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Abstract 

Polysialic acid (polySia) is a homo polymer made of Sialic acid monomers linked to each other 

through ⍺-2-8 linkages in humans. Its expression on cellular surfaces is limited to nervous, 

immune, and reproductive systems in a healthy adult human. It is overexpressed in certain 

tumors and results in higher invasion and metastasis. It increases cancer progression and severity 

and is associated with higher mortality and decreased survival rates. Only a handful of 

polysialylated proteins have been discovered so far. Willis’s lab has confirmed the presence of 

more such proteins that need to be identified. Research has also shown that polySia is an 

immunomodulatory ligand, but additional studies are required to identify its receptor(s). To 

explore the polySia role further, the development of reliable and sensitive methods is essential as 

limited methodologies are available to work with polySia.  

We propose two tactics to enhance polySia research. Firstly, we have developed a biotin-

modified sialic acid that can be incorporated onto the polySia chain of polysialylated protein and 

subsequently extracted using streptavidin beads. Secondly, we propose employing a 

polysialylated fluorescent protein as a ligand to detect the presence of polySia receptors on 

immune cells.  

The modified sialic acid with an attached biotin though disulfide linkage (CMP-Sia-S-S-

Biotin) has been synthesized and successfully added to polySia chains on small molecules and 

cell surface polySia. We could also effectively extract biotin-polySia-protein with streptavidin 

beads and reduce the disulfide bond. To confirm the presence of polySia receptor(s), a 

fluorescent ligand was designed and incubated with Jurkat T cells. Later, the ligand was 

modified to enhance its avidity. These methods lay the groundwork for future research and 

development.  
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Chapter 1: Introduction 

1.1. Overview 

 Glycans are present on the surface of all eukaryotic and prokaryotic cells, forming a 

dense coating known as, the glycocalyx1. These glycans are typically bound to proteins and 

lipids through covalent bonds, resulting in glycoproteins and glycolipids, respectively2. The 

biological functions of glycans can be broadly categorized into three areas: structural support, 

energy metabolism, and information transmission. However, determining the specific role of a 

particular glycan is not that straightforward as a single glycan can serve multiple functions, and 

their structural diversity can add complexity to their functions2, 3. 

There are many types of glycans, but we are particularly interested in sialic acid (Sia) and 

its polymer, polysialic acid (polySia). PolySia plays a crucial role in both health and disease. In 

healthy adults, polySia is limited to the nervous, immune, and reproductive systems, and it is 

essential for fundamental processes such as synaptogenesis and cell migration4. In addition, it is 

expressed on the surface of most of the leukocytes and is a potent immunonmodulator5.  

However, polySia is overexpressed on cellular surfaces in certain cancers, and is associated with 

higher invasion and metastasis rates6. Unfortunately, the mechanisms behind these effects are not 

well understood, primarily due to a lack of research methods to study polySia and its interaction 

partners. To address this, we have been working on two potential methods to identify 

polysialylated proteins, as well as ways to confirm the presence of polySia receptors. 
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1.2. Sialic acid 

In mammals, the most common terminal sugars are Sias which are important 

determinants of the biological functions of glycans7. Sias are also found on the surface of cells in 

all vertebrates and some invertebrates but not in plants8, 9. Based on side chains at carbon number 

5, Sias are of four different types (Figure 1)3. These are, N-acetylneuraminic acid (Neu5Ac), N-

glycolylneuraminic acid (Neu5Gc), deaminated neuraminic acid (KDN), and neuraminic acid 

(Neu)10. 

Although sialic acid refers to any number of this family, it is mostly commonly used for 

Neu5Ac which is the most abundant type of Sia in humans. The carboxylic acid group at carbon 

number 2 makes it acidic with the pKa value of 2.611 (Figure 1). In addition, the glycerol side 

chain results in formation of hydrogen bonds with the target while the N-acetyl group provides 

an interface for hydrophobic interactions3, 12. 

 

 
 

Figure 1. Structure of Neu5Ac 

 

The initial stages of Neu5Ac biosynthesis occur within the cytoplasm and involve the 

synthesis of UDP-GlcNAc (uridine diphosphate N-acetylglucosamine) from glucose (Glc). UDP-

GlcNAc 2-epimerase then converts UDP-GlcNAc into ManNAc (N-acetylmannosamine), which 

is the rate-limiting step (Figure 2)13. ManNAc kinase then phosphorylates ManNAc into 

ManNAc-6-phosphate14. Subsequently, Sia synthase combines ManNAc-6-phosphate with 
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phosphoenolpyruvate to form N-acetyl-9- phosphoneuraminic acid (Sia9P). Finally, Sia9P 

phosphatase carry out a de-phosphorylation step, resulting in the synthesis of free Sia12,13. 

 

 

 

Figure 2. The process of Sialic acid biosynthesis. 

The process of Sia biosynthesis initiates with the formation of UDP-GlcNAc from Glc which is 

then converted into ManNAc. ManNAc is phosphorylated into ManNAc-6-phosphate and is then 

converted into Neu5Ac-9-phosphate. A dephosphorylation step results in Sia. Sia undergoes 

activation and results in the synthesis of CMP-Sia. Enzymes; UDP-GlcNAc 2-epimerase (1), 

ManNAc Kinase (2), Sialic acid synthase (3), Neu5Ac-9-P phosphatase (4). CMP-Sia synthetase 

(5). 

 

Sias cannot be utilized in glycan biosynthesis without their activation. This activation 

process is carried out by CMP-Sia synthetases using cytidine triphosphate (CTP) as a donor, 

resulting in the formation of CMP-Sia. However, this activation step occurs within the nucleus 

for reasons that remain unclear12,13. The newly activated CMP-Sia molecule is transported back 
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to the cytosol via an unknown mechanism before ultimately making its way to the Golgi lumen 

through the CMP-Sia transporter12,13. In the Golgi, CMP-Sia is enzymatically added to the 

terminus of underlying glycans through the anomeric carbon (C-2) of Sia by enzymes called 

sialyltransferases. CMP-Sias are covalently added to underlying galactose (Gal) through ⍺-2,3 

and ⍺-2,6 linkages while linkage with N-acetylgalactosamine (GalNAc) could only be ⍺-2,6. In 

addition, it is also covalently added to the underlying Sia through ⍺-2,815.  

Sia is a crucial player in various cellular processes, such as cellular signaling, migration, 

and intracellular interactions15. It plays a critical role in embryonic development16. Studies have 

shown that mice lacking Sia enzymes are unable to survive beyond the embryonic stage, 

indicating the essential role of Sia for survival during this stage17. Sia acts as a ligand for lectins, 

antibodies, enzymes, and receptors18. For example, during the development of B cells, a 

noticeable increase in the expression of α-2,6-linked Sia is observed. This coincides with the 

binding preference of the surface molecule Sia binding immunoglobulin like lectin 2 (Siglec-2) 

found on B cells, which plays a role in regulating the B cell response to antigen stimulation10, 19. 

