cysteine in GlcAT-1 function, Fournel-Gigleux group reported 

the expression of multiple truncated or mutated human GlcAT-1 using yeast as the expression 

host55. Constructs include one lacking the predicted N-terminal cytoplasmic tail (GlcAT-IΔNT) or 

one further fused with the yeast prepro-α-factor secretion leader peptide (GlcAT-IΔNT/TMD). 

Similar sequences but lacking the first 25 N-terminal amino acids was fused with yeast prepro-α-

factor secretion leader peptide and an antisense primer corresponding to the coding sequence for 

the last six amino acids (αF-GlcAT-IΔNT/TMD). Another 2 mutants were constructed with full 

sequence of GlcAT-I and C33 and C301 mutated to alanine respectively. These enzymes were 

cloned into yeast vector pPICZB plasmids and transformed into P. pastoris SMD 1168 by lithium 

chloride. Colony was then selected on yeast extract peptone dextrose (YPD) plates then grown in 

Buffered Glycerol-complex Medium (BMGY). After induction and incubation in a rotary shaker, 

cells were resuspended in cold breaking buffer (50 mM sodium phosphate, pH 7.4, 1 mM EDTA, 

1 mM phenylmethylsulfonyl fluoride, and 5% (v/v) glycerol) then lysed by vortexing with glass 

beads with the resulting mixture pelleted by centrifugation. Pellets were resuspended by Dounce 

homogenization in sucrose- 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer. 

GlcAT-I was recovered by ammonium sulfate precipitation. Downstream analysis shows that 

GlcAT-I, fused with the yeast prepro-α-factor secretion leader peptide, is successfully cleaved 

during expression, and the glycosylation state of GlcAT-IΔNT/TMD is similar to the WT 

membrane-bounded GlcAT-I. The result also shows that without the N-terminal cytoplasmic tail, 

GlcAT-IΔNT does not alter the enzyme’s ability to target and associate with the yeast membrane, 

as well as its activity. On the other hand, deletion of the cytoplasmic tail allows GlcAT-1 to enter 

the secretory pathway, suggesting the lack of a retention signal in the stem. Furthermore, the 

mutation of C33A (Km = 67.23 μM) suppresses dimer formation, eventually leading to impaired 
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activity compared to WT GlcAT-1 (Km = 37.03 μM), possibly due to the abolished monomer-

monomer interaction. Mutation of C301A completely abolishes its activity, suggesting that Cys is 

either involved in acid-base catalysis or binding with the acceptor or donor. 

At the same year, Negeshi group reported another expression of GlcAT-1 using E.coli as 

the host56. Truncated human GlcAT-1 with amino acids from 76-335 was cloned into PET-28a 

with an N-terminal 6X His tag. Plasmid was then transformed into BL21(DE3), and the 

transformed colony was selected on LB agar plates. Upon induction and incubation, cells were 

lysed and the desired protein was purified by Ni-NTA column. This GlcAT-1 was further 

concentrated to 30.8 mg/mL and used for crystallization. It was found that the aforementioned 

C301 is not involved in binding with acceptor and donor, and E281 acts as the base to deprotonate 

the Gal.    

1.5.2 Substrate Specificity of GlcAT-1 

In 1998, the Sugahara group discussed the acceptor specificity of GlcAT-152. They 

compared several acceptor molecules: Galβ1–3Galβ1–4Xylβ1-O-Ser, GalNAcβ1–4GlcAβ1–

3Galβ1–3Galβ1–4Xylβ1-O-Ser, GalNAcβ1–4GlcAβ1–3GalNAcβ1–4GlcAβ1–3Galβ1–3Galβ1–

4Xylβ1-O-Ser, chondroitin, and asialoorosomucoid (Galβ1–4GlcNAc-R). Reactions were only 

observed when the trisaccharide linkage region Galβ1–3Galβ1–4Xylβ1-O-Ser was used as an 

acceptor. Penta- and septa-saccharides with GalNAc at the non-reducing end showed no reactions, 

demonstrating that GlcAT-1 can only transfer GlcA to the linkage region, rather than elongating 

the chondroitin-bearing backbone. Similarly, chondroitin and asialoorosomucoid were not active 

as acceptors of GlcAT-1.  

In 2002, the Fournel-Gigleux group reported on the donor substrate specificity of GlcAT-

1. They utilized UDP-GlcA, UDP-GalA, UDP-Glc, UDP-Gal, UDP-GlcNAc, UDP-Man, and 
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GDP-Man as donors, with Gal-Gal as the acceptor. Only UDP-GlcA and UDP-GalA exhibited 

reactions, while other donors gave minimal to no reactivities. To further elucidate the reaction 

mechanism, two mutants, H308A and H308R, were generated. Results revealed that mutating 

histidine 308 to alanine completely abolished reactions for all donors, suggesting that the histidine 

residue is crucial for catalytic activity. Interestingly, when histidine 308 was mutated to arginine, 

all donors displayed activity except for UDP-Gal. When the natural donor UDP-GlcA was used, 

the mutant exhibited a decreased Vmax of 23.78 mol·min-1 mgP-1, significantly lower than the native 

GlcAT-1, which exhibited a Vmax of 68.03 mol·min-1 mgP-1. 

1.6 Outlook  

 The tetrasaccharide linkage region plays a pivotal role in the intricate machinery of PG 

biosynthesis. Although the biosynthetic enzymes have been identified, the enzymatic synthesis of 

the tetrasaccharide linkage region has yet to be reported. Further research needs to be done to 

utilize these enzymes for assembly of tetrasaccharide on peptides or proteins. Numerous questions 

remain unanswered, particularly regarding the relationship between the phosphorylated linkage 

region and downstream HS or CS elongation. While the aforementioned phosphorylated linkage 

region functions as a negative regulator of HS synthesis50, the mechanism by which nature 

regulates CS synthesis remains unexplained. Further research is essential to comprehend how 

nature orchestrates the level of glycosylation, particularly in CS and HS, which share the same 

linkage region. For instance, the case of bikunin, one of the simplest CSPGs57, it remains unknown 

the reason this PG bears a CS chain instead of HS. In summary, the future of research in the 

tetrasaccharide linkage region holds the promise of unlocking new frontiers in our understanding 

of glycosaminoglycan biology. This offers potential solutions to longstanding medical challenges 

and opens up exciting opportunities for therapeutic innovation.  
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Chapter 2. Expedient Solid Phase Supported Chemo-Enzymatic Synthesis of Chondroitin 

Sulfate Proteoglycan Glycopeptides 

2.1 Introduction 

Proteoglycans (PGs), a family of glycoproteins, are commonly found on cell surfaces and 

within the extracellular matrix. They play pivotal roles in many biological events including cell 

proliferation, inflammation, and viral infection1-5. PGs contain one or more glycosaminoglycan 

(GAG) chains covalently conjugated to serine (Ser) residues on a core protein backbone through 

a typical tetrasaccharide linkage with the sequence of glucuronic acid (GlcA)-β1–3-galactose 

(Gal)-β1–3-galactose (Gal)-β1–4-xylose (Xyl)-β1-Ser (GlcAβ1–3Galβ1–3Galβ1–4Xylβ1-Ser). 

The GAG chain of proteoglycans can be chondroitin sulfate (CS) or heparan sulfate (HS) with 

sulfations at various hydroxyl groups forming CS proteoglycan (CSPG) or HS proteoglycan6. 

The sulfation patterns of PGs are highly heterogeneous due to incomplete enzymatic sulfations 

of the glycan chains, resulting in large structural diversities of naturally existing PGs. 

 Traditionally, the biological functions of PGs are thought to be generally directed by the 

glycan chains attached. However, an increasing body of research has suggested that the core 

protein can be important as well7-9, with the core protein and the glycan chain potentially 

exhibiting synergistic effects for the biological functions of PGs10-12. To gain deeper insights into 

the functions of PGs and decipher the respective roles of the glycan and the core protein, it is 

imperative to obtain structurally well-defined and homogeneous glycopeptides and PGs. 

With the high heterogeneity of PGs, it is almost impossible to purify homogeneous PG 

structures from natural sources. Several strategies have been developed for the syntheses of HS 

and CS bearing glycopeptides with the native tetrasaccharide linkage region12-14. The chemical 

synthesis of GAG-bearing glycopeptides is a formidable challenge, stemming from the intricate 
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series of protecting group manipulation required, glycosylation reactions, chemical sulfation, and 

the incompatibilities between typical peptide and GAG synthesis conditions15-20. The longest HS 

and CS glycopeptides prepared to date bear octasaccharides on the peptide backbones21, 22 . 

These syntheses were tedious with the total number of synthetic steps needed well over 100 for 

some of the targets.21 Recently, the Huisgen alkyne-azide cycloaddition reactions were utilized to 

conjugate HS with protein backbones bearing alkynyl tyrosine10. While ground-breaking, these 

PG mimetics contain heterogeneous glycans and the glycan chain was linked through an 

unnatural triazole moiety to tyrosine in the core protein. 

To greatly expedite the synthesis of the native tetrasaccharide linkage region and CS-

bearing glycopeptide, in this study, we introduce a new chemoenzymatic method facilitated by 

solid phase support. The underlying principle involves the cloning and expression of the 

enzymes required for PG synthesis. This is followed by conjugation of the peptide backbone 

onto Sepharose beads, with subsequent successive rounds of enzymatic extensions and 

modifications. The native tetrasaccharide linkage region and CS-bearing glycopeptides formed 

were then released under a mild reaction condition without affecting the sensitive glycopeptides. 

Leveraging this powerful strategy, we successfully generated multiple tetrasaccharide linkage-

bearing glycopeptides bearing diverse amino acid sequences in the backbone, as well as CS-

bearing glycopeptides of varying lengths in mg scales. The affinities of the bikunin 

glycopeptides with a potential receptor, cathepsin G (CatG) were investigated and rationalized 

with computational modeling, demonstrating the important role of glycan sulfation for CatG 

binding. 
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2.2 Results and Discussion 

2.2.1 Construction of tetrasaccharide linkage region-bearing glycopeptide 

  There are multiple challenges in establishing a viable enzymatic route for PG synthesis, 

which include the identification of suitable enzymes to catalyze the synthesis, the production of 

the enzymes, and the time-consuming process of isolating the highly polar product from the 

aqueous reaction media. In order to expedite the synthesis and reduce the time needed to purify 

the highly polar glycopeptides, we investigated the possibility of performing enzymatic synthesis 

of PG glycopeptides on solid phase23-25. Various solid supports have been reported for enzymatic 

synthesis of glycans or glycopeptides, which include polyethylene glycol polyacrylamide 

copolymer (PEGA) 26, amine-functionalized silica25, controlled pore glass (CPG) 27, and thermo-

responsive water-soluble polymers28, 29. While they have demonstrated compatibility with 

enzymes, each of the solid supports needs unique consideration. For instance, swelling resins like 

PEGA, due to their limited pore size, may prove insufficient for reactions requiring enzymes with 

molecular weight higher than 50 kDa29. Conversely, non-swelling solid supports like amine-

functionalized silica and CPG may exhibit less compatibility with certain enzymes compared to 

swelling solid supports29. Thermo-responsive water-soluble polymers can provide solution-like 

environment for enzymatic synthesis, while allowing precipitation of the product from the reaction 

media through heating after the reaction30, 31. However, when the glycan becomes charged such as 

after sialylation, the polymer can no longer be precipitated from the solution upon heating31. Thus, 

it may not be suitable for PG synthesis due to the highly negative charged nature of GAGs on PG. 

To enable the chemo-enzymatic synthesis of PG glycopeptides, we explored Sepharose32 

as a potential solid phase support. Sepharose possesses commendable swelling properties in 

aqueous buffers with large pore sizes (~20,000 kDa), and is commonly employed for protein 
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purification33. PG glycopeptides exhibit limited stability under strongly acidic or basic conditions, 

primarily due to the susceptibility of glycopeptides to undergo glycan elimination under a basic 

condition16, 20, and the potential for O-sulfate loss under an acid condition. Consequently, a linker 

that can be cleaved under a mild condition, is imperative to conjugate the precursor peptides to 

solid phase. We opted to utilize diethyl squarate as a traceless linker34 as it can yield the native 

glycopeptide after cleavage from the resin. 

To establish the feasibility of solid phase supported enzymatic synthesis of PG 

glycopeptide, the peptide acceptor was functionalized through its N-terminal amine with diethyl 

squarate in a mixed solvent of carbonate buffer and methanol (Scheme 2.1a). After 6 hours, liquid 

chromatography mass spectrometry (LCMS) analysis confirmed the formation of the desired 

squarate-modified peptide with the complete consumption of the free peptide. Subsequently, the 

reaction mixture was incubated with EAH Sepharose, a commercially available Sepharose resin 

with an 11-atom hydrophilic spacer arm from the surface (2 equiv. based on free amine on the 

Sepharose to the peptide), in a carbonate buffer.  The resulting slurry was kept in a frit-fitted 

syringe and agitated with end-to-end rotation for 24 hours, when LCMS analysis indicated no free 

squarate-modified peptide remained in solution.  



26 

 

 

 

Scheme 2.1. a) Schematic demonstration of the solid phase supported enzymatic synthesis of 

tetrasaccharide linkage region bearing glycopeptides 6-10. The serine glycosylation sites are 

indicated in red; b) Sepharose supported enzymatic synthesis of glycopeptide 6 from peptide 1.  

 

In order to establish the cleavage conditions, we first treated the peptide 1 loaded Sepharose 

with boric acid in combination with concentrated ammonia32. This yielded some of the desired 
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peptide product along with squarate-modified peptide as indicated by LCMS analysis (data not 

shown). However, this method also generated a notable amount of ammonium borate salt, 

adversely affecting subsequent high performance liquid chromatography (HPLC) purification. The 

second approach investigated utilized 5% aqueous hydrazine30. Interestingly, while it cleaved the 

peptide from Sepharose, it also led to an undesired side product with the N-terminal amino acid 

residue removed. Reducing the concentration of hydrazine to 1% completely mitigated this side 

reaction. 

With the solid phase immobilization and cleavage conditions established, we moved on to 

express the requisite enzymes to form the glycosyl bonds in the linkage region, which included the 

xylosyl transferase-1 (XT-1) 35, 36, β-1,4-galactosyl transferase 7 (β4GALT7) 37-39, β-1,4-galactosyl 

transferase 6 (β3GALT6) 40, and β-1,3-glucuronic acid transferase 3 (β3GAT3) 41. We found that 

β4GALT7 and β3GAT3 could be expressed well in E. coli with the yields of 16.7 and 5 mg/L 

respectively, while XT-1, FAM20B and β3GALT6 should be expressed in the HEK293F cells with 

the desired enzymes isolated from the supernatant in 10, 2.3 and 16.7 mg/L respectively. 

Solid-phase enzymatic syntheses have traditionally been performed using a glycosylated 

peptide as the substrate to initiate enzymatic reactions23, 25, 26, 29. This strategy commences from 

chemical synthesis of the glycosylated amino acid cassette followed by its incorporation into the 

glycopeptide chain, which requires the usage of an excess of the valuable glycosyl amino acid 

building blocks. As an alternative, we opted to explore direct glycosylation of the peptide on solid 

phase. The Sepharose resin loaded with peptide 1 was treated with uridine diphosphate (UDP)-Xyl 

and XT-1 (MW: 87 kDa) in a reaction buffer comprising 25 mM 2-(N-morpholino)ethanesulfonic 

acid (MES), 25 mM KCl, 5 mM KF, 5 mM MgCl2, 5 mM MnCl2, at pH 6.5 over a 12-hour period 

with end-over-end rotation at 4oC, which was repeated once to ensure complete conversion 
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(Scheme 2.1 b). The crude product was subjected to cleavage using 1% hydrazine solution in water 

followed by analysis via LCMS, which showed the desired target glycopeptide 11 as the sole 

product. With the confirmation of the successful xylosylation, the xylosylated glycopeptide on 

Sepharose was incubated with UDP-Gal and β4GALT7 in 20 mM MES and 10 mM MnCl2, at pH 

6.2 at 4oC (Scheme 2.1 b).  Subsequent treatment of the Sepharose with 1% hydrazine gave 

glycopeptide 12 as the desired product suggesting the successful transfer of the Gal unit to xylosyl 

peptide 12. Next, we tested the transfer of a second Gal to the linkage region. Unfortunately, upon 

incubation of the Gal-Xyl glycopeptide 12 bearing Sepharose with UDP-Gal and β3GALT6, no 

desired trisaccharide Gal-Gal-Xyl glycopeptide 13 was obtained. This failure was not due to the 

solid phase support as incubation of free glycopeptide 12 with UDP-Gal and β3GALT6 in solution 

also failed to yield the desired trisaccharide glycopeptide 13.  