On the other hand, it has also been observed that alterations in the expression of Sia are evident 

in several pathological conditions. Autoantibody production against Sia or antibodies that are 

improperly glycosylated are responsible for certain immune disorders10, 20. Changes in sialylation 

are also seen in many types of cancer and are linked to tumor progression21. Malignant cells tend 

to excessively express Sia on their surface, which may shield them from immune detection and 

elimination21. Additionally, certain pathogens employ molecular mimicry by coating their 

surfaces with Sia to evade recognition by the immune system22. In short, Sia expression plays a 

significant role in both the development of a healthy body and in the progression of diseases. 
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1.3. Polysialic acid 

Polysialic acids (polySia’s) are linear carbohydrate polymers that, in humans, consist of 

Sia residues linked by α-2,8 bonds23. The length of polySia chains can range from 8 to 400 

monomer units, while chain length consisting of 2-7 is termed as oligoSia24. This categorization 

is based on anti-oligoSia/polySia antibodies. A minimum of eight Sias could make the required 

helical structure that is recognized by anti-polySia antibody while the anti-oligoSia could only 

bind to Sia chains that vary from 2-725. The enzymes that synthesize polySia are called 

polysialyltransferases. In humans, two such enzymes ST8Sia2 and ST8Sia4 are the key enzymes 

for this process26. Both can synthesize polySia individually and their expression changes during 

development of a fetus and in adulthood23. The expression of ST8Sia2 decreases significantly, 

and that of ST8Sia4 decreases slowly after birth. Moreover, in adult humans, both have limited 

expression, but ST8Sia4 is the primary enzyme responsible for the presence of polySia23, 27. 

The most abundant, and well-studied polysialylated protein found in humans is neural 

cell adhesion molecule (NCAM). It is present in the nervous, immune, and reproductive systems 

in mammals28, 29. The extracellular domain of NCAM consists of five immunoglobulin (Ig) and 

two fibronectin (FN) domains30 (Figure 3). Potential six glycosylation sites were marked but 

only two in Ig5 domain could be polysialylated31. PolySia chains when attached to NCAM, 

increase its hydrodynamic radius and affect its biological functions32. In addition, polySia could 

also mask proteins from their interaction partners because of its bulky structure29 (Figure 3). 

Aside from NCAM, synaptic cell adhesion molecule (SynCAM) and neuropilin-2 

(NRP2) have also been identified that are polysialylated 33, 34. Other putative polysialylated 

proteins exist but either await confirmation or are controversial. These proteins include C-C 

chemokine receptor type 7 (CCR7), voltage-gated sodium channel, and E-selectin ligand35-37. 
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Furthermore, polysialyltransferase enzymes are also autopolysialylated, with ST8Sia4 displaying 

a greater extent of autopolysialylation compared to ST8Sia238. The autopolysialylated ST8Sia4 

covalently adds more polySia to NCAM, suggesting that this process could stabilize the 

interaction between enzyme and its substrate. Notably, a reduction in autopolysialylation 

negatively impacts the activity of these enzymes38. 

 

 

 

Figure 3. NCAM polysialylation and effects on its potential interactions. 

Two cells appear near to each other in the absence of polySia, and the distance increases when 

polySia is present. By comparing “A” and “B,” the polySia receptor effects could be observed, 

while by comparing “C” and “D,” the polySia masking effects could be seen. 

1.3.1. Interactions of polySia 

The interactions of polySia on a molecular level are not well characterized. Because of its 

charged nature its interactions could be based upon the production of repulsive and attractive 

fields. Due to its bulky nature, negative charge, and hydration effect, it has been shown that 
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polySia affects interactions between cells and cell-extracellular matrix39. In one study, it was 

found out that the endosialidase reduced the distance between two polySia expressing cells by 

10-15 nm when estimated with electron microscopy before and after endosialidase (EndoN) 

treatment40. PolySia when attached to NCAM, increases its hydrodynamic radius which results in 

higher intermembrane spaces and interferes with the adhesive properties of NCAM41. In 

addition, there is direct evidence proving that polysialylation of NCAM results in higher 

intermembrane repulsions and decreases homophilic interactions of NCAM40. Higher expression 

of polySia on cell surface has been observed in various cancers, such as neuroendocrine cancers, 

including glioblastomas and neuroblastomas42,51. This has been linked to increased tumor 

progression, invasion, and metastasis resulting in a decrease in survival rates42. This could be the 

result of dissemination of cells from primary tumor mass because of the diminished cell-

cell/matrix adhesion42. However, there are also cell lines which are heavily polysialylated and 

yet grow as clumps, suggesting that steric/charge repulsion is not the entire basis for polySia 

function43. 

In 2008, a study demonstrated that polySia not only possesses a repulsive field, but also 

an attractive field that enables it to capture biological molecules, for instance it binds to brain-

derived neurotrophic factor (BDNF)44. Subsequent studies identified other biological molecules 

that could be captured by polySia, such as chemokine (C-C motif) ligand 21 (CCL21) and 

catecholamines23, 45. However, it is important to note that the binding of polySia to certain 

neurotransmitters and biological molecules like BDNF could be a receptor-ligand interactions. In 

addition to binding to polySia, BDNF also has the ability to bind to glycosaminoglycans 

(GAGs), like heparin sulfate (HS). When polySia and HS were immobilized and BDNF was 

introduced, the binding was nearly identical based on the KD values46. However, when BDNF 
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was immobilized and polySia or HS was added, the KD value of BDNF towards HS was almost 

unchanged, while the KD value towards polySia decreased by two to three orders of magnitude46. 

This could suggest that the site used by BDNF to bind to polySia may already be inaccessible 

since it was likely utilized during immobilization. 

PolySia may also act as a ligand for transmembrane receptors like the siglec-11 and 

siglec-16 proteins47. These interactions could result in inhibition or activation, depending on the 

receptor type47, 48. For example, binding of polySia to siglec-11 leads to the inhibition of 

microglial cells, whereas binding to siglec-16 causes activation of tissue macrophages. 

Interestingly, when both receptors are present on the same cell, they can neutralize each other's 

responses49. 

1.3.2. The Expression of PolySia  

PolySia is prevalent during the developmental stages of mammals but diminishes rapidly 

postnatally or with maturity. In healthy adults, its cellular surface expression is limited to the 

nervous, immune, and reproductive systems. It is re-expressed in certain disease states e.g., 

Neuroblastoma and Glioblastoma etc50, 51. 

1.3.2.1. PolySia in Nervous System 

In the nervous system, most polySia literature is related to polysialylation of NCAM, 

which was initially based primarily on the NCAM polySia research in murine models. In mice, 

polySia is expressed on the surface of cells throughout development with peak expression levels 

perinatally52. More than 95 % polySia perinatally is found on the isoforms of NCAM, i.e., 

NCAM-140 and 18031. During the first week of postnatal development, the amounts of polySia 

remain high, followed by a rapid decline (around 70 %) during postnatal days 9 to 1753. 

Approximately 10 % further decrease in polySia occurs during adulthood53. The expression of 

NCAM isoforms remains constant during the first three weeks of postnatal development, while 
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the decrease in polySia correlates with the appearance of polySia-free NCAM34, 53, 54. Both 

ST8Sia2 and ST8Sia4 are expressed in correlation with polySia expression during neurogenesis. 

In mice, when one polysialyltransferase is knocked out, the polySia expression is not affected, 

which suggests that the other polysialyltransferase compensates for the polysialylation53, 55. 

Knocking out both enzymes together affects polysialylation and results in only a 20 % survival 

rate after birth for four weeks of mice55. Double knockout mice confirms the critical role of 

polySia in embryonic development. 

In the human brain, the rate of decrease in polySia expression on cellular surfaces is 

lower than in murine31. It persists till 12 years of age and contributes to plasticity56. From age 12 

to 80 the expression of polySia remains low but has significant expression in certain brain 

regions57. The areas with significant expression are olfactory bulbs and hippocampus46. In 

addition, polySia NCAM expression has also been shown in substantia nigra58, amygdala59, and 

pons60. Its role is diverse; neural cell migration, axonal guidance, fasciculation, myelination, 

synapse formation, and functional plasticity of the nervous system are all processes in which it is 

involved4, 36, 46, 58, 59, 60. 

1.3.2.2. PolySia in Reproductive System 

 The current research about polySia in the human reproductive system is minimal. Its 

expression has been observed in sperms in sea urchins, and in mammals61. PolySia in the sperm 

of sea urchins has unique functions where it regulates the cellular calcium and the motility of 

sperm61, 62. In sperms of mammals, NCAM and ST8Sia2 have been found to be polysialylated. In 

addition, the presence of polySia has also been observed in the epithelial cells of epididymis63. In 

females, the trophoblast cells of the placenta also express polySia in the first trimester, which is 

decreased throughout the course of pregnancy. The expression of polySia is crucial for placental 

initiation. The invasive cytotrophoblasts (iCTBs), which are a subtype of trophoblasts, play an 
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important role in placentation. Removing polySia diminishes their migration and invasion, 

affecting their ability to perform their integral role64. In addition, the gestational trophoblastic 

tumor biopsies demonstrated that both malignant and benign tumors had higher polySia 

expression than first-trimester placental bed-site of a healthy female65, 66.  

1.3.2.3. PolySia in Immune System 

The expression of polySia in the immune system is widespread, with most cell types 

having some level of polysialylation36. However, the proteins which are polysialylated are highly 

specific to cell type and species. For example, NCAM is the primary polysialylated protein 

expressed in human natural killer (NK) cells but is not found in mouse equivalents29. NCAM is 

also not expressed in other immune cell types, except for a subset of activated CD8+ T cells67, 68. 

Polysialylated NCAM in NK cells has been proven to control its cytotoxicity. NK cells that are 

activated exhibit elevated levels of polySia and NCAM69. In addition, the CRISPR-Cas9 deletion 

of NCAM resulted in the reduction of NK cells to kill tumors70. 

In addition to NCAM, two other cell surface proteins have been identified that are 

polysialylated in the immune system i.e., NRP-2 and CCR7 71. NRP-2 is a coreceptor for a wide 

array of class III semaphorins and vascular endothelial growth factor family proteins. It is 

expressed in many cell types but has only been shown to be polysialylated in macrophages and 

dendritic cells71, 72. CCR7 is a chemokine receptor that mediates the migration of a wide array of 

immune cells towards the chemokines C-C chemokine ligand 19 (CCL19) and CCL21. 

Polysialylation of CCR7 was demonstrated in dendritic cells where it was specifically required 

for the migration of these cells towards CCL21 but not CCL1972. The relative contributions of 

polysialylated NRP-2 and CCR7 to CCL21-mediated migration is the subject of some debate71.  

Polysialylation of immune cell surface proteins is associated with cell activation. For 

example, polySia levels increase substantially as NK, dendritic cells, macrophages, and T cells 
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become activated and/or mature73, 74.  Similarly, infection of monocyte-derived M2 macrophages 

with human rhinovirus resulted in the upregulation of ST8Sia475. However, the effect of this 

increased polySia on immune function is less clear. While polySia may be involved in migration 

of specific cells to different areas of the body, it also appears to be involved in regulating the 

immune response. For example, polySia promotes the anti-inflammatory functions of THP-1 

macrophages through binding to siglec-1176. Similarly, polySia on dendritic cells may play a role 

in regulating their effect on T cell proliferation and the secretion of proinflammatory cytokines36, 

77. However, given T cells do not express any siglec receptors76, the mechanisms by which 

polySia regulates T cells, are likely to depend on other proteins that have not yet been identified. 

1.3.2.4. PolySia in disease 

PolySia is a crucial part of physiological and pathological processes and its altered 

expression levels on cellular surfaces, have been associated with diseases. It has been found 

associated with different types of cancers specially tumors of the nervous system e.g., 

neuroblastoma, and glioblastoma etc50, 51. NCAM is thought to be the main carrier of 

polysialylation in most cancers46. Higher polySia expression has been found associated with an 

increase in cancer progression, higher metastasis, and decrease in survival rates in many different 

polySia expressing cancers78, 79. Research is underway to utilize the polySia expression in 

diagnostics to identify the stages of cancers80 and to find out therapeutics to regulate the 

expression of polySia in tumors81.  

Systemic sclerosis (SSc), an autoimmune disorder, has similarities with cancer in terms 

of angiogenesis, inflammatory responses, immune dysregulations, tissue remodeling, and 

changes in the extracellular matrix82. Recently it was found out that SSc shows dysregulation of 

polySia cell surface expression in correlations with the severity of the diseases and the highest 



 12 

polySia concentrations were found in diffuse SSc83. Diffuse SSc involves rapid progression of 

skin fibrosis with extensive skin involvement5. 

Aberrant polySia expression on surface of cells has also been observed in 

neurodevelopmental, neurodegenerative, and psychiatric disorders. In schizophrenia, a decrease 

in polySia-NCAM staining was observed in the hypothalamus when compared to the healthy 

brain84. This decrease was not observed in other parts of the brain e.g., amygdala which 

demonstrated that polySia impairment in schizophrenia is region specific84, 85. In addition, 

bipolar disorder and autism spectrum disorders were also found to have less polySia. This was 

based on the lower expression of ST8Sia2 when compared to a healthy control86, 87. On the 

contrary, in Parkinson’s disease, and in Alzheimer’s, the expression of polySia was found to 

increase especially in the case of Alzheimer’s, where its increase was associated with the 

severity of the disease88, 89. It is clear from these studies that determining which proteins are 

polysialylated and which interact with polySia has the potential to provide mechanistic 

information about the function of the immune system in both health and disease. However, the 

properties of polySia can make it challenging to study using traditional methodologies. 

1.3.3. Tools to study polysialic acid in complex biological mixtures. 

Antibodies have been developed to detect polySia. The most commonly used antibody is 

mAB735, which is a monoclonal antibody and has a high specificity for polySia and a higher 

binding affinity with a KD value of 7 x 10-9 M90. It was originally isolated from spleen cells from 

an autoimmune New Zealand Black (NZB) mouse that was immunized with Neisseria 

meningitidis and Escherichia coli (E. coli) K191. To bind, mAB735 often requires a long segment 

of Sias, and the affinity appears to increase with increasing chain length. The helical segments of 

longer polySia forms fit into the binding site in the Fab fragment of the antibody91. A minimum 
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of 8 Sias could make the helical structure and could be recognized by mAB735. It is a useful tool 

in blots and, in enzyme linked immuno-assay (ELISAs) with a secondary horseradish peroxidase 

(HRP) -linked antibody91. Blotting polySia is not without its limitations. Because of its bulky 

size, variable chain length and variable polysialylated protein levels, it affects protein mobility, 

successful blotting and antibody recognition5. In addition, Serum samples have high 

concentrations of serum albumin, which distorts sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels when loaded in sufficient quantities to visualize polySia in an 

immunoblot5. 

A fluorescent polySia lectin, EndoNDM-GFP, is also used to detect and confirm the 

presence of polySia. It stains polySia on the surface and inside the cells, followed by imaging 

with florescent microscopy and/or image-cytometry5, 35. EndoNDM was produced by making 

mutations in the two essential amino acids in the catalytic site of EndoN (endosialidase)35. 

EndoN belongs to the category of sialidases that cleaves the α-2,8 linkages within oligoSia and 

polySia chains. Bacteriophages that infect bacterias encapsulated with polySia, express tail spike 

proteins that possess sialidase activity that is specific for oligoSia (DP > 5) and polySia. These 

enzymes are essential for bacteriophages to infect polySia encapsulated bacterias. EndoN, an 

endosialidase from bacteriophage KF1, has been extensively studied and is widely used in 

polySia research. It is a homotrimer that can bind to three polySia chains simultaneously. Its 

double mutant inactive version (EndoNDM) is used as polySia lectin as it binds to polySia with 

great efficiency and specificity through its binding site and it cannot cleave it because of the 

mutations in the catalytic site35, 92. 