The enzyme Family With Sequence Similarity 20 Member B (FAM20B) is a kinase 

capable of phosphorylating the 2-OH of xylose in the tetrasaccharide linkage region42. It can act 

as a molecular switch regulating the functions of β3GALT643. To test whether the 2-O 

phosphorylation of the xylose can enhance the glycopeptide synthesis yield, disaccharide 

glycopeptide 12 on Sepharose was subjected to adenosine triphosphate (ATP) and FAM20B in 50 

mM N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) and 10 mM MnCl2 buffer 

at pH 7.4. This was followed by the treatment with UDP-Gal and β3GALT6 (Scheme 2.1 b). 

Gratifyingly, cleavage of the glycopeptide from the Sepharose following this sequence of reactions 

showed the successful formation of the phosphorylated Gal-Gal-Xyl bearing glycopeptide 15. This 

suggests FAM20B can phosphorylate the glycopeptide attached on solid phase and the 2-O 

phosphorylation significantly enhanced the yield for the Gal transfer by β3GALT6. The 
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β3GALT644 expressed is a truncated form of the protein comprising amino acids 35 to 329. This 

is the first demonstration that such a construct is enzymatically active. 

To regenerate the non-phosphorylated glycan, we expressed 2-phosphoxylose phosphatase 

(XYLP) 45, which dephosphorylated glycopeptide 15 to glycopeptide 13. As XYLP was expressed 

in HEK293F cells, we explored the potential replacement of XYLP with the commercially 

available alkaline phosphatase (AP) to reduce the costs associated with mammalian cell expression. 

Interestingly, AP could also efficiently dephosphorylate glycopeptide 15 on Sepharose. 

Subsequently, trisaccharide glycopeptide 13 was extended on Sepharose with β3GAT3 with UDP-

GlcA as the donor in 50 mM MES, 2 mM MnCl2, at pH 6.5 producing glycopeptide 6 bearing the 

full tetrasaccharide linkage region. The overall yield from peptide 1 to glycopeptide 6 was 9.6%, 

which is an average of 77% yield per synthetic step. NMR and MS data of 9 were fully consistent 

with its structure.  

With the successful enzymatic synthesis of glycopeptide 6 on solid phase, we tested the 

generality of the approach with several other representative peptide substrates 2-5 (Scheme 2.1 a), 

which contain a variety of amino acid residues including acidic, basic, aromatic, and aliphatic 

amino acids flanking the glycosylation sites. These peptide sequences were derived from common 

proteoglycans in nature, which include syndecan 3 (peptides 2 and 3), syndecan 4 (peptide 4) and 

bikunin (peptides 1 and 5). Peptides 2 and 3 have two glycosylation sites each, while peptide 4 has 

three glycosylation sites. Gratifyingly, following the same reaction protocol on Sepharose for the 

synthesis of glycopeptide 6, peptides 2-5 were successfully converted to glycopeptides 7-10, each 

bearing the full tetrasaccharide linkage regions in 5.4%, 10.5%, 19.5%, and 9.5% yields 

respectively demonstrating the robustness of the synthetic protocol. For each glycopeptide 

synthesis, it took nine steps from the peptide backbone. In comparison, chemical synthesis of a 
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tetrasaccharide linkage region bearing peptide took 39 total synthetic steps and 1.1% yield for the 

longest linear steps (27 steps) from the peptide and commercially available carbohydrate building 

blocks14.  

2.2.2 Synthesis of CS-bearing glycopeptides 

 Bikunin, also known as inter-α-trypsin inhibitor or trypstatin, is a naturally existing CSPG46. 

Initially discovered in urine and human plasma, it is implicated in various biological activities for 

anti-inflammation and cancer47-50, and has been utilized to treat acute inflammatory disorders 

including sepsis51, 52. With the tetrasaccharide linkage region bearing glycopeptide 10 in hand, we 

proceed to synthesize homogenous bikunin glycopeptide.  

In nature, the synthesis of CSPG is directed by the immediate sugar residue added to the 

linkage region, with the transfer of an N-acetyl galactosamine (GalNAc) residue to the 

tetrasaccharide linkage region by the GalNAc transferase-1 (GalNAcT-I)53 initiating CS synthesis. 

The glycan chain is further extended by the GlcA transferase54 and the GalNAc transferase55 

forming the CS backbone. Subsequetly, various sulfo-transferases will selectively install O-

sulfates onto the CS backbone forming CSPG. KfoC is a bacterial enzyme involved in the synthesis 

of the capsular chondroitin backbone of Escherichia coli K4, which is bifunctional capable of 

transferring both GlcA and GalNAc to a chondroitin chain.56 Rather than expressing GalNAcT-I, 

we tested KfoC’s ability to direct the synthesis of CS glycopeptide. As illustrated in Scheme 2.2 

a, glycopeptide 10 was first treated with UDP-GalNAc and KfoC in 50 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) and 15 mM MnCl2 buffer at pH 7.2, followed by solid 

phase extraction through C18 silica gel. The resulting fractions containing the desired product were 

lyophilized and then subjected to treatment with UDP-GlcA and KfoC. This process was repeated 

two more times with the alternating usage of UDP-GalNAc and UDP-GlcA, producing 
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octasaccharide chondroitin glycopeptide 16 in 65% yield from tetrasaccharide glycopeptide 10. 

This suggests that KfoC can be useful to not only extend the chondroitin backbone, but also initiate 

the formation of chondrotin backone from the linkage region to enable CS glycoeptide synthesis.  

 

 

 

Scheme 2.2. Enzymatic syntheiss of a) CS octasaccharide glycopeptide 19; b) CS decasaccharide 

glycopeptide 20; c) CS dodecasaccharide glycopeptide 21. 
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With the octasaccharide glycopeptide 16 in hand, its glycan chain was further extended by 

alternating UDP-GalNAc and UDP-GlcA in the presence of KfoC, generating chondroitin 

glycopeptides 17 and 18 bearing decasaccharide and dodecasaccharide chain in 79% and 75% 

yields respectively (Schemes 2.2 b and 2.2c). To synthesize CS glycopeptides, glycopeptides 16, 

17 and 18 were subjected to 4-O sulfation using 3’-phosphoadenosine-5’-phosphosulfate (PAPS) 

and CS 4-O sulfotransferase (CS4OST)57 (Scheme 2.2). The corresponding O-sulfated 

glycopeptidess 19, 20 and 21 were isolated using C18 reverse phase HPLC in 55%, 54%, and 52% 

yields respectively. The dodecasaccharide glycopeptide 21 bears three O-sulfates, which is the 

longest GAG-bearing glycopeptide synthesized to date.  

    To test the possibility of synthesizing the CS chain on solid phase support, we incubated the 

glycopeptide 10 attached Sepharose with KfoC and alternating UDP-GalNAc, UDP-GlcA, UDP-

GalNAc, and UDP-GlcA followed by cleaveage from the solid phase with 1% hydrazine (Scheme 

2.3). The glycopeptide 16 was obtained in 54% overall yield from 10 in 4 days. The sulfation 

reactions could be performed on solid phase as well. Treatment of Sepharose bearing 16 with 

PAPS and CS4OST followed by 1% hydrazine cleavage led to the CS octasaccharide glycopeptide 

19 from 10 in 30% overall yield from glycopeptid 10. While the overall yield of the solid phase 

supported synthesis of 19 was similar to that from solution based synthesis (Scheme 2.2), solid 

phase synthesis cut down the amount of time needed for synthesis by about 50% as it reduced the 

need for the time consuming intermediate purification and lyophilization for water removal and 

sample concentration.  
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Scheme 2.3. Solid phase supported synthesis of CS glycopeptide 19.  

 

    Previously, a CS octasaccharide bearing glycopeptide was synthesized via chemical synthesis 

using a convergent strategy.22 From commerically available carbohydrate building blocks, it took 

more than 80 synthetic steps in total to complete with an overall yield of 0.73% for the longest 

linear synthetic sequence of 26 steps. In comparison, the enzymatic syntheis of CS glycopeptide 

19 took a total of 14 synthetic steps from peptide 5 in 3.4% overall yield. 

2.2.3 Determination of the location of sulfations in CS glycopeptides by mass spectrometry 

(MS) (Collaboration with Dr. Jon Amster)  

As there are multiple GalNAc residues thus potential sulfation sites within glycopeptide 

19-21, a MS based methodology was applied to determine the position(s) of GalNAc sulfated. The 

glycopeptides were digested with actinase E, and the resulting serine glycans were fragmented and 

sequenced using capillary zone electrophoresis Fourier transform ion cyclotron resonance (CZE-

FT-ICR) MS. For example, for dodecasaccharide glycopeptide 21, fragment Y7 reveals that the 

initial two sulfates are situated on GalNAc 5 and GalNAc 7 (Figure 2.1). The fragments B2 and 

B7 suggest that the GalNAc closest to the non-reducing end (GalNAc 11) was not sulfated, and 
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GalNAc 9 was sulfated. This cumulative evidence demonstrates a preference for sulfation on 

GalNAc residues toward the reducing end. The locations of sulfates on glycopeptides 19 and 20 

were determined analogously (Figure 2.4). 

 

Figure 2.1. CZE-FT-ICR MS fragmentation pattern of glycopeptide 21. The dashed lines on the 

structure indicate fragments with no sulfate loss observed. Black filled circles on the sequence 

indicate both fragment ions with sulfate loss and without sulfate loss were observed. The empty 

circle indicates a fragment ion with sulfate loss was observed. 

2.2.4 Determination of  the dissociation constant of CS-bearing glycopeptide with Cathepsin 

G by Bio-layer interferometry (BLI) 

With structurally defined glycopeptides in hand, we aim to better understand the structural 

features needed for bikunin glycopeptide binding. Cathepsin G (CatG), a neutrophil serine protease, 

plays a crucial role in regulating various physiological processes, including inflammation, 

digestion, smooth muscle contraction, and tissue remodeling.58 While CatG has been reported to 

interact with CSPG, the structural requirement of CSPG binding has not been established.59 To 

measure the binding affinity towards CatG, peptides 5 and glycopeptides 10, 18-21, as well as 
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biotinylated 50 kDa CS and CS-A were biotinylated and immobilized on streptavidin coated 

sensors for biolayer interferometry (BLI) studies. As shown in Table 2.1, biotinylated peptide 5, 

the tetrasaccharide linkage region bearing glycopeptide 10, and the non-sulfated chondroitin 

dodecasaccharide glycopeptide 18 exhibited similar dissociation constants (KD) of 400, 650, and 

490 nM, respectively. Interestingly, sulfated 8-mer CS-bearing glycopeptide 19, sulfated 10-mer 

CS-bearing glycopeptide 20, and sulfated 12-mer CS-bearing glycopeptide 21 showed 10-fold 

lower KD values at 49, 74, and 56 nM, indicating that sulfation on the glycopeptide could 

significantly enhance binding. The KD values of commercially available CS and CS-A polymers 

with CatG were 180 and 220 nM, respectively. Collectively, these results demonstrate that both 

the sulfated glycan and the peptide backbone can participate in interaction with CatG. 

 

Compoun KD (nM) with Cathepsin G 

5 400 ± 40  

10 650 ± 80  

18 490 ± 18  

19 49 ± 5  

20 74 ± 7  

21 56 ± 8  

50 kDa CS 180 ± 10  

50 kDa CS-A 220 ± 20  

 

Table 2.1. BLI experiments determined dissociation constants of biotinylated compounds 5, 10, 

18-21, 50 kDa CS and 50 kDa CS-A. 
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2.2.5 Modeling of bikunin glycopeptide binding with cathepsin G (collaboration with Dr. 

Angela Wilson) 

To better understand how sulfates can enhance the binding with CatG, molecular modeling 

was performed. We prepared the structures of peptide 5, non-sulfated dodecasaccharide 

glycopeptide 18 and three sulfated glycopeptides 19-21 and CatG (PDB: 1T32) using Molecular 

Operating Environment (MOE). CatG has a highly charged surface with multiple arginine residues 

(Figure 2a). All three sulfates of glycopeptide 21 were observed to interact with residues from 

CatG. The O-sulfate on GalNAc 5 residue interacts withR147 and R188 through hydrogen bonding, 

similarly, the O-sulfates on GalNAc 7 and 9 residues also from hydrogen bonds with the R148 

residue (Figure 2.3).  In the case of octasaccharide CSPG 19, its O-sulfate forms hydrogen bonds 

with R185 and R186 (Figure 2.6 b). For the decasaccharide CSPG 20, and its O-sulfate on GalNAc 

7 forms hydrogen bonds with R239 (Figure 2.7 c). For the unsulfated glycopeptide 18, the surface 

arginine residues of CatG do not directly form hydrogen bonding with the glycopeptide. 
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Figure 2.2.  The surface and the binding surface of CatG protein. (a) Overall surface of CatG is 

shown in electrostatic representation with predominant positive charged residues. Blue color 

represents the positive charge and red color indicates the negative charge. (b) The catalytic residues, 

His57, Asp102, Ser195, of CatG are shown. (c) The selected region surface of CatG protein for 

glycopeptide binding. CatG protein has the same orientation in all figures. The numbering of the 

residues follows the 1T32 PDB numbering.  
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Figure 2.3. (a) The highest scoring pose of 21 with CatG. (b) The direct hydrogen bond 

interactions of sulfate on GalNAc 5. (c) The direct hydrogen bond interactions of sulfates on 

GalNAc 7 & 9. The numbering of the residues follows the 1T32 PDB numbering. 

 

2.3 Outlook  

    Chemoenzymatic synthesis of CSPG glycopeptides has been successfully developed for 

the first time. This approach comprises several key elements. The commercially available 

Sepharose beads were utilized for multi-step enzymatic reactions and proved robust under the 

enzymatic reaction toward CSPG and hydrazine mediated cleavage conditions. The diethyl 

squarate selected was as a traceless linker, which is compatible with the CS glycopeptide, yielding 

the native glycopeptide as the final product after cleavage from Sepharose. The GAG-initiating 

transferase XT-1 transferred the first saccharide, xylose, to the peptide substrate, obviating the 

need to synthesize the glycosylated amino acid module for glycopeptide formation. To the best of 
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our knowledge, this represents the first example of direct glycosylation of peptides on solid phase 

rather than using a glycopeptide as an enzymatic substrate to initiate the synthesis. All requisite 

enzymes have been obtained and the necessary reaction sequence has been identified enabling the 

synthesis of PGs. With this approach, we have successfully synthesized five distinct 

tetrasaccharide linkage region-bearing glycopeptides, varying in peptide length, number of 

glycosylation sites, and polarity of amino acid residues flanking the glycosylation sites. 

Furthermore, this method is efficacious in producing CS-bearing glycopeptides including the 

longest GAG-bearing glycopeptide synthesized to date. Compared to chemical synthesis, this new 

chemoenzymatic strategy reduced the total number of synthetic steps required by more than 80%.  

The availability of the various well-defined synthetic bikunin glycopeptides enabled the 

binding study with CatG. The presence of sulfate on the glycopeptide significantly enhances its 

affinity towards CatG, implying that CatG may potentially interact with bikunin in vivo. Docking 

studies provide further insights into the interactions between sulfates and residues on CatG, 

thereby shedding light on the mechanism by which bikunin may engage with its respective protein 

partner. Therefore, the efficient chemoenzymatic strategy developed opens new avenues to 

synthesize and investigate the biological functions of PGs. 

2.4 Experimental Section 

2.4.1 Materials 

 Plasmids for XT-1 and B4GALT7 were previously documented,36, 39 while FAM20B and 

B3GALT6 plasmids were graciously provided by Dr. Jack Dixon and Dr. Kelley Moremen. The 

XYLP and B3GAT3 plasmids were constructed following established literature methods.45, 60 

Enzymes and substrates, including KfoC, CS4OST, UDP-GalNAc, and PAPS, were generously 

gifted by Dr. Jian Liu. The Expi 293 Expression system, along with Coomassie Brilliant Blue G-
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250, DTT, and EAH Sepharose, were purchased from Thermo Fischer Scientific (Waltham, MA). 

Nickel columns and Nickel resins, SDS-PAGE gels, 10x Tris/Glycine/SDS electrophoresis buffer, 

prestained protein ladder, sample loading buffer, and Coomassie Blue R-250 were obtained from 

Bio-rad (Hercules, California). Shrimp alkaline phosphatase (rSAP) was acquired from NEB 

(Ipswich, MA). Diethyl squarate, UDP-galactose, UDP-glucuronic acid, and ATP were sourced 

from Sigma Aldrich (St. Louis, MO). UDP-xylose was purchased from the Complex Carbohydrate 

Research Center (Athens, Georgia). The peptides were synthesized by Synpeptide (China), and 

syringes with frit were procured from Torviq (Tucson, AZ). The 50 kDa CS and 50 kDa CS-A 

were purchased from HAworks (Bedminster, NJ). Cathepsin G, Human Neutrophil was purchased 

from Athens Research & Technology, Inc. (Athens, Georgia). All other chemicals were purchased 

from commercial sources and used without additional purifications unless otherwise noted. 