Willis's laboratory has developed an ELISA method that sandwiches polysialylated 

proteins between the EndoNDM-GFP and mAB735 antibody, followed by a secondary antibody 
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attached to HRP. The entire process can be completed in a day and is highly sensitive in 

quantifying polySia. Additionally, it is carried out under non-denaturing conditions which is 

important as polySia is labile in nature5. 

Table 1. Probes to detect polySia. 

Anti polySia antibody followed by a secondary HRP linked antibody is primarily used to carry 

out blots to confirm the presence of polySia. In addition, GFP-EndoNDM is also employed in 

GFP blots and in ELISAs to detect and quantify polySia. In both cases the EndoN treated sample 

where polySia is cleaved is used as a negative control. 

 

 

 

Isolating and enriching polysialylated proteins can enhance the detection sensitivity, 

particularly for those that are found in low abundance. Furthermore, obtaining purified polySia 

after release is a crucial prerequisite and a significant step towards achieving precise structural 

characterization of polySia. Several established techniques for isolation and purification can be 

utilized for this purpose (Table 2).  

A couple of non-specific methods include size exclusion and anion exchange 

chromatography. In addition, organic solvent precipitations are also used to purify free polySia 

and polysialylated proteins. Size exclusion chromatography (SEC) is a conventional method to 

isolate polySia-bound glycoproteins from small molecules. Molecules are separated based on 

their hydrodynamic volume and molecular size. Porous polymeric resins in the stationary phase 

of SEC retains smaller molecules and elute them slower while the larger molecules are eluted 

faster. However, this method could be time-consuming, and compounds of the same molecular 

weight could not be separated93. Anion exchange chromatography involves a column of 

No. Type of Probes 

1 

Anti-polySia antibody (mAB735) followed by a secondary HRP linked 

antibody (DP>8) 

2 GFP-EndoNDM, a lectin for polySia and oligoSia (DP>5) 
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positively charged materials that capture negatively charged molecules. A high ionic strength 

buffer is then used to elute the captured molecules. However, this method cannot distinguish 

between polysialylated protein, free polySia, and other molecules such as nucleic acids94. 

Chloroform/methanol/aqueous buffer extraction separates polysialylated proteins from 

membrane lipid content as lipids are dissolved in organic solvent while proteins and peptides are 

precipitated to form a pellet via centrifugation95. Acetone is also used to precipitate 

polysialylated proteins at low temperatures. However, re-solubilizing the precipitated 

polysialylated proteins could be challenging63. Organic solvent (ethanol) precipitation can also 

be used for separating free polySia. This is an easy and low-cost method, but ethanol might not 

be efficient in precipitating polySia with shorter degree of polymerization (DP)96. 

Table 2. The extraction and purification methods for polySia bio-conjugates. 

The method type along with its major limitation are outlined. The first four methods included, 

are non-specific in nature and the final samples end up with impurities. The last two methods 

where mAb735 is utilized are specific in nature and are dependent on the quality of the antibody 

used. 

No

. Method type Specificity Major limitations 

1 

Size exclusion 

chromatography ☓ 
Similar sized molecules could not be 

separated. 

2 

Anion exchange 

chromatography ☓ 
Free polySia vs polySia-conjugates could not 

be seaparated. 

3 Organic solvent de-lipidation ☓ Contamination and re-solubilization problems. 

4 Free polySia precipitation ☓ Short chain polySia could not be precipitated. 

5 

Immuno-affinity 

chromatography ✓ Costly and dependence on quality of antibody. 

6 Bead based extraction ✓ Costly and restricted to low volume samples. 

7 Immunoprecipitation ✓ 
Dependence on quality of antibody and less 

yield. 

 

https://coolsymbol.com/copy/Saltire_Symbol_%E2%98%93
https://coolsymbol.com/copy/Saltire_Symbol_%E2%98%93
https://coolsymbol.com/copy/Saltire_Symbol_%E2%98%93
https://coolsymbol.com/copy/Saltire_Symbol_%E2%98%93
https://coolsymbol.com/copy/Check_Mark_Symbol_%E2%9C%93
https://coolsymbol.com/copy/Check_Mark_Symbol_%E2%9C%93
https://coolsymbol.com/copy/Check_Mark_Symbol_%E2%9C%93
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Anti-polySia antibody (mAB735) and EndoNDM are employed to purify polysialylated 

proteins and free polySia and are considered highly specific and efficient tools. These probes are 

polySia-specific and can be used to coat the stationary phase for immunoaffinity 

chromatography. For instance, researchers have successfully employed coating with mAB735 to 

purify peptides-polySia from cell lysates97. Additionally, the anti-polySia antibody could 

function as an immunoprecipitation tool. This method involves incubating the antibody first with 

biological samples to capture the polysialylated proteins. The protein-antibody complex is then 

captured with Protein A/G coated beads because of the interaction between protein A/G and Fc 

region of the antibody. This is followed by washing steps and elution73. However, it is important 

to note that immunoaffinity based purification has some limitations, including its high cost and 

dependence on the quality of the antibody98. 

PolySia cleavage from glycoproteins is necessary for the analysis of polySia. Both 

chemical and enzymatic methods can be used for this purpose. However, these techniques carry a 

significant risk of polymer degradation because of the sensitivity of polySia to chemical 

hydrolysis outside neutral pH conditions99. Chemical approaches include mild hydrolysis and 

alkaline-based methods. In mild hydrolysis, polySia is separated from the protein in a slightly 

acidic environment (trifluoroacetic acid, 20 mM, pH 2)99. The α-2,6 or α-2,3 Sia-Gal glycosidic 

bonds between polySia and the underlying glycan are more sensitive to mild acid attack than the 

polySia itself. Additionally, the lactonization under acidic conditions also contributes to the 

stability of polySia99. However, mild hydrolysis could still cause the cleavage of longer polySia. 

Enzymatic cleavage of polySia is a more specific method, as a particular enzyme can be used 

that cleaves a specific bond, such as endo-β-galactosidase, which cleaves the internal β-1,4 

galactose linkage (repeating N-acetyl-lactose amine)24. The released polySia’s are labelled with a 



 17 

fluorochrome and could then be analyzed further with high performance liquid chromatography 

(HPLC)24. 

HPLC is commonly utilized to detect polySia chains that are linked to a fluorochrome, 

such as fluorinated boron-dipyrromethene (BODIPY). However, polySia chains with higher DP 

(which varies based on the type of column) cannot be distinguished and are eluted at the same 

retention time98. In addition, it can also be used to identify polysialylated proteins, provided the 

protein's molecular weight is low.  Mass spectrometry is another option for analyzing shorter 

polySia chains, but caution must be exercised in selecting the type of ionization used, to prevent 

the cleavage of polySia chains98. Electroscopy ionization (ESI) and matrix assisted laser 

desorption/ionization (MALDI) are two soft ionization methods that could be adopted but the 

length of polySia chain could affect its stability under these ionization conditions. It is advised to 

optimize the method based on the DP of polySia and other experimental conditions. 

1.4. Hypothesis 

I hypothesis to develop methodologies that will aid in the advancement of polySia 

research. This would involve extracting polysialylated proteins from biological samples in a 

relatively pure form, followed by identifying them. Additionally, it would also confirm the 

presence of receptors for polySia on immune cells. 
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Chapter 02: Methodology 

2.1. Polysialylation of BODIPY-Lactose 

2.1.1. BODIPY-GM3 Synthesis 

Fluorinated boron-dipyrromethene Lactose (BODIPY-Lac) was added to the reaction 

mixture to attain a final concentration of 0.1 mM in a total volume of 1000 uL. 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer of pH 7.5 was included in the 

mixture at a final concentration of 50 mM, while magnesium chloride and CMP-Sia were added 

to the mixture at final concentrations of 25 mM and 0.3 mM, respectively. CST-1100 enzyme 

(Table 6-7) was used at a final concentration of 0.05 mg/mL, and alkaline phosphatase was 

added at a final concentration of 2 ug/mL. The reaction was allowed to proceed overnight at 30 

degrees Celsius (°C) and confirmed with thin layer chromatography (TLC) run for 15 minutes in 

a mixture of ethyl O-acetate, acetic acid, methanol, and water (6:1.5:1.5:1 v/v). The purification 

process was carried out using a Sep-Pak C18 column that was regenerated with 5 ml of methanol 

followed by 10 mL of milli-Q water. The GM3 reaction was diluted to 5 mL with milli-Q and 

injected into the column followed by 10 mL milli-Q water to wash out the unbound material. The 

sample was then eluted using methanol. The aliquots were concentrated with a vacuum 

evaporator and confirmed with TLC using a solvent mixture of ethyl O-acetate, acetic acid, 

methanol, and water (6:1.5:1.5:1 v/v). The aliquots containing GM3 were pooled together, and 

their concentration was determined based on the absorption of BODIPY. 

2.1.2. BODIPY-GD3 Synthesis 

BODIPY-GM3 was added to the reaction mixture to attain a final concentration of 0.1 

mM in a total volume of 1000 uL. HEPES buffer of pH 7.5 was included in the mixture at a final 

concentration of 50 mM, while magnesium chloride and CMP-Sia were added to the mixture at 
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final concentrations of 25 mM and 0.3 mM, respectively. CST-2101 enzyme (Table 6-7) was used 

at a final concentration of 0.05 mg/mL, and alkaline phosphatase was added at a final 

concentration of 2 µg/mL. The reaction was allowed to proceed overnight at 30 °C and 

confirmed with TLC run for 15 minutes in a mixture of ethyl O-acetate, acetic acid, methanol, 

and water (6:1.5:1.5:1 v/v). The purification process was carried out using a Sep-Pak C18 

column that was regenerated with 5 mL of methanol followed by 10 mL of milli-Q water. The 

GD3 reaction was diluted to 5 mL with milli-Q and injected into the column followed by 10 mL 

milli-Q water to wash out the unbound material. The sample was then eluted using methanol. 

The aliquots were concentrated with a vacuum evaporator and confirmed with TLC using a 

solvent mixture of ethyl O-acetate, acetic acid, methanol, and water (6:1.5:1.5:1 v/v). The 

aliquots containing GD3 were pooled together, and their concentration was determined based on 

the absorption of BODIPY. 

2.1.3. BODIPY-GD3 polysialylation 

In the final reaction volume of 20 µL, a 1 mM final concentration of BODIPY-GD3 was 

used, along with Tris buffer of pH 8.8 at a final concentration of 50 mM. Magnesium chloride 

and CMP-Sia were added at final concentrations of 25 mM and 60 mM, respectively, with bPST-

10 at a final concentration of 0.05 mg/mL. The reaction was conducted for 1 hour at 30 °C and 

was stopped with 50% acetonitrile. Success of the reaction was confirmed with HPLC where 5 

µL of 0.3 µM of sample was injected into the DNAPac column PA100 at 0.5 mL/minute at 40°C. 

Gradient elution was performed over 15 minutes with fluorescent detection of 503 nm, using 0-1 

M ammonium acetate pH 8.3 in a constant mobile phase of 20% acetonitrile. For purification, the 

same process as for GM3 was followed, and the BDP-polySia was eluted with water in the first 

two aliquots. 
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2.2. Cloning and Subcloning 

 The TurboID gene was commercially ordered and amplified using PCR with primers 

Iw554 and Iw558 (Table 4). After running the PCR product through gel electrophoresis at 120V 

for 35 minutes, the gene and Vek-06 (vector) were both digested with EcoR-1 and Sal-1 (Table 

3), and then underwent gel electrophoresis. The resulting bands were purified using a gel 

purification kit, followed by ligation and transformation into E. coli (Table 3). One colony was 

added into LB media and shaken overnight at 37 °C. The new plasmid (pTurboID) was then 

extracted using a miniprep kit. To make the EndoNDM gene with Nde-1 and Sal-1 cut sites, PCR 

was conducted with primers Iw586 and Iw550. The gene and pTurboID were digested with Nde-

1 and EcoR-1, ligated, and transformed. Similar steps were followed for the synthesis of pGFP-

02, using primers 6 to 8 (Table 3). 

Table 3. The cloning/subcloning experimental protocols adapted from NEB website. 

PCR 

Component Taken Final Concentration 

5X Phusion HF or GC Buffer 10 µL 1X 

10 mM dNTPs 1 µL 200 µM 

10 µM Forward Primer 2.5 µL 0.5 µM 

10 µM Reverse Primer 2.5 µL 0.5 µM 

Plasmid DNA variable < 50 ng 

Phusion DNA 

Polymerase 

0.5 µL 1.0 units/50 µL PCR 

Nuclease-free water to 50 µL 
 

Thermocycling conditions 

Step Temperature Time 

Initial denaturation 98°C 30 seconds 

25 cycles 
98°C 10 seconds 

55°C 20 seconds 
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72°C 20 seconds/kb 

Final Extension 72°C 5 minutes 

Hold 4°C  

Restriction digest 

Component Taken Final Concentration 

Plasmid DNA 1 µg 20 ng/µL 

10X NEBuffer 5 µL 1x 

Restriction enzyme 1 2.5 µL 12.5 units 

Restriction enzyme 2 2.5 µL 12.5 units 

Nuclease-free water to 50 µL  

Incubation at 37°C for 1 hour 

Ligation 

Components Taken Final Concentration 

T4 DNA Ligase Buffer (10X) 1 μL 1x 

Vector DNA 25 ng total 2.5 ng/μL 

Insert DNA Based on NEB calculator 

T4 DNA Ligase 1 μL 
 

Nuclease-free water to 10 μL 
 

Incubation at 16°C overnight 

2.3. Protein Expression and Purification  

 A 6 mL culture was inoculated with the desired strain and shaken overnight at 37 °C in 

the presence of the required antibiotic (100 mg/mL stock), added at 1 µL/mL (Table 6). The next 

day, the culture was added to 600 mL of LB media along with 600 µL of required antibiotic (100 

mg/mL stock) and shaken at 37 degrees Celsius until the optical density (OD) reached 0.3-0.4. 

Then, 600 µL of IPTG stock at 100 mg/mL was added and the flask was shaken for 22 hours at 

the required temperature (Table 7). Afterward, the lysogeny broth (LB) media was centrifuged at 

6500 relative centrifugal force (RCF) for 10 minutes at 4 °C, and the pellet was stored at -80 °C 
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overnight. Finally, the previously described protein extraction and purification method was 

carried out5 (Table 6). 

Table 4. The list of different primers that were used. 

 

 

 

Table 5. The resultant plasmids and the attributes of the final gene. 
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Table 6. Enlists the details of the enzymes used and the purification columns adapted. 