2.4.2 General Information 

High-performance liquid chromatography was carried out with two systems: LC-8A 

Solvent Pumps, DGU-14A Degasser, SPD-10A UV-Vis Detector, SCL-10A System Controller 

(Shimadzu Corporation, JP); G7111B 1260 quat pump, G7129A 1260 vial sampler, G7114A 1260 

VWD, G1364F 1260 FC-AS, G1328C 1260 Man. Inj. (Agilent Technologies, CA) and Vydac 

218TP 10 μm C18 Preparative HPLC column (HICHROM Limited, VWR, UK) or 20RBAX 

300SB-C18 Analytical HPLC column (Agilent Technologies, CA) using HPLC-grade acetonitrile 

(EMD Millipore Corporation, MA) and Milli-Q water (EMD Millipore Corporation, MA). A 

variety of eluting gradients were set up on LabSolutions software (Shimadzu Corporation, JP) and 

Agilent Open lab control panel (Agilent Technologies, CA). The dual wavelength UV detector 

was set at 220 nm and 254 nm for monitoring the absorbance from the amide and aromatic region. 



41 

 

NMR data were obtained with Bruker 600 and 800 MHz NMR (Bruker, MA) at ambient 

temperature.  

2.4.3 General procedure of peptide conjugation to EAH Sepharose  

    A solution of 10 mg of peptide in carbonate buffer (25 μL, 0.1 M, pH 8) was added to a 

1.5 mL Eppendorf. Diethyl squarate (3 equiv.) was diluted with MeOH (25 μL) and then added to 

the peptide mixture. The pH value of the mixture was adjusted to 8 and incubated for 6h at RT 

until no starting material was observed by LCMS. Upon completion, mixtures were lyophilized, 

the resulting white solid dissolved in carbonate buffer (1 mL, 0.1 M, pH 8). EAH Sepharose (9 

μmol amine per mL of drained Sepharose, 2 equiv. of peptide) was washed with water (20 mL) 

twice, carbonate buffer (20 mL, 0.1 M, pH 8) once and transferred to a syringe (10 mL) with frit. 

The peptide carbonate mixture was added to the syringe and agitated with end-to-end rotation for 

1 day at room temperature (RT) until no squarate conjugated peptide was observed by LCMS in 

the supernatant.  

2.4.4 β3GAT3 expression, purification and characterization 

β3GAT3-expressing BL21 competent cells were cultured onto a kanamycin containing 

petri dish, which was incubated at 37 °C overnight. One colony of BL21 cells was picked and 

inoculated into 10 mL Luria-Bertani (LB) starter culture containing kanamycin (50 µg/ml). The 

cell culture was incubated at 37 °C overnight. The starter culture was then transferred into 

autoclaved 1L LB medium (with 30 mg/L kanamycin) and incubated at 37 °C with shaking at 250 

rpm. When the OD600 reached 1.0. IPTG (1 mM) was added to induce protein expression at 23 °C 

for 16 hours. Cells were centrifuged at 4 °C, 10,000 g for 10 min. Cell pellet was lysed using 1X 

Cellytic in buffer (10 mL), 50 U/mL benzonase, 0.2 mg/mL lysozyme and 1 tablet of cOmplete™ 

Protease Inhibitor Cocktail EDTA-free for 20 min at ambient temperature. Clarified lysate was 
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purified by a nickel column (a. washing buffer: 20 mM phosphate, 0.5 M NaCl and 40 mM 

imidazole; b. eluting buffer: 20 mM phosphate, 0.5 M NaCl and 40-250 mM imidazole). Protein 

purity was confirmed with SDSPAGE gel electrophoresis and the concentration and expression 

yield were determined by the standard Bradford assay. 

2.4.5 FAM20B, B3GALT6 and XYLP expression, purification and characterization 

Expi293F cells were grown in FreeStyleTM 293 Expression Medium on a platform shaker 

in humidified 37 °C CO2 (8%) incubator with rotation at 150 rpm. When the cell density reached 

between 4 x 105and 3 x 106 cells/ml, cells were split to a density of 1.5 x 106 cells/ml and cultured 

1 day with fresh medium. Desired plasmid (1 µg plasmid per ml medium) was diluted with Opti-

MEM I Reduced-Serum Medium then mixed with ExpiFectamine™ 293 following the 

manufacturing protocol. This mixture was incubated for 15 min at RT then dropwise into the cells. 

At this point, cell density should be around 3 x 106 cells/ml. The flask was returned to the shaker 

platform in the incubator. After 1 day, transfection enhancer was added. Six days after the 

transfection, medium was harvested. Clarified medium was purified by nickel column (a. washing 

buffer: 20 mM Tris, 0.5 M NaCl and 40 mM imidazole; b. eluting buffer: 20 mM Tris, 0.5 M NaCl 

and 250 mM imidazole). Protein purity was confirmed with SDS-PAGE gel electrophoresis and 

the concentration and expression yield were determined by standard Bradford assay. 

2.4.6 General procedure of enzymatic glycosylation on peptide-conjugated Sepharose 

Step 1: 

Peptide conjugated Sepharose (1 mL, 50% loading) was drained and then resuspended in 

4 mL of XT-1 reaction buffer. This buffer contained the following components: 25 mM MES, 25 

mM KCl, 5 mM KF, 5 mM MgCl2, 5 mM MnCl2, pH 6.5. To this resuspended mixture, 100 μg of 

XT-1 and UDP-xylose (2 equiv. relative to the number of reactive sites) were added. The resulting 
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reaction mixture was agitated with end-to-end rotation at 4 oC for a duration of 12 h. It is important 

to perform the reaction at 4 oC as higher reaction temperature tends to lead to precipitation of the 

enzyme during the agitated reaction. Subsequently, the mixture was filtered, followed by two 

washes with a total volume of 20 mL of water each time. This entire process was then repeated 

one time. 

Step 2: 

 The drained xylosylated peptide conjugated Sepharose from step 1 was resuspended in 4 

mL of a B4GALT7 reaction buffer. This buffer consisted of 20 mM MES and 10 mM MnCl2, pH 

6.2. To this resuspended mixture, 250 μg of B4GALT7 and UDP-Gal (2 equiv. per SG sites) were 

added. The resulting reaction mixture was agitated with end-to-end rotation at 4 oC for 12 h. 

Subsequently, the mixture was subjected to filtration, followed by two washes with a total volume 

of 20 mL of water each time. This entire process was then repeated. 

Step 3: 

Drained disaccharide glycopeptide conjugated Sepharose from step 2 (1 mL, 50% loading) 

was resuspended in 4 mL of a FAM20B reaction buffer. This buffer solution consisted of 50 mM 

HEPES and 10 mM MnCl2, pH 7.4. To this resuspended mixture, 200 μg of FAM20B and ATP (3 

equiv. per SG sites) were added. The resulting reaction mixture was subjected to end-to-end 

rotation at 4 oC for a duration of 12 h. Subsequently, the mixture was filtered, followed by two 

washes with a total volume of 20 mL of water each time. This entire process was then repeated. 

Step 4:  

Drained phosphorylated disaccharide glycopeptide conjugated Sepharose (1 mL, 50% 

loading) from step 3 was resuspended using 4 mL of a B3GALT6 reaction buffer. This buffer 

solution consisted of 50 mM MES, 10 mM MnCl2, 100 mM NaCl, pH 6.0. To this resuspended 
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mixture, 200 μg B3GALT6, UDP-Gal (0.6 equiv. per SG sites) were added. The resulting reaction 

mixture was mixed with end-to-end rotation at 4 oC for a duration of 12 h. Subsequently, the 

mixture was filtered, followed by two washes with a total volume of 20 mL of water each time. 

This entire process was then repeated. 

Step 5:  

Drained phosphorylated trisaccharide glycopeptide conjugated Sepharose (1 mL, 50% 

loading) from step 4, was resuspended in 4 mL of a XYLP reaction buffer. This buffer solution 

consisted of 50 mM Tris-HCl, pH 5.8. To this reaction mixture, 200 μg XYLP was added. The 

resulting reaction mixture was subjected to end-to-end rotation at 4 oC for a duration of 12 h. 

Subsequently, the mixture was filtered, followed by two washes with a total volume of 20 mL of 

water each time. This entire process was then repeated. 

Step 6: 

Drained trisaccharide glycopeptide conjugated Sepharose (1 mL, 50% loading) from step 

5, was resuspended in 4 mL of a B3GAT3 reaction buffer. This buffer solution consisted of 50 

mM MES, 2 mM MnCl2, pH 6.5. To this mixture, 500 μg B3GAT3, UDP-GlcA (2 equiv. per SG 

site) were added. The resulting reaction mixture was subjected to end-to-end rotation at 4 oC for 

12 h. Subsequently, the mixture was filtered, followed by two washes with a total volume of 20 

mL of water each time. This entire process was then repeated. 

Step 7:  

Drained tetrasaccharide glycopeptide conjugated Sepharose (1 mL, 50% loading) from step 

6, was resuspended in 4 mL of a KfoC reaction buffer. This buffer solution consisted of 50 mM 

MOPS, 15 mM MnCl2, pH 7.2. To this resuspended mixture, 100 μg KfoC and UDP-GalNAc 

(12.5 mM). The resulting reaction mixture was subjected to end-to-end rotation at 4 oC for 12 h. 
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Subsequently, the mixture was filtered, followed by two washes with a total volume of 20 mL of 

water each time. This entire process was then repeated. 

Step 8: 

Drained pentasaccharide glycopeptide conjugated Sepharose (1 mL, 50% loading) from 

step 7, was resuspended in 4 mL of a KfoC reaction buffer. This buffer solution consisted of 50 

mM MOPS, 15 mM MnCl2, pH 7.2. To this resuspended mixture, 100 μg KfoC and UDP-GlcA (2 

equiv. per SG sites). The resulting reaction mixture was subjected to end-to-end rotation at 4 oC 

for a duration of 12 h. Subsequently, the mixture was subjected to filtration, followed by two 

washes with a total volume of 20 mL of water each time. This entire process was then repeated. 

Step 9:  

  Drained CS backbone-bearing glycopeptide conjugated Sepharose (1 mL, 50% loading) 

from step 8 was resuspended in 4 mL of a CS4OST reaction buffer. This buffer solution consisted 

of 50mM MOPS, 10mM CaCl2, fresh 2 mM DDT, pH 6.5. To this resuspended mixture, 400 μg 

CS4OST and PAPS (2 equiv. per SG sites). The resulting reaction mixture was subjected to end-

to-end rotation at 4 oC for 12 h. Subsequently, the mixture was filtered, followed by two washes 

with a total volume of 20 mL of water each time. This entire process was then repeated. 

2.4.7 General procedure of glycopeptide biotinylation 

 To a solution of peptide or glycopeptide in DMSO/H2O (1/1, 0.1 ml) was added NHS-LC-

Biotin (4 equiv.) and DIPEA (pH ~ 8.5). The reaction was incubated at 37 oC for 2 h. Then the 

mixture was dried in vacuo and purified by HPLC.  

2.4.8 CZE-FT-ICR MS Analysis 

 Capillary zone electrophoresis (CZE) was performed using a CMP ECE-001 CZE system 

(CMP scientific, Brooklyn, NY). The CZE was interfaced to the mass spectrometer with an 
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electrokinetically pumped sheath flow CE-MS interface (EMASS-II interface, CMP Scientific). 

Mass spectra were collected in negative mode on Bruker 9.4 T SolariX FT-ICR mass spectrometer 

(Bruker Daltonics, Bremen, Germany). Mass spectra were collected between m/z 150 – 3000 with 

1M data points and a 0.5592 s transient. Ion accumulation time was set to 0.3 s and the time of 

flight (TOF) was set to 0.8 ms. The flow rate of the drying gas was set to 2 L/min at 180 C. The 

inlet capillary voltage of the FT-ICR was set to 0 V. 

CZE separations were performed using fused silica capillaries (60 cm x 360 µm OD x 50 

µm ID) functionalized with dichlorodimethylsilane (DMS) neutral coated capillary. DMS 

functionalization and HF etching procedures have been reported previously61. A 130 cm long 

functionalized capillary was segmented into two equal length pieces to ensure the uniformity of 

the internal derivatization. The final 10 mm of the outlet end of each capillary was etched with 

hydrofluoric acid to a conical shape with an outer diameter at the terminus of < 100 µm to reduce 

the mixing volume for analytes entering the sheath flow interface.  

Ammonium formate solution (25 mM) in 70% (v/v) methanol/water was used as a sheath 

liquid (SL) and a background electrolyte (BGE). The etched ends of both functionalized capillaries 

were positioned 0.5 mm from the tip of a borosilicate glass emitter orifice (0.75 mm ID, 5.0 cm 

length and 20 µm opening diameter of tip). The distance between the emitter opening and the inlet 

of MS was ca. 2.5 mm. The potential difference between the spray tip and the entrance to the mass 

spectrometer ESI inlet was -2.0 kV voltage. Each sample was injected into a CZE capillary using 

a pressure of 400 mbar for 10 s, resulting in circa 115 nL volume and 10.6% of the total capillary 

volume. The capillary was completely rinsed with fresh BGE after each run to remove residual 

carryover for the next run. In terms of the auto MS/MS mode (CID), a preferential and exclusion 

list was implemented for auto CID. MS1 scan was performed first followed by three MS/MS scans 
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under the external ion accumulation time of 0.5 s. The collision voltage was fixed between 13 and 

15 V for each mass spectrum.  

Mass spectra were analyzed using Compass Data Analysis v4.1 software (Bruker Scientific, 

Bremen, Germany), in-house software developed in MATLAB (The MathWorks, Natick, MA) as 

well as Glycoworkbench to annotate fragment ions.62  

2.4.9 General procedure for BLI binding assay 

The binding assay was performed on the Octet K2 System (Pall ForteBio). The biotinylated 

compounds were incubated with streptavidin (SA) sensors for 2 min. The sensor was then balanced 

in the assay buffer (PBS containing 0.005% P20) and dipped into Cathepsin G solution in assay 

buffer at 2000 nM, 1000 nM, 500 nM, 250 nM concentrations. After 5 min of association, the 

sensor was brought back to the previous assay buffer for a 5 min dissociation step. At the end of 

the assay, the sensor was regenerated in 2 M NaCl to remove the bound protein. Each measurement 

was repeated 3 times on the same sensor. The control assay was performed with another sensor 

loaded with a 2 mM biotin solution. 

2.4.10 Docking methods 

The protein structure of Cathepsin G (PDB ID: 1T32, Res.: 1.85 Å) was prepared using 

Molecular Operating Environment (MOE 2022.02) with structure preparation module. The 

pronation states of the titratable residues were determined using PropKa at pH 7. The 

glycopeptides were prepared on CharmmGUI, with ff14SB and GLYCAM forcefields for peptide 

and glycan, respectively. The glycopeptide structures were minimized in MOE and used for 

docking.  

MOE is used for the docking procedure, which involves two different approaches. First, all 

CatG surface was selected as a potential binding site for the glycopeptides, and rigid docking was 
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performed with GBVA/WSA scoring function, reporting 10 poses. This process was repeated three 

times, resulting in 30 accumulated poses for 579S glycopeptide (Figure S1). Region is determined 

by the Site Finder algorithm of MOE by only selecting predicted site with lowest hydrophobicity 

score (Figure 2(c)). For the highest scoring poses, the pose is minimized together with CatG 

protein and rescored.  

2.4.11 Product characterization  

 

 
    Peptide 1 (10 mg, 9.1 μmol) was conjugated to EAH Sepharose (2 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 6 of the general procedure of enzymatic 

glycosylation on peptide-conjugated Sepharose. Crude products were obtained after incubating 

glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h each. Basic solutions 

containing glycopeptides were dried in vacuo and purified by prep C-18 HPLC (0-10% 

acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 9 (1.5 

mg) in 9.4% yield. 1H NMR (800 MHz, D2O) δ 4.66 – 4.60 (m, 3H), 4.46 (d, J = 7.9 Hz, 1H), 4.40 

– 4.31 (m, 6H), 4.19 – 4.15 (m, 1H), 4.14 – 4.12 (m, 2H), 4.06 – 4.02 (m, 2H), 3.98 – 3.89 (m, 



49 

 

11H), 3.85 (d, J = 10.2 Hz, 2H), 3.80 – 3.60 (m, 11H), 3.55 (t, J = 9.0 Hz, 1H), 3.50 – 3.45 (m, 

2H), 3.39 – 3.32 (m, 2H), 3.26 (t, J = 8.6 Hz, 1H), 2.52 – 2.34 (m, 9H), 2.33 (t, J = 7.9 Hz, 1H), 

2.16 – 2.00 (m, 6H), 2.00 – 1.90 (m, 4H); 13C NMR (201 MHz, D2O) δ 182.23, 177.82, 177.22, 

177.07 176.76, 175.27, 174.73, 173.75, 173.72, 173.18, 173.10, 173.00, 172.04, 172.01, 171.98, 

171.59, 171.46, 171.33, 171.30, 169.25, 169.09, 103.88, 103.55, 102.79, 101.28, 82.29, 82.26, 

81.91, 76.27, 75.85, 75.14, 74.88, 74.70, 73.66, 72.98, 72.64, 71.57, 70.04, 69.73, 68.63, 68.36, 

67.97, 62.92, 60.99, 60.85, 56.67, 53.62, 53.14, 53.09, 53.03, 52.90, 52.16, 42.65, 42.42, 42.36, 

42.33, 30.96, 30.13, 30.05, 29.85, 26.51, 26.36, 26.26, 26.18, 26.15, 26.08, 25.96. HRMS (ESI) 

m/z: [M + 2H]2+ Calcd for Chemical Formula: C63H100N14O42 862.3051; Found 862.3098. 