Type Origin 
Antibiotic 

resistant 
Function 

Purification 

method 

CST-1 
Campylobacter 

jejune 
AmpR Sialyltransferase MBP Trap HP 

CST-2 
Campylobacter 

jejune 
AmpR 

Bi-functional 

Sialyltransferase 

Hi Trap DEAE 

column 

HGT-13 
Drosophila 

melanogaster 
AmpR GalNAc transferase MBP Trap HP 

CPG-13 
Campylobacter 

jejune 
AmpR Epimerase MBP Trap HP 

BHV-05 Bovine herpesvirus 4 AmpR Core-2 synthase MBP Trap HP 

BTS-05 
Bibersteinia 

trehalosi 
AmpR Adds Sia to extended core 2 His Trap HP 

bPST-109 
Neisseria 

meningitidis 
AmpR Polysialylation Heparin HO 

 

Table 7. Enlists the expression conditions for the enzymes used. 

Type 
Incubation Temperature till OD (0.3-

0.4) 
Incubation for 22 hours after Post IPTG 

CST-1 37°C 25°C 

CST-2 37°C 37°C 

HGT-13 37°C 20°C 

CPG-13 37°C 20°C 

DGT-02 37°C 20°C 

BHV-05 37°C 20°C 

HBGT-21 37°C 20°C 

BTS-05 37°C 30°C 

bPST-109 37°C 20°C 

2.3. GFP-02 core-1 polysialylation 

2.3.1. GalNAc addition 

GFP-02 was used at a concentration of 0.5 mg/mL in a final volume of 1000 uL, which 

was adjusted with milli-Q water. HEPES buffer with a pH of 7.5 was added at a final 
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concentration of 50 mM, and manganese chloride at a final concentration of 25 mM. Enzymes 

CPG-131102 and DGT-13103 (Table 6-7) were included in the solution at a final concentrations of 

0.5 mg/mL. Additionally, UDP-GlcNAc was added at a final concentration of 200 µM. The 

reaction was allowed to run for 4 hours at 30 °C and was confirmed with GalNAc lectin blot.  

2.3.2. Gal Addition 

To incorporate Gal, to the reaction above DGT-13 (Table 6-7) and UDP-Gal at 

concentrations of 0.5 mg/ml and 200 µM, respectively were added without prior purification 

followed by incubation for 4 hrs at 30 °C. The reaction was confirmed via Sia lectin blot.  

2.3.3. Sia addition 

To add Sia to GFP-2 core-1, ST3Gal1104 (Table 6-7) was used at a final concentration of 

0.5 mg/mL. GFP-02-core-1 was added at a final concentration of 0.5 mg/mL, while CMP-Sia 

was added at a final concentration of 200 µM. The reaction was carried out in 50 mM HEPES 

buffer at pH 7.5, and magnesium chloride was added at a final concentration of 0.3 mM followed 

by incubation for 4 hrs at 30 °C. The reaction was confirmed via Peanut agglutinin (SNA) lectin 

blot. 

2.3.4. 2nd Sia addition 

Sialylated GFP-02 was taken and CST-2101 enzyme was added at a final concentration of 

0.05 mg/mL in HEPES buffer of pH 7.5 that was included in the mixture at a final concentration 

of 50 mM. Alkaline phosphatase was added to the mixture at a final concentration of 2 µg/mL 

while CMP-Sia was added at the final concentration of 200 µM.  Additionally, magnesium 

chloride was added to the mixture at a final concentration of 25 mM, followed by incubation for 

4 hrs at 30 °C. The success of the reaction was confirmed with mass spectrometry. 
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2.3.5. Polysialylation 

 GFP-02 diSia was added at a concentration of 0.5 mg/mL to a 50 mM ammonium 

bicarbonate buffer with a pH of 8.8. Magnesium chloride and CMP-Sia were added at final 

concentrations of 25 mM and 0.2 mM respectively. CMP-Sia doner sugar was used at a final 

concentration of 500 µM. After incubation at 30 °C for an hour, the reaction was verified with an 

anti-polySia blot. 

2.4. GFP Core-2 extended polysialylation. 

 GFP-02 core-2 was created from GFP-02 core-1 through the use of core-2 synthase103 

(Table 6) enzyme at a concentration of 0.05 mg/mL. The reaction conditions remained consistent 

with Core-1 synthesis, with the exception of CPG-13 and manganese chloride not being added. 

Confirmation of the reaction was achieved through a 70-minute gel shift assay using a 10% SDS 

gel run at 200 V. The addition of Gal was performed using the HBGT-21 enzyme at a 

concentration of 0.05 mg/ml, following similar reaction conditions to those used for the addition 

of Gal in the core-1 synthesis. 

 In order to introduce Sialic acid, the enzyme BTS-05 (Table 6) was utilized at a 

concentration of 0.05 mg/mL while maintaining the same conditions as the CST-1 reaction. 

Subsequently, the CST-2 and bPST109 reactions were conducted in a similar fashion as 

previously described for the GFP-02 diSia core-1 polysialylation. 

2.5. Cell Culture 

The NK-92 cells were cultured in RPMI-1640 medium supplemented with 10% horse 

serum, 10% fetal bovine serum, 20 mM HEPES (pH 7), 1% penicillin-streptomycin, 200 U/mL 

interleukin-2 (IL-2), and 1 mM hydrocortisone. Jurkat T cells were grown in RPMI-1640 

medium containing 10% fetal bovine serum and 1% penicillin-streptomycin. The chinese 
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hamster ovary (CHO) cells were kindly provided by Macauley Lab and cultured in DMEM/F12 

medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. 

2.6. Immunoblotting 

The concentration of proteins in the lysates was determined using a bicinchoninic acid 

(BCA) assay (Pierce). A volume containing 5-16 µg of proteins was taken and an equal volume 

of 2x loading dye was added followed by heat denaturation for 30 seconds at 95 °C. The proteins 

were separated using SDS-PAGE gel (200 V for 40 minutes) and then transferred to a PVDF 

membrane at a voltage of 60 V for 1 hour. The blocking step was carried out in 5% bovine serum 

albumin (BSA) in phosphate buffered saline with 0.05 % tween (PBST) at room temperature for 

1 hour. The anti-polySia antibody (mAB735) and anti-IgG HRP antibodies were used at a 

dilution factor of 1/1000, and the membrane was washed three times with 10 mL PBST for 10 

minutes each in between. Finally, the HRP substrate was added, and the blot was imaged after 

two minutes. 

2.7. Flow Cytometry 

One million Jurkat T cells were subjected to centrifugation at 380 RCF for 10 minutes at 

room temperature. The resulting cell pellet underwent two washes with PBS containing 0.5% 

BSA. Following this, the cells were blocked for an hour at room temperature via incubation in 

1% BSA. The cell pellet was then collected under the same conditions as previously, with a 

centrifugation time of only 5 minutes. GFP-02 polySia and controls were added at the 

concentration of 20 µg/mL, and incubation was carried out at room temperature for an hour. The 

samples were then washed three times using the aforementioned washing conditions. Finally, the 

pellet was redispersed in 200 µL of PBS, with a final 4',6-diamidino-2-phenylindole (DAPI) dye 

concentration of 0.1 µg/mL, and the samples were analyzed using an ImageStream MarkII. The 
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voltage settings were kept at 25 mV and 120 mV to detect DAPI and GFP respectively. The data 

was analyzed with IDEAS software version 6.0. 