 

 
    Peptide 2 (10 mg, 13 μmol) was conjugated to EAH Sepharose (2.9 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 6 of the general procedure of enzymatic 

glycosylation on peptide-conjugated Sepharose. Crude products were obtained after incubating 

glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h each. Basic solutions 

containing glycopeptides were dried in vacuo and purified by prep C-18 HPLC (0-30% 
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acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 6 (980 

μg) in 5.4% overall yield from peptide 1. 1H NMR (800 MHz, D2O) δ 7.28 – 7.15 (m, 5H), 4.63 – 

4.52 (m, 2H), 4.51 – 4.45 (m, 1H), 4.43 – 4.32 (m, 3H), 4.15 – 4.07 (m, 4H), 4.05 – 4.02 (m, 1H), 

4.01-3.97 (m, 1H), 3.93 – 3.83 (m, 2H), 3.87 – 3.76 (m, 3H), 3.75 – 3.49 (m, 15H), 3.44 – 3.40 (m, 

2H), 3.35 – 3.26 (m, 2H), 3.26 – 3.20 (m, 1H), 3.12 (dd, J = 13.8, 5.3 Hz, 1H), 2.92 (dd, J = 13.8, 

5.3 Hz, 1H), 2.52 (dd, J = 16.0, 8.7 Hz, 1H), 2.37 (dd, J = 16.0, 8.7 Hz, 1H), 2.24 – 2.19 (m, 1H), 

2.13 (t, J = 7.2 Hz, 2H), 2.00 – 1.86 (m, 4H), 1.82-1.75 (m, 1H); 13C NMR (201 MHz, D2O) δ 

180.56, 177.77, 177.12, 175.96, 174.56, 172.80, 172.00, 171.34, 170.62, 169.46, 167.49, 164.98, 

136.48, 129.28, 128.66, 127.05, 103.91, 103.57, 102.95, 101.33, 82.40, 81.97, 76.34, 76.18, 75.26, 

74.89, 74.75, 73.72, 73.10, 72.68, 71.73, 70.10, 69.78, 68.60, 68.41, 67.97, 62.94, 61.01, 60.92, 

54.75, 53.49, 51.37, 47.06, 42.44, 41.74, 40.35, 38.02, 36.87, 32.70, 29.38, 27.99, 24.43. HRMS 

(ESI) m/z: [M + H]+ Calcd for Chemical Formula: C55H81N8O34 1397.4847; Found 1397.4796. 

 

 
    Peptide 3 (10 mg, 7.8 μmol) was conjugated to EAH Sepharose (1.73 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 6 of the general procedures of enzymatic 
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glycosylation on peptide-conjugated Sepharose. Crude products were obtained after incubating 

glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h each. Basic solutions 

containing glycopeptides were dried in vacuo and purified by prep C-18 HPLC (0-30% 

acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 7 (2.63 

mg) in 10.5% overall yield. 

1H NMR (800 MHz, D2O) δ 7.30 – 7.27 (m, 2H), 7.25 – 7.22 (m, 1H), 7.18 – 7.16 (m, 2H), 7.09 

– 7.07 (m, 2H), 6.95 – 6.92 (m, 2H), 6.78 – 6.72 (m, 4H), 4.65 – 4.58 (m, 7H), 4.58 – 4.53 (m, 

3H), 4.51 (t, J = 8.1 Hz, 1H), 4.45 (d, J = 7.9 Hz, 1H), 4.41 (t, J = 7.7 Hz, 1H), 4.39 – 4.32 (m, 

3H), 4.32 – 4.28 (m, 2H), 4.27 – 4.24 (m, 1H), 4.22 – 4.17 (m, 2H), 4.16 – 4.07 (m, 8H), 4.05 – 

3.93 (m, 5H), 3.92 – 3.78 (m, 7H), 3.78 – 3.57 (m, 36H), 3.56 – 3.50 (m, 4H), 3.50 – 3.46 (m, 6H), 

3.39 – 3.35 (m, 3H), 3.34 – 3.21 (m, 6H), 3.07 (dd, J = 13.9, 6.4 Hz, 1H), 3.01 (dd, J = 14.0, 7.5 

Hz, 1H), 2.94 – 2.87 (m, 2H), 2.85 – 2.73 (m, 4H), 2.33 – 2.27 (m , 2H), 2.09 – 2.02 (m, 1H), 1.86 

(sext, J = 6.7 Hz, 1H), 1.48 – 1.40 (m, 2H), 1.40 – 1.34 (m, 1H), 0.83 (d, J = 6.1 Hz, 3H), 0.79 (d, 

J = 6.1 Hz, 3H); 13C NMR (201 MHz, D2O) δ 177.34, 175.62, 175.19, 174.87, 174.76, 173.79, 

173.15, 172.28, 171.97, 171.54, 171.11, 170.68, 170.57, 169.17, 154.51, 136.30, 130.59, 130.39, 

129.28, 128.61, 127.92, 127.04, 115.39, 103.89, 103.55, 102.90, 102.80, 101.44, 101.41, 101.25, 

82.30, 76.72, 76.27, 75.78, 75.27, 75.14, 74.91, 74.84, 74.75, 73.63, 73.14, 72.99, 72.66, 71.69, 

70.08, 69.76, 68.63, 68.15, 67.96, 62.87, 62.90, 60.85, 55.16, 54.59, 53.61, 53.48, 53.03, 52.70, 

50.21, 42.51, 39.62, 37.02, 36.22, 35.93, 30.12, 26.23, 24.13, 21.86, 20.92. HRMS (ESI) m/z: [M 

- 2H]2- Calcd for Chemical Formula: C126H182N12O82 1587.5228; Found 1587.5127. 
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    Peptide 4 (10 mg, 8.6 μmol) was conjugated to EAH Sepharose (1.92 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 6 of the general procedure of enzymatic 

glycosylation on peptide-conjugated Sepharose. Crude products were obtained after incubating the 

glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h each. Basic solutions 

containing glycopeptides were dried in vacuo and purified by prep C-18 HPLC (0-30% 

acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 8 (4 mg) 

in 19.5% yield. 1H NMR (800 MHz, D2O) δ 7.34 – 7.30 (m, 2H), 7.29 – 7.26 (m, 1H), 7.23 – 7.20 

(m, 2H), 4.68 – 4.56 (m, 9H), 4.37 (dd, J = 10.2, 8.0 Hz, 2H), 4.38 (t, J = 8.0 Hz, 2H), 4.34 – 4.31 

(m, 1H), 4.30 – 4.27 (m, 2H), 4.20 – 4.16 (m, 1H), 4.16 – 4.08 (m, 6H), 4.08 – 4.00 (m, 3H), 4.00 

– 3.94 (m, 2H), 3.93 – 3.87 (m, 4H), 3.81 – 3.59 (m, 23H), 3.55 (t, J = 8 Hz, 2H), 3.50 – 3.45 (m, 

4H), 3.39 – 3.31 (m, 4H), 3.28 (q, J = 8.5 Hz, 2H), 3.07 (dd, J = 13.9, 8.0 Hz, 1H), 3.01 (dd, J = 

13.9, 8.0 Hz, 1H), 2.91 – 2.72 (m, 6H), 2.36 – 2.31 (m, 2H), 2.02 – 1.96 (m, 1H), 1.87 – 1.82 (m, 

1H), 1.65 – 1.52 (m, 6H), 0.83 (d, J = 5.5 Hz, 3H), 0.90 – 0.86 (m, 6H), 0.81 (d, J = 5.5 Hz, 3H); 

13C NMR (201 MHz, D2O) δ 177.25, 175.03, 174.86, 174.52, 173.82, 172.59, 172.28, 172.21, 
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171.70, 171.45, 171.35, 170.95, 168.87, 135.95, 129.07, 128.73, 127.22, 103.88, 103.55, 102.92, 

102.88, 101.28, 82.28, 81.92, 76.26, 75.68, 75.12, 74.86, 74.69, 73.65, 73.02, 72.97, 72.61, 71.55, 

70.04, 69.72, 68.56, 68.37, 68.07, 67.98, 62.91, 60.97, 60.85, 55.23, 53.65, 53.48, 52.53, 52.43, 

52.34, 50.16, 49.97, 42.58, 42.51, 39.53, 39.38, 36.64, 36.18, 36.06, 35.52, 29.95, 26.35, 24.23, 

24.12, 22.20, 22.09, 20.88, 20.47. HRMS (ESI) m/z: [M + 2H]2+ Calcd for Chemical Formula: 

C94H145N11O62 1209.9257; Found 1209.9203. 

 

 

 

    Peptide 5 (10 mg, 3.86 μmol) was conjugated to EAH Sepharose (0.86 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 6 of the general procedure of 

enzymatic glycosylation on peptide-conjugated Sepharose. Crude products were obtained after 

incubating glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h each. Basic 

solutions containing glycopeptides were dried in vacuo and purified by prep C-18 HPLC (0-50% 

acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 10 

(1.2 mg) in 9.5% yield. 1H NMR (800 MHz, D2O) δ 4.73 – 4.70 (m, 1H), 4.66 (d, J = 7.9 Hz, 

1H), 4.63 – 4.58 (m, 3H), 4.46 (d, J = 7.9 Hz, 1H), 4.40 – 4.20 (m, 14H), 4.20 – 4.16 (m, 1H), 

4.16 – 4.00 (m , 9H), 4.00 – 3.86 (m, 10H), 3.86 – 3.59 (m, 14H), 3.55 (t, J = 9.2 Hz, 1H), 3.51 – 
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3.45 (m, 2H), 3.39 – 3.31 (m, 4H), 3.25 (t, J = 8.5 Hz, 1H), 2.96 – 2.87 (m, 5H), 2.79 (dd, J = 

16.9, 8.2 Hz, 1H), 2.49 – 2.37 (m, 10H), 2.37 – 2.24 (m, 5H), 2.12 – 1.90 (m, 15H), 1.89 – 1.82 

(m, 1H), 1.80 – 1.74 (m, 2H), 1.74 – 1.67 (m, 2H), 1.67 – 1.60 (m, 5H), 1.60 – 1.51 (m, 5H), 

1.46 (d, J = 7.1 Hz, 3H), 1.43 – 1.30 (m, 4H), 1.17 – 1.12 (m, 6H), 0.98 – 0.84 (m, 27H), 0.82 (d, 

J = 5.7 Hz, 3H); 13C NMR (201 MHz, D2O) δ 177.77, 177.70, 177.11, 177.02, 176.96, 176.93, 

176.89, 174.57, 174.44, 174.18, 173.72, 173.58, 173.44, 173.35, 173.10, 173.07, 172.98, 172.91, 

172.46, 172.02, 171.84, 171.52, 171.46, 171.30, 170.60, 103.89, 103.56, 102.78, 101.29, 82.24, 

81.91, 76.28, 75.39, 75.09, 74.88, 74.69, 73.67, 72.93, 72.65, 71.46, 70.05, 69.73, 68.61, 68.37, 

68.01, 66.88, 62.93, 61.34, 60.99, 60.84, 60.45, 59.74, 59.61, 59.33, 59.18, 58.97, 55.80, 53.67, 

53.53, 53.41, 53.30, 53.02, 53.00, 52.92, 52.86, 52.47, 50.28, 50.04, 48.72, 47.82, 42.47, 42.34, 

39.06, 38.84, 35.70, 30.96, 30.94, 30.30, 30.21, 29.98, 29.92, 29.25, 26.20, 26.14, 26.06, 26.00, 

24.66, 24.28, 24.24, 22.30, 21.95, 21.91, 20.80, 20.44, 18.78, 18.76, 18.32, 18.30, 18.28, 17.82, 

17.66, 16.57. HRMS (ESI) m/z: [M +3H]3+ Calcd for Chemical Formula: C131H216N29O64 

1073.8223; Found 1073.8217. 
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    Peptide 1 (10 mg, 9.1 μmol) was conjugated to EAH Sepharose (2 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 3 of the general procedure of enzymatic 

glycosylation on peptide-conjugated Sepharose. To monitor the reaction, crude products were 

obtained after incubating glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h 

each. Basic solutions containing glycopeptides were dried in vacuo and purified by prep C-18 

HPLC (0-10% acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid 

compound 13. 1H NMR (800 MHz, D2O) δ 4.62 (t, J = 4.8 Hz, 1H), 4.56 (d, J = 7.8 Hz, 1H), 4.47 

(d, J = 7.9 Hz, 1H), 4.40 – 4.32 (m, 4H), 4.18 (dd, J = 6.9, 5.2 Hz, 1H), 4.14 (d, J = 3.3 Hz, 1H), 

4.08 – 4.01 (m, 2H), 4.01 – 3.88 (m, 14H), 3.87 (d, J = 3.4 Hz, 1H), 3.80 – 3.65 (m, 7H), 3.65 – 

3.59 (m, 3H), 3.57 – 3.53 (m, 2H), 3.35 (t, J = 11.1 Hz, 1H), 3.26 (t, J =8.7 Hz, 1H), 2.54 – 2.36 

(m, 9H), 2.34 – 2.31 (m, 1H) 2.18 – 2.00 (m, 6H), 2.00 – 1.89 (m, 4H); 13C NMR (201 MHz, D2O) 

δ 182.22, 177.81, 176.94, 176.89, 176.88, 176.75, 174.95, 173.76, 173.65, 173.52, 173.14, 173.05, 

172.92, 172.01, 171.60, 171.55, 171.42, 169.09, 116.96, 115.51, 104.25, 102.79, 102.77, 101.28, 

81.98, 76.27, 74.98, 74.87, 73.66, 72.64, 72.39, 70.91, 69.72, 68.64, 68.46, 62.92, 60.99, 60.86, 

56.66, 53.61, 53.15, 53.04, 53.02, 52.97, 52.93, 52.81, 52.77, 52.14, 42.65, 42.42, 42.36, 42.33, 

42.29, 41.20, 41.14, 30.95, 29.89, 29.85, 29.75, 29.71, 29.15, 26.50, 26.37, 26.07, 26.06, 26.01, 

25.84, 25.82. HRMS (ESI) m/z: [M + H]+ Calcd for Chemical Formula: C57H91N14O36 1547.5712; 

Found 1547.5770. 
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    Peptide 1 (10 mg, 9.1 μmol) was conjugated to EAH Sepharose (2 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 3 of the general procedure of 

enzymatic glycosylation on peptide-conjugated Sepharose. To monitor the reaction, crude 

products were obtained after incubating glycosylated Sepharose with 1% hydrazine (10 mL) 

three times, 12 h each. Basic solutions containing glycopeptides were dried in vacuo and purified 

by prep C-18 HPLC (0-10% acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white 

amorphous solid compound 13. 1H NMR (800 MHz, D2O) δ 4.53 – 4.48 (m, 2H), 4.42 – 4.31 (m, 

5H), 4.27 (d, J = 9.8 Hz, 1H), 4.07 – 3.90 (m, 13H), 3.87 – 3.83 (m, 2H), 3.80 – 3.74 (m, 3H), 

3.70 – 3.66 (m, 3H), 3.66 – 3.63 (m, 1H), 3.61 – 3.58 (m, 1H), 3.46 (dd, J = 9.7, 7.9 Hz, 1H), 

3.36 (t, J = 10.8 Hz, 1H), 2.52 – 2.30 (m, 10H), 2.17 – 2.03 (m, 6H), 1.99 – 1.92 (m, 4H); 13C 

NMR (201 MHz, D2O) δ 177.83, 176.90, 176.76, 173.78, 173.45, 172.87, 172.81, 172.67, 

172.29, 172.12, 171.65, 171.58, 171.54, 169.08, 101.82, 101.58, 77.03, 75.71, 75.26, 73.13, 

72.49, 70.50, 68.95, 68.55, 62.75, 62.36, 61.05, 59.19, 56.67, 54.09, 53.15, 53.06, 52.85, 52.80, 

52.15, 42.93, 42.51, 42.38, 42.31, 42.26, 30.95, 29.84, 29.75, 26.49, 26.35, 26.24, 26.07, 26.00, 

25.87. HRMS (ESI) m/z: [M + H]+ Calcd for Chemical Formula: C51H82N14O34P 1465.4847; 

Found 1465.4823. 
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  Peptide 1 (10 mg, 9.1 μmol) was conjugated to EAH Sepharose (2 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 3 of the general procedure of enzymatic 

glycosylation on peptide-conjugated Sepharose. To monitor the reaction, crude products were 

obtained after incubating glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h 

each. Basic solutions containing glycopeptides were dried in vacuo and purified by prep C-18 

HPLC (0-10% acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid 

compound 15. 1H NMR (800 MHz, D2O) δ 4.56 (d, J = 7.8 Hz, 1H), 4.52 – 4.48 (m, 2H), 4.47 (d, 

J = 7.9 Hz, 1H), 4.42 – 4.31 (m, 4H), 4.29 – 4.26 (m, 1H), 4.14 (d, J = 3.3 Hz, 1H), 4.06 – 4.00 

(m, 4H), 3.99 – 3.90 (m, 9H), 3.88 – 3.82 (m, 2H), 3.81 – 3.74 (m, 4H), 3.74 – 3.65 (m, 6H), 3.65 

– 3.60 (m, 3H), 3.56 –3.53 (m, 1H), 3.37 (t, J = 11.4 Hz, 1H), 2.49 – 2.41 (m, 6H), 2.41 – 2.35 (m, 

2H), 2.35 – 2.31 (m, 2H), 2.16 – 2.04 (m, 6H), 2.00 – 1.92 (m, 4H); 13C NMR (201 MHz, D2O) δ 

182.25, 177.80, 176.90, 176.87, 176.86, 176.82, 176.76, 176.75, 173.78, 173.44, 173.19, 173.06, 

172.85, 172.79, 172.65, 172.12, 171.65, 169.09, 104.25, 101.83, 101.18, 81.95, 77.08, 77.05, 75.63, 
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74.97, 74.89, 73.08, 72.39, 70.91, 69.70, 68.97, 68.46, 68.35, 62.72, 60.99, 60.85, 59.19, 56.66, 

54.08, 53.16, 53.03, 52.97, 52.83, 52.81, 52.78, 52.15, 42.93, 42.51, 42.38, 42.29, 42.26, 41.00, 

40.98, 30.95, 29.84, 29.73, 29.68, 29.65, 26.48, 26.36, 26.21, 26.18, 26.02, 25.97, 25.85. HRMS 

(ESI) m/z: [M + 2H]2+ Calcd for Chemical Formula: C57H93N14O39P 814.2722; Found 814.2753. 

 

 

  4Peptide 4 (10 mg, 9.1 μmol) was conjugated to EAH Sepharose (2 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 8 from the general procedure of 

enzymatic glycosylation on peptide-conjugated Sepharose. Steps 7 and 8 were repeated twice to 

afford the octasaccharide bearing glycopeptide on Sepharose. Crude products were obtained after 

incubating glycosylated Sepharose with 1% hydrazine (10 mL) three times, 12 h each. Basic 

solutions containing glycopeptides were dried in vacuo and purified by prep C-18 HPLC (0-50% 

acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 16 (1.84 

mg) in 5.1% yield. 1H NMR (600 MHz, D2O) δ 4.77 – 4.74 (m, 1H), 4.70 – 4.65 (m, 3H), 4.59 – 
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4.49 (m, 6H), 4.46 – 4.37 (m, 8H), 4.37 – 4.26 (m, 6H), 4.24 – 4.07 (m, 12H), 4.04 – 3.92 (m, 

15H), 3.91 – 3.66 (m, 24H), 3.66 – 3.45 (m, 5H), 3.42 – 3.29 (m, 4H), 3.03 – 2.93 (m, 5H), 2.91 – 

2.84 (m, 1H), 2.56 – 2.43 (m, 10H), 2.43 – 2.30 (m, 5H), 2.19 – 1.96 (m, 25H), 1.96 – 1.88 (m, 

1H), 1.88 – 1.80 (m, 2H), 1.79 – 1.63 (m, 2H), 1.73 – 1.65 (m, 5H), 1.66 – 1.56 (m, 5H), 1.52 (d, 

J = 7.1 Hz, 3H), 1.48 – 1.36 (m, 4H), 1.21 (t, J = 6.6 Hz, 6H), 1.00 – 0.91 (m, 27H), 0.88 (d, J = 

5.8 Hz, 3H); 13C NMR (151 MHz, D2O) δ 177.83, 177.75, 176.91, 176.84, 176.80, 174.88, 174.62, 

174.26, 174.01, 173.77, 173.73, 173.64, 173.53, 173.42, 173.36, 173.16, 173.10, 172.98, 172.93, 

172.53, 172.14, 172.06, 171.94, 171.62, 171.51, 171.37, 170.66, 117.29, 115.35, 104.31, 104.18, 

103.93, 103.80, 102.86, 101.38, 101.23, 82.32, 81.98, 80.11, 80.05, 79.89, 79.81, 76.39, 75.05, 

74.93, 74.72, 74.68, 74.08, 73.76, 73.67, 72.72, 72.56, 72.45, 72.06, 71.33, 70.08, 69.80, 68.43, 

68.19, 67.60, 66.93, 63.01, 61.13, 61.05, 60.92, 60.88, 60.56, 59.85, 59.70, 59.40, 59.27, 59.04, 

55.21, 53.72, 53.62, 53.53, 53.41, 53.05, 52.93, 52.57, 51.05, 50.14, 50.11, 48.81, 47.88, 42.78, 

42.55, 42.43, 39.52, 39.14, 38.96, 35.46, 31.03, 30.33, 30.27, 29.98, 29.93, 29.90, 29.86, 29.81, 

29.30, 26.71, 26.54, 26.25, 26.20, 26.05, 24.72, 24.35, 24.31, 22.36, 22.01, 20.89, 20.53, 18.85, 

18.83, 18.39, 18.37, 18.34, 17.89, 17.88, 17.72, 16.64. HRMS (ESI) m/z: [M + 3H]3+ Calcd for 

Chemical Formula: C159H258N31O86 1326.5633; Found 1326.5579. 
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    Glycopeptide 10 (5 mg, 1.5 μmol) was dissolved in 1 mL of KfoC reaction buffer (25 mM 

MOPS, 15 mM MnCl2, pH 7.2) containing 100 μg KfoC, UDP-GalNAc (2.9 mg, 4.7 μmol). The 

reaction mixture was incubated for 3 h at 37 oC. Upon completion, 1 mL of MeOH was added and 

the mixture was centrifuged under 10,000 g for 10 min and dried in vacuo. The mixture was loaded 

to a Biotage® Sfar C18 column to perform a solid phase extraction. Fractions containing the 

desired product were lyophilized and redissolved in another 1 mL of KfoC reaction buffer 

containing 100 μg KfoC, UDP-GlcA (3 mg, 5.16 μmol). The reaction was again incubated for 3 h 

at 37 oC and was purified as aforementioned. These two reactions were repeated three times to 

obtain the desired decasaccharide glycopeptide. The final product was purified by prep C18 HPLC 

(0-50% acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid compound 

17 (4.5 mg) in 33% yield. 1H NMR (800 MHz, D2O) δ 4.73 – 4.66 (m, 4H), 4.57 – 4.48 (m, 7H), 

4.48 – 4.31 (m, 16H), 4.30 – 4.24 (m, 2H), 4.25 – 4.09 (m, 11H), 4.09 – 3.95 (m, 10H), 3.93 – 3.68 
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(m, 35H), 3.68 – 3.58 (m, 5H), 3.53 – 3.46 (m, 3H), 3.45 – 3.40 (m, 1H), 3.38 (t, J = 8.9 Hz, 1H), 

3.35 – 3.31 (m, 1H), 3.03 – 2.98 (m, 4H), 2.79 (dd, J = 16.4, 5.0 Hz, 1H), 2.68 (dd, J = 16.4, 4.9 

Hz, 1H), 2.44 – 2.27 (m, 15H), 2.18 – 1.94 (m, 29H), 1.90 – 1. 82 (m, 2H), 1.82 – 1.75 (m, 2H), 

1.75 – 1.68 (m, 5H), 1.69 – 1.59 (m, 5H), 1.55 (d, J = 7.1 Hz, 3H), 1.51 – 1.38 (m, 3H), 1.31 (br, 

1H), 1.23 (dd, J = 12.3, 6.4 Hz, 6H), 1.01 – 0.92 (m, 27H), 0.90 (d, J = 5.9 Hz, 3H). 13C NMR (201 

MHz, D2O) δ 175.15, 170.78, 104.47, 103.96, 101.08, 80.48, 79.88, 76.51, 76.32, 75.44, 75.12, 

73.85, 72.93, 72.83, 72.75, 72.69, 71.90, 70.08, 69.96, 68.54, 67.94, 67.83, 67.20, 67.17, 62.20, 

61.23, 61.07, 60.75, 59.62, 59.29, 58.97, 53.98, 53.82, 53.65, 52.53, 51.72, 51.08, 50.11, 48.98, 

42.70, 42.65, 42.54, 39.15, 33.35, 31.09, 30.61, 30.45, 30.13, 27.55, 27.39, 26.26, 24.81, 24.32, 

22.55, 22.07, 21.91, 20.94, 20.62, 18.85, 18.52, 18.04, 16.75. HRMS (ESI) m/z: [M - 3H]3- Calcd 

for Chemical Formula: C173H275N32O97 1450.9198; Found 1450.9186. 
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    Glycopeptide 10 (5 mg, 1.5 μmol) was dissolved in 1 mL of KfoC reaction buffer (25 mM 

MOPS, 15 mM MnCl2, pH 7.2) containing 100 μg KfoC, UDP-GalNAc (2.9 mg, 4.7 μmol). The 

reaction mixture was incubated for 3 h at 37 oC. Upon completion, 1 mL of MeOH was added and 

the mixture was centrifuged under 10,000 g for 10 min and dried in vacuo. The mixture was loaded 

to a Biotage® Sfar C18 column to perform a solid phase extraction. Fractions containing the 

desired product were lyophilized and redissolved in another 1 mL of KfoC reaction buffer 

containing 100 μg KfoC, UDP-GlcA (3 mg, 5.16 μmol). The reaction was again incubated for 3 h 

at 37 oC and was purified as aforementioned. These two reactions were repeated three times to 

obtain the desired dodecasaccharide glycopeptide. The final product was purified by prep C18 

HPLC (0-50% acetonitrile/water; 0.1% trifluoroacetic acid) to obtain a white amorphous solid 

compound 18 (2.7 mg) in 38% yield. 1H NMR (800 MHz, D2O) δ 4.73 – 4.65 (m, 6H), 4.58 – 4.47 

(m, 9H), 4.45 – 4.43 (m, 1H), 4.43 – 4.31 (m, 14H), 4.31 – 4.27 (m, 2H), 4.26 – 4.22 (m, 1H), 4.21 

– 4.08 (m, 14H), 4.05 – 3.93 (m, 14H), 3.89 – 3.65 (m, 41H), 3.65 – 3.56 (m, 3H), 3.51 – 3.44 (m, 

3H), 3.43 – 3.38 (m, 1H), 3.36 (t, J = 8.6 Hz, 3H), 3.33 – 3.29 (m, 2H), 3.03 – 2.98 (m, 4H), 2.81 

(dd, J = 16.3, 4.8 Hz, 1H), 2.70 (dd, J = 16.3, 4.8 Hz, 1H), 2.44 – 2.29 (m, 15H), 2.18 – 1.88 (m, 

31H), 1.87 – 1.80 (m, 3H), 1.80 – 1.73 (m, 2H), 1.73 – 1.67 (m, 5H), 1.66 – 1.55 (m, 5H), 1.52 (d, 

J = 7.1 Hz, 3H), 1.48 – 1.37 (m, 4H), 1.21 (dd, J = 11.0, 6.4 Hz, 6H), 1.00 – 0.91 (m, 27H), 0.88 

(d, J = 5.9 Hz, 3H). 13C NMR (201 MHz, D2O) δ 179.39, 178.70, 177.77, 177.66, 176.80, 175.73, 

174.97, 174.33, 173.58, 173.47, 173.25, 173.04, 172.45, 172.07, 170.75, 104.33, 104.15, 103.00, 

100.84, 80.38, 79.67, 76.51, 76.19, 75.39, 75.28, 74.95, 73.94, 73.69, 72.81, 72.71, 72.45, 71.79, 

70.07, 69.91, 68.46, 67.72, 66.99, 62.02, 61.06, 60.63, 59.76, 59.48, 59.27, 59.20, 59.11, 58.97, 

57.18, 53.86, 53.47, 52.50, 53.34, 51.33, 50.97, 50.08, 48.83, 47.99, 47.88, 42.81, 42.54, 39.56, 

39.14, 32.01, 31.06, 31.03, 30.37, 29.98, 29.32, 26.96, 26.76, 26.26, 26.19, 24.76, 24.37, 24.31, 



63 

 

22.47, 22.41, 22.03, 21.92, 21.89, 20.91, 20.53, 18.88, 18.81, 18.42, 18.40, 18.37, 17.86, 17.81, 

17.74, 16.65. HRMS (ESI) m/z: [M - 3H]3- Calcd for Chemical Formula: C187H296N33O108 

1577.2903; Found 1577.2984. 

 

 

    Peptide 5 (10 mg, 9.1 μmol) was conjugated to EAH Sepharose (2 mL, drained volume) 

following the general procedure of peptide conjugation to EAH Sepharose. The resulting 

Sepharose was resuspended in buffer following steps 1 to 6 from the general procedure of 

enzymatic glycosylation on peptide-conjugated Sepharose. Steps 7 and 8 were repeated twice to 

afford octasaccharide-bearing glycopeptide. Finally, glycopeptide-conjugated Sepharose was 

sulfated following step 9. Crude products were obtained after incubating glycosylated Sepharose 

with 1% hydrazine (10 mL) three times, 12 h each. Basic solutions containing glycopeptides 

were dried in vacuo and purified by prep C-18 HPLC (0-50% acetonitrile/water; 50 mM 

ammonium formate) to obtain a white amorphous solid compound 19 (1.03 mg) in an overall 

yield of 3.4% from 5. 1H NMR (800 MHz, D2O) δ 4.72 – 4.64 (m, 5H), 4.57 (d, J = 8.8 Hz, 1H), 
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4.54 – 4.51 (m, 2H), 4.50 (d, J = 7.6 Hz, 1H), 4.47 (d, J = 7.5 Hz, 1H), 4.45 (d, J = 8 Hz, 1H), 

4.43 – 4.23 (m, 12H), 4.23 – 4.09 (m, 9H), 4.08 – 3.93 (m, 10H), 3.91 – 3.54 (m, 35H), 3.51 – 

3.35 (m, 5H), 3.35 – 3.30 (m, 2H), 3.03 – 2.98 (m, 4H), 2.81 – 2.76 (m, 1H), 2.67 (dd, J = 16.3, 

4.7 Hz, 1H), 2.44 – 2.25 (m, 15H), 2.16 – 1.92 (m, 26H), 1.90 – 1.81 (m, 2H), 1.81 – 1.73 (m, 

2H), 1.73 – 1.67 (m, 5H), 1.67 – 1.57 (m, 5H), 1.53 (d, J = 7.1 Hz, 3H), 1.49 – 1.38 (m, 4H), 

1.21 (dd, J = 6.4, 5.4 Hz, 6H), 1.01 – 0.90 (m, 27H), 0.89 (d, J = 5.9 Hz, 3H); 13C NMR (201 

MHz, D2O) δ 180.48, 175.00, 174.24, 173.70, 173.58, 173.39, 172.33, 172.09, 171.88, 171.74, 

171.71, 171.55, 170.93, 170.74, 104.16, 103.86, 103.83, 103.71, 102.95, 101.27, 101.00, 82.14, 

80.43, 80.09, 76.61, 76.27, 75.31, 75.29, 74.91, 74.73, 74.63, 73.92, 73.77, 73.72, 73.53, 72.84, 

72.73, 72.29, 71.81,70.02, 69.79, 69.57, 68.47, 68.05, 67.02, 62.47, 62.07, 61.07, 61.00, 60.65, 

59.66, 59.51, 59.19, 58.94, 57.25, 53.76, 53.46, 53.33, 52.47, 51.50, 51.00, 50.07, 48.84, 47.88, 

42.82, 42.41, 39.14, 32.74, 31.03, 30.39, 30.03, 29.98, 29.32, 27.39, 27.26, 27.07, 26.75, 26.58, 

26.26, 26.18, 24.77, 24.37, 24.31, 22.42, 22.02, 21.90, 21.87, 20.92, 20.53, 18.89, 18.80, 18.42, 

18.40, 17.86, 17.80, 17.76, 16.66. HRMS (ESI) m/z: [M - 3H]3- Calcd for Chemical Formula: 

C159H254N31O89S 1351.2016; Found 1351.2030. 
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     Glycopeptide 17 (1 mg, 0.22 μmol) was dissolved in 0.2 mL of CS4OST reaction buffer (50 

mM MOPS, 10 mM CaCl2, fresh 2 mM DDT, pH 6.5) containing CS4OST (50 μg), PAPS (0.25 

mg, 0.5 μmol). The reaction mixture was incubated for 6 h at 37 oC, then another 0.2 mL of 

reaction buffer with enzymes and PAPS was added to the mixture again and was incubated for 

another 6 h at 37 oC. Upon completion, 0.4 mL of MeOH was added and the mixture was 

centrifuged under 10,000 g for 10 min and dried in vacuo. The mixture was purified by prep C18 