2.8. LC-MS Sugar 

 We used a Vanquish UHPLC System (Thermo Scientific, Germering, Germany) 

equipped with a Luna Omega 1.6 µm C18 polar reverse-phase analytical column (2.1x50 mm) 

featuring a 100Å pore size (Phenomenex, Torrance, CA, USA) for HPLC-MS. The column was 

thermostated at 50°C and mass spectrometric detection was carried out using an Orbitrap 

Exploris 240 mass spectrometer (Bremen, Germany). The mobile phase was composed of 0.1% 

FA (formic acid) in water as mobile phase A and 0.1% FA in acetonitrile as mobile phase B. An 

aliquot of the sample was loaded onto the column at a flow rate of 0.50 -1 mL/min and an initial 

buffer composition of 100% mobile phase A was maintained for 1.0 min to wash away the 

buffers. The analytes were separated by using a linear gradient from 0% to 98% mobile phase B 

over a period of 4.5 minutes, held at 98% mobile phase B for 1 minute and back to 0% mobile 

phase B in 0.5 minutes. Mass spectras were acquired in both positive and negative mode of 

ionization. The acquisition parameters were set to Sheath gas 50, Auxiliary gas 10, Sweep Gas 1, 

Ion transfer tube at 325°C, Vaporizer at 350°C, Spray voltage 3500 V in positive and 2500 V, 

RF lens 90, MS Scan resolution was set to 120k with a scan range from 200-1600 Da. We used 

Xcalibur (Ver. 4.6.67.17) (Thermo Fisher Scientific) for data acquisition and FreeStyle 1.8 SP2 

(Thermo Scientific) for data analysis. The samples were run by Bela Reiz, Mass Spectrometry 

Facility at the Department of Chemistry, University of Alberta. 

2.9. LC-MS protein 

The Vanquish UHPLC System (Thermo Scientific, located in Germering, Germany) was utilized 

to perform LC-MS. An Aeris 3.6 µm XB-C18 reverse-phase analytical column (2.1x50 mm) 

with a pore size of 200Å (Phenomenex in Torrance, CA, USA) was used for the analysis. The 
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column was thermostated at 40°C and mass spectrometric detection was accomplished using an 

Orbitrap Exploris 240 mass spectrometer in Bremen, Germany. The buffer gradient system 

consisted of 0.1% FA (formic acid) in water as mobile phase A and 0.1% FA in acetonitrile for 

mobile phase B. For analyte separation, a sample aliquot was loaded onto the column at a flow 

rate of 0.50 mL/min, with an initial buffer composition of 99% mobile phase A and 1% mobile 

phase B. The buffer was kept at 1% mobile phase B for 1.0 mL/min to wash away the buffers. 

Elution of the analytes was performed by using a linear gradient from 1% to 98% mobile phase 

B over a period of 5.1 minutes, held at 98% mobile phase B for 0.4 minutes, and then returned to 

1% mobile phase B in 0.5 minutes. Mass spectras were acquired in positive mode of ionization, 

with Sheath gas at 55, Auxiliary gas at 15, Sweep Gas at 1, Ion transfer tube at 350°C, Vaporizer 

at 375°C, Spray voltage at 3800 V, and RF lens at 100. The MS Scan resolution was set to 120k 

with a scan range from 700-3200 Da. Data acquisition was performed using Xcalibur by Thermo 

Fisher Scientific and data analysis was carried out using Spectrus Processor (ACD/Labs in 

Ontario, Canada). The samples were run by Bela Reiz, Mass Spectrometry Facility at the 

Department of Chemistry, University of Alberta. 

2.9. Cu2+ Click Reaction 

For the final reaction volume of 1 mL, we utilized concentrations of 1 and 1.5 mM for 

CMP-Sia-Az and Biotin-S-S-Alkyne, respectively. Our potassium phosphate buffer system was 

used at a final concentration of 30 mM. Copper sulfate and tris-hydroxy propyl triazolyl methyl- 

amine (THPTA) were premixed at 2 mM and 50 mM concentrations, respectively, and added to 

the mixture at final concentrations of 0.25 mM and 1.25 mM, respectively. Sodium ascorbate 

was added at the final concentration of 5 mM, and the reaction was incubated at 37 °C for two 

hours. The confirmation was carried out with HPLC in Wakarchuk Lab, using a similar method 
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to BODIPY-polySia with a 50% gradient concentration over 20 minutes. Detection was carried 

out at 271 nm for CMP. 

2.10. Activity Assays  

2.10.1 CST-1, CST-2, and bPST109 

The enzyme’s glycerol stocks were generously provided by Wakarchuk Lab. To conduct 

the activity assays, we followed a procedure similar to that outlined in the BODIPY-Lac 

polysialylation steps, with the exception that the reactions were conducted on a smaller scale (10 

µL final reaction volume). The reactions were verified using TLC with the same solvent system 

as previously described in GM3 synthesis. All glycerol stocks for the remaining enzymes were 

also provided by Wakarchuk Lab, and their activity assays were conducted in a similar manner to 

their described reactions but on a smaller scale (10 µL final reaction volume). 

2.10.2. Auto-biotinylation Activity Assay 

 In the PBS buffer, TurboID-EndoNDM was taken at the final concentration of 0.2 mg/mL. 

ATP and D-biotin were added at final concentrations of 2 mM each. After incubating for 15 

minutes at room temperature, the reaction was stopped by adding an equal volume of 2x loading 

dye and boiling for 5 minutes at 95 °C. This was followed by streptavidin-HRP blot. 

2.10.3. Lectin ELISA Assay 

The ELISA procedure was conducted following the previously established protocol5, 

with slight adjustments made to align with the specific purpose of the experiment. The TurboID-

EndoNDM was added to the bottom of 96 well plates at a concentration of 10 µg/mL and allowed 

to adhere overnight at 4 °C. The wells were then blocked with 5% BSA in PBST. The GFP-

EndoNDM was adhered at the same concentration and under similar conditions for the positive 
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control wells. The rest of the methodology remained consistent with the previously described 

protocol5. Similar protocol was followed for TurboID-scFv. 

2.10.4. The Combined Assay 

 In the PBS buffer, Polysialylated A1AT and TurboID-EndoNDM were incubated for 30 

minutes at concentrations of 0.2 and 0.002 mg/mL, respectively. Subsequently, ATP and D-

biotin were added at final concentrations of 2 mM each. After incubating for 15 minutes at room 

temperature, the reaction was stopped by adding an equal volume of 2x loading dye and boiling 

for 5 minutes at 95 degrees Celsius. This was followed by streptavidin-HRP blot. 
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Chapter 03: New methodologies to identify 

polysialylated proteins. 

Exploring the role of polySia in immune cells remains a vibrant area of research with 

several unknowns that necessitate the identification of more polysialylated proteins36. However, 

this identification poses a challenge due to polySia's bulky nature and negative charge at 

physiological pH105. Its susceptibility to hydrolysis, especially at lower pH, further complicates 

matters, as typical bulk (glyco) protein isolations and analysis methodologies rely on acidic 

conditions105. Also, multiple freeze-thaw cycles as well as boiling lead to its degradation7. While 

immunoprecipitation is a standard method for enriching proteins, polysialylated proteins suffer 

from high levels of nonspecific interactions under standard immunoprecipitation conditions, 

which hinders its effectiveness5. Vigorous washing conditions are not feasible as they could 

denature the structure of antibodies, diminishing their binding5.  As a result, experiments that 

have used immunoprecipitation to identify polysialylated proteins resulted in numerous hits in 

the proteomic analysis, which necessitated extensive validation.  

To address the difficulties in identifying new polysialylated proteins, the Willis lab 

developed an alternative method that is based on immobilization of the EndoNDM lectin. This 

lectin binds polySia with high affinity and is detergent stable, which makes it amenable to 

stringent washing conditions that could remove non-specifically bound proteins. EndoNDM was 

expressed with an AviTag on the amino terminus, which allowed for in vitro biotinylation after 

purification. The biotinylated AviTag- EndoNDM was immobilized on streptavidin beads and then 

used to capture polysialylated proteins from complex mixtures, including cell lysates and serum, 

followed by proteomic analysis of the immobilized beads106. While the method was highly 

successful in identifying novel polysialylated proteins, such as Quiescin Sulfhydryl Oxidase 2 
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(QSOX2), it suffered from a major drawback in that most of the peptides in the spectra were 

attributed to EndoNDM
106. In order to see peptides corresponding to the polysialylated proteins, a 

large amount of samples was required, limiting the use of this technology to highly abundant 

samples. New methodologies that eliminate the presence of EndoNDM in the analysis would 

substantially improve the sensitivity and reduce the need for large sample volumes.  