HPLC (0-50% acetonitrile/water; 50 mM ammonium formate) to obtain a white amorphous 

compound 20 (0.56 mg) in 54 % yield. 1H NMR (800 MHz, D2O) δ 4.72 – 4.65 (m, 4H), 4.61 – 

4.27 (m, 25H), 4.25 (d, J = 5.9 Hz, 2H), 4.23 – 4.08 (m, 11H), 4.08 – 3.95 (m, 10H), 3.93 – 3.55 

(m, 36H), 3.52 – 3.44 (m, 3H), 3.44 – 3.36 (m, 3H), 3.35 – 3.30 (m, 2H), 3.02 (dt, J = 12.5, 7.5 

Hz, 4H), 2.80 (dd, J = 16.2, 4.7 Hz, 1H), 2.69 (dd, J = 16.2, 4.6 Hz, 1H), 2.47 – 2.29 (m, 15H), 

2.17 – 1.92 (m, 29H), 1.88 – 1.81 (m, 2H), 1.81 – 1.74 (m, 2H), 1.73 – 1.64 (m, 4H), 1.68 – 1.57 

(m, 4H), 1.53 (d, J = 7.1 Hz, 2H), 1.50 – 1.38 (m , 2H), 1.38 – 1.25 (m, 5H), 1.21 (dd, J = 11.6, 
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6.4 Hz, 6H), 1.03 – 0.91 (m, 27H), 0.89 (d, J = 5.9 Hz, 3H); 13C NMR (201 MHz, D2O) δ 

175.08, 173.36, 173.25, 172.40, 172.07, 171.97, 171.54, 171.43, 170.68, 104.23, 103.94, 103.87, 

103.04, 101.20, 101.00, 82.81, 82.16, 80.55, 80.39, 76.52, 76.36, 75.56, 75.39, 74.91, 74.75, 

73.78, 72.98, 72.82, 72.33, 71.85, 70.08, 69.92, 69.59, 68.47, 67.98, 67.18, 67.01, 62.18, 61.05, 

60.73, 59.76, 59.28, 58.96, 57.35, 53.80, 53.48, 52.51, 51.54, 51.22, 50.09, 48.97, 47.84, 42.68, 

42.52, 39.62, 39.15, 32.69, 31.08, 30.43, 30.11, 24.79, 27.37, 27.05, 26.24, 24. 47, 24.31, 22.54, 

22.03, 20.98, 20.60, 20.12, 18.99, 18.35, 17.86, 17.06, 16.74. HRMS (ESI) m/z: [M -3H]3- Calcd 

for Chemical Formula: C173H275N32O103S2 1504.2234; Found 1504.2235. 
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Glycopeptide 18 (1 mg, 0.21 μmol) was dissolved in 0.2 mL of CS4OST reaction buffer (50 

mM MOPS, 10 mM CaCl2, fresh 2 mM DDT, pH 6.5) containing CS4OST (50 μg) and donor 

PAPS (0.25 mg, 0.5 μmol). The reaction mixture was incubated for 6 h at 37 oC, then another 0.2 

mL of reaction buffer with enzymes and PAPS was added to the mixture again and was incubated 

for another 6 h at 37 oC. Upon completion, 0.4 mL of MeOH was added and the mixture was 

centrifuged under 10,000 g for 10 min and dried in vacuo. The mixture was purified by prep C18 

HPLC (0-50% acetonitrile/water; 50 mM ammonium formate) to obtain a white amorphous 

compound 21 (0.56 mg) in 52% yield. 1H NMR (800 MHz, D2O) δ 4.76 – 4.73 (m, 4H), 4.73 – 

4.66 (m, 5H), 4.61 – 4.55 (br, 3H), 4.53 (d, J = 8.1 Hz, 2H), 4.52 – 4.26 (m, 21H), 4.26 – 4.22 (br, 

1H),4.22 – 4.13 (m, 9H), 4.13 – 4.08 (br, 1H),4.08 – 3.96 (m, 15H), 3.91 – 3.54 (m, 44H), 3.50 – 

3.43 (m, 3H), 3.43 – 3.35 (m, 4H), 3.35 – 3.30 (m, 2H), 3.03 – 2.98 (m, 4H), 2.81 (dd, J = 16.2, 

4.7 Hz, 1H), 2.70 (dd, J = 16.2, 4.6 Hz, 1H), 2.48 – 2.29 (m, 15H), 2.17 – 1.91 (m, 31H), 1.88 – 

1.80 (m, 3H), 1.80 – 1.74 (m, 2H), 1.73 – 1.67 (m, 5H), 1.67 – 1.54 (m, 5H), 1.52 (d, J = 7.1 Hz, 

3H), 1.50 – 1.38 (m, 4H), 1.21 (dd, J = 11.0, 6.4 Hz, 6H), 1.00 – 0.91 (m, 27H), 0.89 (d, J = 5.9 

Hz, 3H); 13C NMR (201 MHz, D2O) δ 178.70, 175.05, 173.65, 173.44, 173.33, 173.48, 172.37, 

172.26, 172.07, 171.55, 171.36, 170.74, 104.17, 103.88, 103.82, 103.77, 103.71, 102.92, 101.32, 

101.00, 100.84, 82.65, 82.16, 80.42, 76.46, 76.32, 75.57, 75.28, 74.93, 74.57, 73.77, 73.51, 72.83, 

72.72, 72.27, 71.79, 70.03, 69.80, 68.69, 68.44, 68.07, 67.66, 66.99, 62.47, 62.01, 61.07, 60.99, 

60.62, 59.71, 59.47, 59.20, 58.97, 57.14, 53.77, 53.57, 53.44, 53.34, 52.99, 52.49, 51.53, 51.32, 

51.01, 50.08, 48.84, 47.89, 42.71, 42.55, 39.57, 39.15, 38.99, 37.85, 32.00, 31.03, 30.36, 29.99, 

29.32, 26.96, 26.75, 26.57, 26.26, 26.19, 24.76, 24.37, 24.32, 22.50, 22.41, 22.03, 21.93, 21.90, 

20.91, 20.54, 18.89, 18.82, 18.42, 18.40, 17.86, 17.82, 17.76, 16.67. HRMS (ESI) m/z: [M - 3H]3- 

Calcd for Chemical Formula: C187H296N33O117S3 1657.2471; Found 1657.2493. 
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APPENDIX A: SUPPLEMENTARY FIGURES, SCHEMES AND TABLES 

a. 

 
b. 

 
 

Figure 2.4. The dashed lines on the structure indicate fragments with no sulfate loss observed. 

Black filled circles on the sequence indicate both fragment ions with sulfate loss and without  
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Figure 2.4. (cont’d) 

sulfate loss were observed. The empty circle indicates a fragment ion with sulfate loss was 

observed. a. Sulfation pattern analysis of compound 19, fragment ions B2 and Y6 indicate that 

sulfate is on GalNAc 5. b. Sulfation pattern analysis of compound 20, fragment ions B3 and Y7 

indicate that sulfate is on GalNAc 5 and GalNAc 7. 
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a.            b. 

 
c.                d. 

 
e.                f. 

 
g.                 h.           

 
Figure 2.5. Binding of peptide and glycopeptides 5, 10, 18, 19, 20, 21 and commercially 

available biotinylated 50 kDa CS, 50 kDa CS-A to neutrophil Cathepsin G as measured by BLI  
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Figure 2.5. (cont’d) 

(a-h respectively). The biotinylated compounds (50 nM) were immobilized on streptavidin 

coated biosensors, and human neutrophil Cathepsin G was captured on biosensors with four 

concentrations at 2000 nM, 1000 nM, 500 nM, 250 nM. Fitting curves were shown in red lines. 
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System 
Region Scores 

(kcal mol-1) 

5 -17.63 

12-mer-0S -21.34 

12-mer-5S -24.81 

12-mer-7S -26.46 

12-mer-9S -26.63 

12-mer-57S -24.68 

12-mer-79S -25.64 

21 -31.81 

19 -26.98 

20 -26.88 

 

 
Table 2.2. The docking scores of the investigated glycopeptides, as described in the Methods 

section. Annotation of glycopeptide structures are shown.  
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Figure 2.6. (a) The highest scoring poses for 19. (b) The direct hydrogen bond interactions of 

sulfate on GalNAc 5. The numbering of the residues follows the 1T32 PDB numbering. 

 

 

Figure 2.7. (a) The highest scoring poses for 20. (b) The direct hydrogen bond interactions of  
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Figure 2.7. (cont’d) 

sulfate on GalNAc 5. (c) The direct hydrogen bond interactions of sulfate on GalNAc 7. The 

numbering of the residues follows the 1T32 PDB numbering. 

 

 

 

  

Figure 2.8. SDS page gel of purified β3GAT3, FAM20B, β3GALT6 and XYLP. 
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APPENDIX B: PRODUCT CHARACTERIZATION SPECTRA 

 

 

 

Figu   2.9. 1H NMR of 6 (800 MHz, D2O). 
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 Figu   2.10. 13C NMR of 6 (201 MHz, D2O). 
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Figu   2.11. COSY of 6 (800 MHz, D2O). 
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Figu   2.12. HSQC of 6 (800 MHz, D2O). 
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Figu   2.13. Coupled HSQC of 6 (800 MHz, D2O). 
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Figu   2.14. HMBC of 6 (800 MHz, D2O). 
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Figu   2.15. LCMS chromatogram of 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



88 

 

Figure 2.15. (cont’d) 

  
 

 

 

 

[M + 2H]2+ 

[M + 2NH4]
2+ 
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 Figu   2.16. 1H-NMR of   (800 MHz, D2O). 
 



90 

 

 

 

 
 

Figu   2.1 . 13C NMR of   (201 MHz, D2O). 
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Figu   2.18. COSY of   (800 MHz, D2O). 
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Figu   2.19. HSQC of   (800 MHz, D2O). 
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 Figu   2.20. Coupled HSQC of   (800 MHz, D2O). 
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Figu   2.21. HMBC of   (800 MHz, D2O). 
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Figu   2.22. HPLC Chromatogram of  . 
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Figu   2.23. LCMS Chromatogram of  . 
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Figure 2.23. (cont’d) 
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Figu   2.24. 1H-NMR of 8 (800 MHz, D2O). 
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 Figu   2.25.  13C NMR of 8 (201 MHz, D2O). 
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 Figu   2.26. COSY of 8 (800 MHz, D2O). 
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Figu   2.2 . HSQC of 8 (800 MHz, D2O). 
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Figu   2.28. Coupled HSQC of 8 (800 MHz, D2O). 
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Figu   2.29. HMBC of 8 (800 MHz, D2O). 
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Figu   2.30. HPLC Chromatogram of 8. 

 

 

 

 

 

 

Datafile Name:DLY-tetra purification4-11072021.lcd
Sample Name:DLY-tetra purification4-11072021
Sample ID:DLY-tetra purification4-1107202

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 min

0

500

1000

1500

mV

0.0

25.0

50.0

75.0

MPa
B.ConcDetector A Ch1 220nm Detector A Ch1 220nm 



105 

 

 
 

 

 

Figu   2.31.  LCMS Chromatogram of 8. 
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Figure 2.31. (cont’d) 
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Figure 2.32. 1H-NMR of 9 (800 MHz, D2O). 



108 

 

 
 

 
 

Figure 2.33. 13C NMR of 9 (201 MHz, D2O). 
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Figure 2.34. COSY of 9 (800 MHz, D2O). 
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Figure 2.35. HSQC of 9(800 MHz, D2O). 
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Figure 2.36. Coupled HSQC of 9 (800 MHz, D2O). 
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Figure 2.37. HMBC of 9 (800 MHz, D2O). 
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Figure 2.38.  HPLC Chromatogram of 9. 
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Figure 2.39.  LCMS Chromatogram of 9 
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Figure 2.39. (cont’d) 
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Figure 2.40. 1H-NMR of 10 (800 MHz, D2O). 
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Figure 2.41. 13C NMR of 10 (201 MHz, D2O). 
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Figure 2.42. COSY of 10 (800 MHz, D2O). 
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Figure 2.43. HSQC of 10 (800 MHz, D2O). 
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Figure 2.44. Coupled HSQC of 10 (800 MHz, D2O). 
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Figure 2.45. HMBC of 10 (800 MHz, D2O). 
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Figure 2.46. HPLC Chromatogram of 10. 
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Figure 2.47. LCMS Chromatogram of 10.  
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Figure 2.48. 1H-NMR of 13 (800 MHz, D2O). 
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Figure 2.49. 13C NMR of 13 (201 MHz, D2O). 
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Figure 2.50. COSY of 13 (800 MHz, D2O). 
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Figure 2.51. HSQC of 13 (800 MHz, D2O).  
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Figure 2.52. Coupled HSQC of 13 (800 MHz, D2O).  
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Figure 2.53. HMBC of 13 (800 MHz, D2O). 
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Figure 2.54.  HPLC Chromatogram of 13. 
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Figure 2.55.  LCMS Chromatogram of 13. 
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Figure 2.56. 1H-NMR of 14 (800 MHz, D2O). 
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Figure 2.57.  13C NMR of 14 (201 MHz, D2O). 

 

 



134 

 

 
 

 
 

Figure 2.58. COSY of 14 (800 MHz, D2O). 
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Figure 2.59. HSQC of 14 (800 MHz, D2O). 
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Figure 2.60. Coupled HSQC of 14 (800 MHz, D2O). 
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Figure 2.61. HMBC of 14 (800 MHz, D2O). 
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Figure 2.62. HPLC Chromatogram of 14. 
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Figure 2.63. LCMS Chromatogram of 14. 
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Figure 2.64. 1H-NMR of 15 (800 MHz, D2O). 
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Figure 2.65. 13C NMR of 15 (201 MHz, D2O). 
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Figure 2.66. COSY of 15 (800 MHz, D2O). 
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Figure 2.67. HSQC of 15 (800 MHz, D2O). 
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Figure 2.68. Coupled HSQC of 15 (800 MHz, D2O). 
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Figure 2.69. HMBC of 15 (800 MHz, D2O). 
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Figure 2.70. LCMS Chromatogram of 15. 
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Figure 2.71. 1H-NMR of 16 (600 MHz, D2O). 
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Figure 2.72. 13C NMR of 16 (151 MHz, D2O). 
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Figure 2.73. COSY of 16 (600 MHz, D2O). 



150 

 

 
 

 
 

Figure 2.74. HSQC of 16 (600 MHz, D2O). 
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Figure 2.75. Coupled HSQC of 16 (600 MHz, D2O). 
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Figure 2.76. HMBC of 16 (600 MHz, D2O). 



153 

 

 
 

 
 

Figure 2.77. HPLC Chromatogram of 16. 
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Figure 2.78. LCMS Chromatogram of 16. 
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Figure 2.78. (cont’d) 
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Figure 2.79. 1H-NMR of 17 (800 MHz, D2O). 
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Figure 2.80. COSY of 17 (800 MHz, D2O). 
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Figure 2.81. HSQC of 17 (800 MHz, D2O). 



159 

 

 

 
 

Figure 2.82. Coupled HSQC of 17 (800 MHz, D2O). 
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Figure 2.83. HPLC Chromatogram of 17. 
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Figure 2.84. LCMS Chromatogram of 17. 

 

 

 

 

[M - 3H]3- 



162 

 

 

 
Figure 2.85. 1H-NMR of 18 (800 MHz, D2O). 

NH4HCOO 
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Figure 2.86. 13C NMR of 18 (201 MHz, D2O). 
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Figure 2.87. COSY of 18 (800 MHz, D2O). 
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Figure 2.88. HSQC of 18 (800 MHz, D2O). 
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Figure 2.89. Coupled HSQC of 18 (800 MHz, D2O). 
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Figure 2.90. HMBC of 18 (800 MHz, D2O). 
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Figure 2.91. HPLC Chromatogram of 18. 
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Figure 2.92. LCMS Chromatogram of 18. 
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Figure 2.93. 1H-NMR of 19 (800 MHz, D2O). 
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Figure 2.94. 13C NMR of 19 (201 MHz, D2O). 
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Figure 2.95. COSY of 19 (800 MHz, D2O). 
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Figure 2.96. HSQC of 19 (800 MHz, D2O). 
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Figure2.97. Coupled HSQC of 19 (800 MHz, D2O). 
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Figure 2.98. HMBC of 19 (800 MHz, D2O). 
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Figure 2.99. HPLC Chromatogram of 19. 
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Figure 2.100. LCMS Chromatogram of 19. 
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Figure 2.101. 1H-NMR of 20 (800 MHz, D2O). 
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Figure 2.102. COSY of 20 (800 MHz, D2O). 
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Figure 2.103. HSQC of 20 (800 MHz, D2O). 
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Figure 2.104. Coupled HSQC of 20 (800 MHz, D2O). 
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Figure 2.105. HPLC Chromatogram of 20. 
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Figure 2.106. LCMS Chromatogram of 20. 
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Figure 2.107. 1H-NMR of 21 (800 MHz, D2O). 
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Figure 2.107. (cont’d) 
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Figure 2.108. 13C NMR of 21 (201 MHz, D2O). 
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Figure 2.108. (cont’d) 
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Figure 2.109. COSY of 21 (800 MHz, D2O). 
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Figure 2.109. (cont’d) 
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Figure 2.110. HSQC of 21 (800 MHz, D2O). 
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Figure 2.110. (cont’d) 
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Figure 2.111. Coupled HSQC of 21 (800 MHz, D2O). 
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Figure 2.111. (cont’d) 
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Figure 2.112. HMBC of 21 (800 MHz, D2O). 
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Figure 2.112. (cont’d) 
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Figure 2.113. HPLC Chromatogram of 21. 
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Figure 2.114. LCMS Chromatogram of 21. 
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Chapter 3. Comprehensive Mapping of CSPG in Biological Samples Using a Chemo-

Enzymatic Method 

3.1 Introduction 

CSPGs are a diverse class of complex molecules found abundantly in the extracellular 

matrix of vertebrate tissues1-3. They wield significant influence over a wide array of biological 

processes, making them a focal point of research in the fields of carbohydrate and proteomic 

studies. The importance of delving into CSPGs is underscored by their pivotal roles in both health 

and disease. For instance, in the central nervous system, CSPGs exert substantial influence over 

neural development and plasticity, as well as axon guidance4, 5. In pathological conditions, such as 

spinal cord injuries and neurodegenerative diseases like Alzheimer's, altered CSPG expression and 

function have been implicated in inhibiting neural regeneration and repair6. Moreover, CSPGs play 

a critical role in cancer progression, influencing tumor cell behavior and metastasis7. 

At the molecular level, CSPGs contain a central protein core, to which long glycan chains 

are attached. The glycan chains consist of chondroitin sulfate (CS) glycosaminoglycan (GAG) 

linked through the tetrasaccharide linkage region (GlcAβ1–3Galβ1–3Galβ1–4Xylβ1) with the core 

protein8-10. Importantly, these disaccharide units (4GlcAβ1–3GalNAcβ1) of the CS chains are 

modified at varying positions through O-sulfation, a process that confers additional complexity to 

the structures of CSPG glycan chains11. 

Current research on CSPGs has been primarily focused on the glycan component, 

considering it as the primary element responsible for binding, while the protein part has been 

traditionally regarded merely as a glycan carrier. However, recent studies have increasingly 

revealed that the protein segment also plays a significant role in binding with its receptor12. As a 

result, a thorough investigation of CSPGs necessitates a meticulous analysis of the associated core 
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proteins. This involves not only identifying the diverse isoforms of CSPGs but also characterizing 

their post-translational modifications and elucidating their interactions with other proteins within 

the extracellular matrix. This deeper understanding of the proteomic profile of CSPGs can provide 

invaluable insights into their specific functions in various tissues and disease contexts13.  

In recent years, considerable efforts have been dedicated to the elucidation of the spatial 

distribution of CSPGs within biological specimens 13. A primary challenge in this endeavor arises 

from the presence of the large, heterogeneous, negatively charged polysaccharide chains of CS 

within the sample matrix, which poses a formidable barrier to effective proteomic inquiry. Given 

the relatively low abundance of CSPGs in their natural milieu, it becomes imperative to implement 

sample enrichment strategies. A widely adopted approach involves the initial enzymatic digestion 

of the protein sample of interest using trypsin, whereby the resultant mixture of peptides is 

subsequently subjected to a 10 kDa centrifuge filter. This process selectively retains peptide 

fractions bearing substantial modifications. Further refinement is achieved through the utilization 

of a Strong Anion Exchange (SAX) column, targeting high negative charge fractions. Following 

an exhaustive digestion step employing chondroitinase ABC, the modifications on the peptide 

chain are trimmed to yield a distinctive hexasaccharide bearing a 4,5-unsaturated uronic acid 

moiety at the non-reducing end. This unique modification on trypsin-digested peptides provides a 

discerning handle for the identification of glycopeptides bearing CS moieties14-20. 
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Figure 3.1. General scheme of CS-bearing glycopeptide enrichment using trypsin digestion and 

SAX column14.  

In 2020, the Clausen group introduced a refined approach for the enrichment of CSPGs, 

building upon prior methodologies. Notably, they initiated the process by enriching protein 

samples using a column conjugated with VAR2CSA, a malaria protein prominently expressed on 

the surface of infected erythrocytes during Plasmodium falciparum infection21. This protein 

exhibits specific affinity for CS-A. This innovative methodology achieved a breakthrough in the 

identification of hitherto unrecognized CSPGs in both cancer cells and placental tissues22. 
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Figure 3.2. General scheme of CS-bearing glycopeptide enrichment using VAR2CSA affinity 

column22. Reproduced with permission from Oxford University Press. 

 

In our current research, we are actively working to develop a comprehensive method for 

mapping CSPGs in biological samples using chemo-enzymatic labeling. This innovative approach 

holds great promise in allowing us to gain a more thorough and detailed understanding of the 

distribution and function of CSPGs in complex biological systems. 

3.2 Results and Discussion  

While the methodologies for probing CSPGs have made significant strides, they still 

present certain inherent limitations. Specifically, the utilization of VAR2CSA exhibits a marked 

specificity towards CS-A glycans, rendering it challenging to detect CSPGs bearing alternative 
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sulfation patterns. To address this issue, we would like to develop a general approach for CSPG 

mapping in biological samples.      

In this chapter, we aim to develop a strategy for comprehensive evaluation and profiling 

CSPGs in biological samples. Our initial focus in processing CSPGs involved harnessing the 

product generated by chondroitinase ABC. This enzymatic reaction yields a distinctive 

hexasaccharide structure (ΔGlcAβ1-3GalNAcβ1-3GlcAβ1–3Galβ1–3Galβ1–4Xylβ1) 

characterized by a 4,5-unsaturated uronic acid moiety (ΔGlcA) at the non-reducing end.  

Subsequently, the 4,5-unsaturated uronic acid was cleaved by adding mercuric acetate, yielding a 

pentasaccharide product (GalNAcβ1-3GlcAβ1–3Galβ1–3Galβ1–4Xylβ1)23. Through a stepwise 

enzymatic reaction employing either HS-synthase PmHS2 or CS-synthase KfoC, we can 

accomplish the transfer of GlcA and azido-containing GalNAz onto proteins. This unique motif 

was subsequently conjugated with a biotinylated alkyne via copper-catalyzed Azide-Alkyne 

Cycloaddition (CuAAC). Consequently, samples containing CSPGs could be effectively enriched 

utilizing streptavidin-coated agarose beads (Figure 3.3.)  
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. 

Figure 3.3. General scheme of chemo-enzymatic enrichment of CSPG in biological sample, 

bikunin as an example CSPG.  

 Bikunin, also known as inter-α-trypsin inhibitor or trypstatin, stands as one of the simplest 

CSPGs 24. Bikunin bears a CS chain on S10, making it an ideal target as the proteomic standard. 

The lyophilized form of bikunin underwent an initial treatment with chondroitinase ABC, followed 
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by protein sequencing via MS/MS. This analysis revealed four distinct modifications 

(glycopeptide 4-7) within protein 1, denoted as serine (S) S+1233, S+1232, S+1153, and S+1073 

(Figures 3.4., 3.9.). These corresponded to four unique hexasaccharide structures characterized by 

varying sulfate and phosphate moieties on the glycan. Subsequently, protein 1 underwent further 

treatment with mercuric acetate. Subsequently, four modifications (glycopeptide 8-11) were 

identified in protein 2, designated as S+1075, S+1074, S+995, and S+915 (Figures 3.5., 3.10.). 

This consistent sulfation/phosphorylation pattern mirrored that observed in protein 1, affirming 

the successful completion of this step. Unfortunately, attempts to extend the pentasaccharide to 

hexa- and septasaccharide with transferase KfoC or PmHS2 yielded no desirable products. From 

our experiment, it is possible that neither PmHS2 nor KfoC could accommodate sulfated GalNAc 

as the acceptor. 



205 

 

 

Figure 3.4. Sulfation/phosphorylation pattern of bikunin S10 found on protein 1 after 

chondroitinase and trypsin digestion, S+ 1233, S+ 1232, S+1153 and S+1073 were found on 

peptide AVLPQEEEGSGGGQLVTEVTK, respectively.  
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Figure 3.5. Sulfation/phosphorylation pattern of bikunin S10 found on protein 2 after mercuric 

acetate cleavage. S+ 1075, S+ 1074, S+995 and S+915 were found on peptide 

AVLPQEEEGSGGGQLVTEVTK, respectively. 

 

In order to overcome the difficulties, we explored both chemical and enzymatic approaches 

for glycan desulfation. In the case of chemical desulfation, prior literature suggested employing a 

pyridine-DMSO mixture with heat treatment25. In our hands, we observed that bikunin underwent 

precipitation and could not be redissolved, thus rendering this approach impractical. Subsequently, 

we investigated desulfation using arylsulfatase B (ARSB), a known enzyme for CS-A desulfation26. 

However, subjecting native bikunin or bikunin pre-treated with chondroitinase and mercuric 

acetate to ARSB did not yield the desired unsulfated pentasaccharide. This outcome is likely 
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attributed to the proximity of the sulfate group on the fifth sugar, GalNAc, to the linkage region 

and peptide, making it challenging for ARSB to access and promote desulfation. 

 

 

Figure 3.6. General scheme of improved chemo-enzymatic enrichment of CSPG in biological 

sample, bikunin as an example CSPG. 
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 In addressing the primary cause of failure attributed to sulfate residues on the non-reducing 

end sugar, our investigation focused next on the enzymatic properties of hyaluronidase-bovine 

testes27, 28. While this enzyme recognizes its primary substrate, hyaluronic acid, it has also 

demonstrated the ability to cleave chondroitin sulfate27. Notably, exhaustive enzymatic digestion 

of PGs led to the formation of a hexasaccharide containing a glucuronic acid moiety at the non-

reducing end28, effectively circumventing the challenges posed by sulfated GalNAc as a substrate. 

To experimentally validate this concept, native bikunin was subjected to hyaluronidase treatment, 

resulting in three distinct modifications (glycopeptide 17-19) on protein 12, exhibiting 0, 1, or 2 

sulfates in the linkage region respectively (Figures 3.7. and 3.12.). Furthermore, to ascertain the 

capability of KfoC to facilitate the transfer of additional sugar units onto the existing 

hexasaccharide, we conducted four distinct reactions. Employing PmHS2 to transfer GlcNAc or 

GlcNAz and KfoC to transfer GalNAc or GalNAz, the outcomes revealed the successful generation 

of the desired products (protein 13-16) with various sulfation patterns (Figures 3.13. and 3.20.). 
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Figure 3.7. Sulfation pattern of bikunin S10 found on protein 12 after hyaluronidase digestion. S+ 

1011, S+ 1091 and S +1171 were found on peptide AVLPQEEEGSGGGQLVTEVTK, 

respectively. 

 

 Building upon the successful utilization of native bikunin as a substrate, our research 

endeavors now extend towards more intricate biological samples, particularly plasma. The 

exploration of CS within protein samples necessitates a sequential application of two enzymatic 

reactions, followed by a downstream click reaction. Each of these three steps demands a distinct 

buffer for reaction conditions. In our prior work with bikunin samples, we employed dialysis 
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between steps to facilitate buffer exchange. However, the transition to lyophilized plasma samples 

revealed an unforeseen challenge: during each buffer exchange, proteins precipitated from the 

plasma, potentially attributable to the abrupt pH shift from the hyaluronidase buffer (0.1 M NaOAc, 

0.15 M NaCl pH 5) to the KfoC buffer (25 mM MOPS, 10 mM MnCl2, pH 7.2). To circumvent 

this issue, the development of a novel method tailored for more complex biological samples 

becomes imperative. 

A commonly reported approach involves the precipitation of proteins using the MeOH-

CHCl3 method, forming a pellet subsequently redissolved in a buffer containing 1% sodium 

dodecyl sulfate (SDS)29. In our investigation, we assessed the applicability of this method by 

initially testing whether CS on bikunin could be digested under conditions involving 1% SDS. As 

depicted in Figure 3.8., in the absence of SDS, digestion readily occurred at room temperature, 

reaching completion after 24 hours at room temperature and within 6 hours at 37°C. Conversely, 

the introduction of SDS into the buffer led to a complete abrogation of hyaluronidase activity. This 

observation underscores the need for a tailored methodology to address the intricacies of biological 

samples, with careful consideration given to preserving enzymatic activity in the presence of 

specific buffer conditions.  

Figure 3.8. SDS PAGE gel of bikunin digested by hyaluronidase (a) with or (b) without 1% SDS.  
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Figure 3.8. (cont’d) 

(a). Lane 1, molecular weight ladder; Lane 2, native bikunin sample; Lane 3-6, bikunin incubated 

at RT for 1, 2, 7, 19 h, respectively; Lane 7 -10, incubation at 37 oC for 1, 2, 7, 19 h. (b). Lane 1, 

ladder; Lane 2, native bikunin sample; Lane 3-6, bikunin incubated at RT for 1, 2, 6, 24 h, 

respectively; Lane 7 -10, incubation at 37 oC for 1, 2, 6, 24 h. 

 

We extended our investigation to evaluate the KfoC reaction using UDP-GalNAz as the 

glycosyl donor and GlcA-pNp (compound 20) as the acceptor substrate. Under native conditions, 

the LCMS analysis revealed the successful formation of the desired disaccharide product. However, 

when the reaction was conducted in the presence of 1% or 0.5% SDS, a complete abrogation of 

the reaction was observed (Figure 3.11.). In an effort to overcome this challenge, we explored 

alternative systems by incorporating various detergents, including Triton X-100, Tween 20, and 

3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS). Intriguingly, none of 

these detergents inhibited the enzymatic activity. Notably, only buffer containing 10% CHAPS 

demonstrated the capability to dissolve the protein pellet after sonication, offering a potential 

solution to SDS denaturation.  

To finalize the protocol, several sample processing steps were improved. In MS analysis, 

a pivotal consideration revolves around the alkylation of cysteine residues in protein samples, 

achieved through the utilization of dithiothreitol and iodoacetamide. This critical step is essential 

for mitigating background, particularly when employing a dibenzocyclooctyne (DBCO) group-

conjugated biotin reagent for enrichment. The use of DBCO introduces the potential for side 

reactions with thiol on cysteine, thereby amplifying background signals30. Consequently, using 

CuAAC method would be a better choice. To optimize the enrichment method, it becomes apparent 
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that the incorporation of a cleavable linker is imperative. This necessity arises from the inherent 

challenges associated with stripping biotinylated proteins from Streptavidin agarose. Cleavable 

biotin linkers bearing N-1-(4,4-dimethyl-2,6-dioxocyclohexylidene) ethyl (Dde) was explored 

(Figure 3.21. – 3.22.).  

3.3 Outlook 

CSPGs stand as a pivotal class of proteoglycans within biological systems, underscoring 

their significance in cellular processes. A comprehensive exploration of CSPGs becomes 

imperative, necessitating the development of methods for the quantitative detection of specific 

CSPGs under defined conditions. The innovations in these areas will not only provide a nuanced 

understanding of CSPG dynamics but also open new avenues for investigating potential pathways 

implicated in CSPG-related diseases. The ongoing pursuit of advanced proteomic methods is 

crucial to enhance our analytical capabilities, offering a more nuanced and comprehensive view of 

CSPG interactions and functions. 

As we delve into the intricacies of CSPGs, our focus extends beyond their specific 

detection to broader implications within the realm of proteoglycans. This adaptability underscores 

the broader impact of our methodologies, promising a versatile toolkit for researchers exploring 

the diverse landscape of proteoglycan biology. As we continue to refine and expand these 

techniques, we anticipate their widespread applicability, offering novel insights into the roles of 

proteoglycans across various biological contexts. In MS perspective, we first explored methods 

using in-agarose-gel digestion, then further employed higher energy collision induced dissociation 

(HCD). With this method, we successfully determined the glycan patterns on bikunin, but we did 

not get reasonable results for complex biological samples such as plasma. We are currently 

collaborating with Dr. Junfeng Ma, using stepped collision energy/higher energy collisional 
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dissociation (sceHCD) and electron-transfer/higher-energy collision dissociation (EThcD) to solve 

this issue. This ongoing endeavor not only advances our understanding of CSPGs but also 

contributes to the broader landscape of glycoscience, paving the way for transformative 

discoveries in the intricate interplay between proteoglycans and cellular processes. 

3.4 Experimental Section  

3.4.1 Materials  

Chondroitinase ABC from Proteus vulgaris, hyaluronidase from Bovine Testes, human 

plasma, SDS, Triton X-100, Tween 20 and CHAPS were purchased from Millipore sigma. KfoC 

were a kind gift from our collaborator Dr. Jian Liu. Tris/Glycine/SDS electrophoresis buffer, 

prestained protein ladder, sample loading buffer, and Coomassie Blue R-250 were purchased from 

Bio-rad (Hercules, CA). Pierce™ NeutrAvidin™ Agarose was purchased from Thermo fisher 

(Waltham, MA). UDP-GlcNAz and UDP-GalNAz were purchased from Accela chembio (China). 

Dde-Biotin-Alkyne (CCT-1137) was purchased from vector laboratories (Newark, CA). Native 

bikunin were purchased from BOC Sciences (New York, NY). ARSB were purchased from R&D 

systems (Minneapolis, MN). All other chemical reagents were purchased from commercial sources 

and used without additional purifications unless otherwise noted. 

3.4.2 Proteolytic Digestion 

Gel bands were digested in-gel according to Shevchenko, et. al. with modifications31.  

Briefly, gel bands were dehydrated using 100% acetonitrile and incubated with 10 mM 

dithiothreitol in 100 mM ammonium bicarbonate, pH~8, at 56 oC for 45 min, dehydrated again 

and incubated in the dark with 50 mM chloroacetamide in 100 mM ammonium bicarbonate for 20 

min. Gel bands were then washed with ammonium bicarbonate and dehydrated again. Sequencing 

grade modified trypsin was prepared to 0.005 µg/µL in 50mM ammonium bicarbonate and ~100 
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μL of this was added to each gel band so that the gel was completely submerged.  Bands were then 

incubated at 37 oC overnight.  Peptides were extracted from the gel by water bath sonication in a 

solution of 60% acetonitrile (ACN) /1% trifluoroacetic acid (TFA) and vacuum dried to ~2 μL. 

3.4.3 LC/MS/MS Analysis 

Peptide samples were re-suspended in 2% ACN/0.1% TFA to 20 μL and an injection of 5 

μL was automatically made using a Thermo (www.thermo.com) EASYnLC 1200 onto a Thermo 

Acclaim PepMap RSLC 0.1 mm x 20 mm C18 trapping column and washed for 5 min using Buffer 

A. Bound peptides were then eluted onto a Thermo Acclaim PepMap RSLC 0.075 mm x 500 mm 

C18 resolving column with a gradient of 8% B to 25% B in 19 min and raising from 25% B to 40% 

B at 24 min at a constant flow rate of 300 nl/min. Following the gradient, the solvent mixture was 

raised to 90% B and held for the duration of the run (Buffer A = 99.9% Water/0.1% Formic Acid 

(FA), Buffer B = 80% ACN/0.1% FA/19.9% Water).  Column temperature was maintained at 50 

oC using an integrated column heater (PRSO-V2, Sonation GmbH, Biberach, Germany). Eluted 

peptides were sprayed into a ThermoScientific Q-Exactive HF-X mass spectrometer 

(www.thermo.com) using a FlexSpray spray ion source. Survey scans were taken in the Orbi trap 

(45000 resolution, determined at m/z 200) and the top 15 ions in each survey scan are then 

subjected to automatic HCD with fragment spectra acquired at a resolution of 7500.   

3.4.4 Data Analysis 

The MS/MS spectra were converted to peak lists using Mascot Distiller, v2.8.3 

(www.matrixscience.com) and searched against a reference database containing all protein 

sequences available from Uniprot (www.uniprot.org, downloaded 2023-04-18) using the Mascot 

searching algorithm, v2.8.332.  The Mascot output was then analyzed using Scaffold, v5.3.0 



215 

 

(www.proteomesoftware.com) to probabilistically validate protein identifications.  Assignments 

validated using the Scaffold 1% FDR confidence filter are considered true.   

Mascot parameters for all databases were as follows: 

-  allow up to 2 missed tryptic sites 

-  Fixed modification of Carbamidomethyl Cysteine,  

- variable modification of Oxidation of Methionine,  

- peptide tolerance of +/- 10ppm  

- MS/MS tolerance of 0.02 Da  

- FDR calculated using randomized database search 

3.4.5 General procedure of the chondroitinase ABC digestion and mercuric acetate 

treatment 

Bikunin (4 mg) was dissolved in a reaction buffer consisting of 0.1 U of chondroitinase 

ABC, 0.1 M Tris-HCl, 30 mM sodium acetate, and adjusted to pH 8.0 in a total volume of 2 mL. 

The mixture was incubated at 37°C, and the reaction was monitored by SDS-PAGE. After 

overnight incubation, 0.1 M acetic acid was slowly added to the mixture until pH 5, then a stock 

solution of 70 mM mercuric acetate was added to the mixture (final concentration 35 mM) and 

incubated for 10 min at RT. The resulting mixture was dialyzed to remove the excess of mercuric 

acetate.  

3.4.6 General procedure of hyaluronidase digestion and PmHS2/KfoC transferase reaction  

Bikunin (4 mg) was dissolved in a 2 mL reaction buffer, which included 40 μg of 

hyaluronidase and was composed of 0.1 M NaOAc, 0.15 M NaCl, pH 5. The mixture underwent 

incubation at 37°C for 2 hours, and the reaction progress was monitored by SDS-PAGE. Following 

the reaction, protein was precipitated with the MeOH-CHCl3(For each 100 μL sample, 100 μL 



216 

 

H2O, 600 μL MeOH, 200 μL CHCl3 and 450 μL H2O were added sequentially with vortex). 

Following this, the pellet of bikunin was treated with KfoC. Specifically, 2 mL of KfoC buffer 

(containing 25 mM MOPS, 10 mM MnCl2, 1 mM UDP-GalNAz or UDP-GalNAc, pH 7.2) with 

10% CHAPS was added to the pellet. The mixture underwent sonication for 10 min until all 

precipitates were dissolved. Subsequently, 200 μg of KfoC was added to the mixture, which was 

then incubated overnight at 4°C with end-over-end rotation. Upon completion of the incubation, 

the mixture was subjected to precipitation once again using the MeOH-CHCl3 precipitation 

method. The resulting pellet was washed three times with cold MeOH to eliminate excess UDP-

GalNAz. 

3.4.7 General procedure of CuAAC reaction  

The GalNAz-transferred pellet (from a 200 μg reaction) was redissolved in 100 μL PBS 

with 1% SDS. The pellet was sonicated until it was completely dissolved. To the SDS-containing 

buffer, reagents were added in the following order: 1 mM (final concentration) Dde-Biotin-Alkyne, 

0.3 mM (final concentration) CuSO4- 2-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4-

yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid (BTTAA) (molar ratio 1:2), and 0.2 

mM (final concentration) sodium ascorbate. The mixture was vortexed and incubated at room 

temperature for 2 h. Upon completion, the protein was pelleted again using the MeOH-CHCl3 

precipitation method. It was then washed five times with cold MeOH to remove excess Dde-

Biotin-Alkyne. 

3.4.8 General procedure of biotin enrichment and cleavage  

The biotinylated pellet (from a 200 μg reaction) was resuspended in 50 μL of 8 M urea in 

50 mM TEABC. The solution was sonicated until the entire pellet was dissolved. The sample was 

then diluted to 1 M urea with 50 mM TEABC, and 50 μg trypsin was added. The solution was 
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shaken at 70 rpm at 37 °C overnight. High-capacity Neutravidin agarose beads (120 μL slurry) 

were washed with 1 mL cold PBS six times. Beads were then added to the urea solution, and the 

mixture was incubated with end-over-end rotation at room temperature for 3 h. The mixtures were 

spun down (500 g × 2 min), and the supernatant was removed. The beads were washed with cold 

PBS (1 mL) six times, followed by water (1 mL) six times, then washed once with 20% MeOH (1 

mL), and finally once with 70% MeOH (1 mL). Upon completion of the washing steps, the beads 

were incubated with freshly prepared 2% hydrazine (1 mL) for 1 hour with end-over-end rotation. 

They were then washed with PBS (1 mL) for 5 minutes. Both fractions were collected for MS 

analysis. 
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APPENDIX: SUPPLEMENTARY FIGURES, SCHEMES AND TABLES 

 

 

 

Figure 3.9. Modification of bikunin S10 found on protein 1 after chondroitinase and trypsin 

digestion, S+1233, S+1232, S+1153, S+1073 were found on peptide  
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Figure 3.9. (cont’d) 

AVLPQEEEGSGGGQLVTEVTK, respectively. Blue color indicates fragment that is found from 

N to C terminal; red color indicates fragment that is found from C to N terminal. MS fragmentation 

shows the parent ion m/z 1067.77 (3+) was found, and the corresponding peptide/amino acid 

fragments, indicating S+ 1233.  
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Figure 3.10. Modification of bikunin S10 found on protein 2 after mercuric acetate treatment 

and trypsin digestion, S+1075, S+1074, S+995, S+915 were found on peptide 

AVLPQEEEGSGGGQLVTEVTK, respectively. Blue color indicates fragment that is found 

from N to C terminal; red color indicates fragment that is found from C to N terminal. 
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Figure 3.11. KfoC reactivity experiment with or without SDS with compound 20 as the acceptor 

and UDP-GalNAz as the donor. Compound 20 [M - H]- calc. 314.0520, found 314.0517; 

Compound 21 [M - H]- calc. 558.1328, found 558.1328. 
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Figure 3.12.  Modification of bikunin S10 found on protein 12 after hyaluronidase and trypsin 

digestion, S+1011, S+1091, S+995, S+1171 were found on peptide 

AVLPQEEEGSGGGQLVTEVTK, respectively. Blue color indicates fragment that is found from 

N to C terminal; red color indicates fragment that is found from C to N terminal. 
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Figure 3.13. Modification of bikunin S10 found on protein 13 after hyaluronidase digestion, 

PmHS2/UDP-GlcNAc reaction and trypsin digestion, S+1374 was found on peptide 

AVLPQEEEGSGGGQLVTEVTK. Blue color indicates fragment that is found from N to C 

terminal; red color indicates fragment that is found from C to N terminal. 
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Figure 3.14. Sulfation of bikunin S10 found on protein 13 after PmHS2/UDP-GlcNAc reaction. 

S+ 1374 was found on peptide AVLPQEEEGSGGGQLVTEVTK. 
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Figure 3.15. Modification of bikunin S10 found on protein 14 after hyaluronidase digestion, 

PmHS2/UDP-GlcNAz reaction and trypsin digestion, S+1255, S+1335, S+1415 were found on 

peptide AVLPQEEEGSGGGQLVTEVTK, respectively. Blue color indicates fragment that is 

found from N to C terminal; red color indicates fragment that is found from C to N terminal. 
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Figure 3.16. Sulfation of bikunin S10 found on protein 14 after PmHS2/UDP-GlcNAz reaction. S 

+ 1255, S +1335, S +995 and S +1415 were found on peptide AVLPQEEEGSGGGQLVTEVTK, 

respectively. 
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Figure 3.17. Modification of bikunin S10 found on protein 15 after hyaluronidase digestion, 

KfoC/UDP-GalNAc reaction and trypsin digestion, S+1294, S+1374 were found on peptide 

AVLPQEEEGSGGGQLVTEVTK, respectively. Blue color indicates fragment that is found from 

N to C terminal; red color indicates fragment that is found from C to N terminal. 
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Figure 3.18. Sulfation of bikunin S10 found on protein 15 after KfoC/UDP-GalNAc reaction. S+ 

1294 and S+ 1374 were found on peptide AVLPQEEEGSGGGQLVTEVTK, respectively. 
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Figure 3.19. Modification of bikunin S10 found on protein 16 after hyaluronidase digestion, 

KfoC/UDP-GalNAz reaction and trypsin digestion, S+1255, S+1335, S+1415 were found on 

peptide AVLPQEEEGSGGGQLVTEVTK, respectively. Blue color indicates fragment that is 

found from N to C terminal. 
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Figure 3.20. Sulfation of bikunin S10 found on protein 16 after KfoC/UDP-GalNAz reaction. S+ 

1255, S+ 1335 and S+1415 were found on peptide AVLPQEE           GQLVTEVTK, respectively. 
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Figure 3.21. SDS PAGE and Western blot of bikunin, human plasma, and bikunin spiked human 

plasma incubated with hyaluronidase, KfoC/UDP-GalNAz and Dde-alkyne-biotin. Western blot 

(e, Lane 4 - 9) shows the signal of bikunin (around 25 kDa marker) and other biotinylated 

proteins pulled from human plasma, suggesting the existence of CSPG. 
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Figure 3.21. (cont’d) 

(a) SDS page of starting materials. Lane 1, ladder; Lane 2, hyaluronidase-bovine tests; Lane 3, 

native bikunin; Lane 4, 200 μg human plasma; Lane 5, 200 μg human plasma + 50 μg native 

bikunin; Lane 6, 200 μg human plasma + 20 μg native bikunin; Lane 7, 200 μg human plasma + 

10 μg native bikunin; Lane 8, 200 μg human plasma + 1 μg native bikunin; Lane 9, 200 μg 

human plasma + 0.1 μg native bikunin.  

(b) SDS page of starting materials incubated with hyaluronidase at 37 oC for 2h.  Lane 1, ladder; 

Lane 2, hyaluronidase-bovine tests; Lane 3, native bikunin; Lane 4, 200 μg human plasma; Lane 

5, 200 μg human plasma + 50 μg native bikunin; Lane 6, 200 μg human plasma + 20 μg native 

bikunin; Lane 7, 200 μg human plasma + 10 μg native bikunin; Lane 8, 200 μg human plasma + 

1 μg native bikunin; Lane 9, 200 μg human plasma + 0.1 μg native bikunin.  

(c) SDS page of hyaluronidase treated materials incubated with KfoC/UDP-GalNAz at 4 oC for 

overnight.  Lane 1, ladder; Lane 2, KfoC; Lane 3, native bikunin; Lane 4, 200 μg human plasma; 

Lane 5, 200 μg human plasma + 50 μg native bikunin; Lane 6, 200 μg human plasma + 20 μg 

native bikunin; Lane 7, 200 μg human plasma + 10 μg native bikunin; Lane 8, 200 μg human 

plasma + 1 μg native bikunin; Lane 9, 200 μg human plasma + 0.1 μg native bikunin. 

 (d) SDS page of KfoC treated materials incubated with Dde-alkyne-biotin at RT overnight. Lane 

1, ladder; Lane 2, KfoC; Lane 3, native bikunin; Lane 4, 200 μg human plasma; Lane 5, 200 μg 

human plasma + 50 μg native bikunin; Lane 6, 200 μg human plasma + 20 μg native bikunin; 

Lane 7, 200 μg human plasma + 10 μg native bikunin; Lane 8, 200 μg human plasma + 1 μg 

native bikunin; Lane 9, 200 μg human plasma + 0.1 μg native bikunin.  

(e) Western blot of KfoC treated materials incubated with Dde-alkyne-biotin at RT overnight, 

Streptavidin-HRP as antibody. Lane 1, ladder; Lane 2, KfoC; Lane 3, native bikunin; Lane 4,  
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Figure 3.21. (cont’d) 

200 μg human plasma; Lane 5, 200 μg human plasma + 50 μg native bikunin; Lane 6, 200 μg 

human plasma + 20 μg native bikunin; Lane 7, 200 μg human plasma + 10 μg native bikunin; 

Lane 8, 200 μg human plasma + 1 μg native bikunin; Lane 9, 200 μg human plasma + 0.1 μg 

native bikunin. 
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Figure 3.22. SDS page (a) and western blot (b) of human plasma incubated with hyaluronidase, 

KfoC/UDP-GalNAz and Dde-alkyne-biotin. Western blot (b, Lane 5) shows the signal of 

biotinylated proteins pulled from human plasma, suggesting the existence of CSPG in human 

plasma sample. 

(a) SDS page of the CSPG enrichment experiment. Lane 1, ladder; Lane 2, human plasma; Lane 

3, human plasma incubated with hyaluronidase at 37 oC for 2h; Lane 4, human plasma incubated 

with KfoC/UDP-GalNAz at 4 oC overnight; Lane 5, 2 human plasma incubated with Dde-alkyne-

biotin at RT overnight; Lane 6, Flow through of Lane 5 after incubated with neutravidin beads ; 

Lane 7, Cleavage product after treating the neutravidin beads with 2% hydrazine; Lane 8, 

Mixture of KfoC and hyaluronidase.  

(b) Western blot of the CSPG enrichment experiment, Streptavidin-HRP as antibody. Lane 1, 

ladder; Lane 2, human plasma; Lane 3, human plasma incubated with hyaluronidase at 37 oC for 

2h; Lane 4, human plasma incubated with KfoC/UDP-GalNAz at 4 oC overnight; Lane 5, 2 

human plasma incubated with Dde-alkyne-biotin at RT overnight; Lane 6, Flow through of Lane 

5 after incubated with neutravidin beads ; Lane 7, Cleavage product after treating the neutravidin 

beads with 2% hydrazine; Lane 8, Mixture of KfoC and hyaluronidase.  

 

 