We developed two distinct approaches for isolating polysialylated proteins, both of which 

relied on biotinylation of polysialylated proteins. The first method used a proximity labeling 

approach to biotinylate polysialylated proteins. The second method involved enzymatic transfer 

of a biotinylated sialic acid to polySia. For both methods, the biotinylated polysialylated proteins 

could be isolated on streptavidin-agarose beads and identified by mass spectrometry. 

3.1. Proximity labeling of polysialylated proteins using TurboID-

EndoNDM 

The first method for isolating polysialylated proteins used the proximity labeling protein 

TurboID fused to EndoNDM to biotinylate proteins attached to polySia (Figure 4). TurboID is a 

modified version of BioID, a mutant E. coli biotin ligase known for its high level of 

promiscuity107. In the presence of adenine triphosphate (ATP), TurboID triggers the activation of 

biotin into biotin-adenine monophosphate (biotin-AMP), a compound that exhibits high 

reactivity towards available lysine residues on proteins within a 10 nm radius107. The binding of 

EndoNDM in the TurboID-EndoNDM fusion protein to polySia would bring TurboID into close 

proximity to the underlying protein, which would promote their biotinylation after the addition of 

biotin and ATP. While some degree of indiscriminate biotinylation may occur, judicious 

selection of controls should result in higher signal from polysialylated proteins. 
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Figure 4. Graphical abstract for proximity labeling method. 

The NK cell is shown with surface polysialylated proteins. TurboID-EndoNDM could also be 

observed bound to polySia, which, upon the addition of ATP and biotin, leads to the 

biotinylation of unidentified protein(s). The TurboID component of the fused protein is depicted 

in maroon, while the EndoNDM is shown in blue. The activated biotin is shown in red, ready to 

interact with an available lysine residue. 

To express TurboID-EndoNDM, we cloned the genes coding for this protein into an E. coli 

expression vector (Figure 5). The construct consisted of four components: an N-terminal HisTag, 

TurboID, a six-glycine linker, and EndoNDM. The HisTag allows for protein purification using a 

nickel affinity column. The flexible six-glycine linker ensures that the TurboID and EndoNDM 

domains are properly oriented and flexible for optimal folding and functionality108. We 

expressed the protein in this E. coli strain and purified it using Immobilized metal affinity 

chromatography (IMAC). 

To assess the activity of each of the two components of the proteins, two types of activity 

assays were developed, "The Lectin Assay" for EndoNDM and "The Biotin Assay" for TurboID. 

Furthermore, a third assay was carried out to evaluate the combined activity of both domains 

towards the desired goal of biotinylating polysialylated proteins, termed "The Combined Assay." 
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Figure 5. Sequence arrangement of TurboID-EndoNDM and its expression. 

The start codon is followed by a HisTag and then a thrombin cut site. At the C-terminus of the 

thrombin cut site, the TurboID component is attached. Six-glycine linker between TurboID and 

EndoNDM could also be observed. This image was taken from the Snape Gene file and has been 

processed to create a figure.  

 

For the lectin assay, we adapted an ELISA-based technique to measure binding of 

EndoNDM to polySia (Figure 6A)5. In this assay, TurboID-EndoNDM was adhered to the wells of a 

96-well plate. Colominic acid, a commercially available polySia isolated from E. coli, was 

allowed to bind to the adhered protein. After PBS washing step, the bound polySia was detected 

using an anti-polySia antibody, followed by a secondary antibody conjugated to HRP which 

develops a chromophore when 3′-3-5′-5-tetramethylbenzidine (TMB) is added. GFP-EndoNDM 

was used as a positive control as it binds to polySia5. We observed strong signal for this positive 

control in the presence of colominic acid and very little signal in the absence of colominic acid, 

as expected (Figure 6B). We also observed strong signal when purified TurboID-EndoNDM was 

adhered to the plate, indicating that the EndoNDM portion of the protein is functioning as 

expected. 
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C.  

 

Figure 6. The activity assay for TurboID-EndoNDM. 

Panel A depicts the ELISA design used, where TurboID-EndoNDM was adhered to the bottom of 

the well followed by incubation with colominic acid. This was followed by incubation with 

mAb735 and a secondary HRP-conjugated antibody. In Panel B, the results are illustrated, where 

both the sample and positive controls display a higher absorbance than the negative controls. 

This assay was carried out only once. Panel C shows the findings of the biotin assay, where the 

0-minute control is the negative control which was taken immediately after adding biotin and 

was stopped with 50% final concentration of acetonitrile (ACN). The blot shown is the 

Streptavidin HRP blot. 

TurboID is known to autobiotinylate itself, and we took advantage of this feature to 

determine whether it was active in the TurboID-EndoNDM fusion protein. Biotin and ATP were 

added to TurboID-EndoNDM, and samples were taken at 0, 5, 10, and 15 minutes. The samples 

were analyzed by blotting with streptavidin-HRP detection (Figure 6C).  At time zero, there was 
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a small amount of biotinylation, which could be attributed to any autobiotinylation that occurs 

during protein expression, as E. coli contains biotin and ATP in its cytoplasm109. In subsequent 

time points, the signal was substantially increased, indicating that the reaction proceeded and 

therefore the TurboID domain was active. 

The combined assay was designed to confirm the combined activity of both domains of 

TurboID-EndoNDM, i.e., the biotinylation of polysialylated proteins. In this assay, we used a 

known polysialylated protein to determine if biotinylation is specific to polysialylated proteins. 

Alpha-1-antitrypsin (A1AT) is a therapeutic glycoprotein with a molecular weight of 52 kDa and 

three N-glycosylation sites. It is naturally glycosylated and contains a mixture of α-2,3/6 linked 

Sias, which could be leveraged to make polySia enzymatically110. The sialyltransferase, CST-2 

was used to add an ⍺-2,8-linked Sia primer onto the underlying glycans111, after which an 

engineered version of the polysialyltransferase from Neisseria meningitidis was used to 

synthesize polySia (Figure 7)112. To confirm we were successful in making polySia-A1AT, we 

analyzed the protein by Coomassie gel and anti-polySia immunoblotting (Figure 7). The 

polysialylated protein was detected as a smear when compared to the negative control, indicating 

successful polysialylation. Furthermore, a reduction in A1AT concentration and its conversion 

into its polySia form were also evident in the Coomassie gel. Moreover, an EndoN treated 

control was also used that specifically removes polySia. 
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Figure 7. Confirmation of polysialylation of A1AT. 

On the left, a Coomassie gel, most of the protein is polysialylated. The negative control is the 

reaction sample taken out at 0 minutes and stopped with 50% ACN. On the right, the anti-

polySia blot confirms further that the polysialylation was successful. The EndoN-treated A1AT 

polySia is an additional control that further supports the results. The mw of A1AT is 52 kD. 

To carry out the combined assay, D-biotin, and ATP were added into a mixture 

containing polysialylated A1AT and TurboID-EndoNDM, which were pre-incubated in a 2:1 

concentration, respectively. Biotinylation was assessed using a streptavidin-HRP blot (Figure 

8A). It was observed that biotinylation for A1AT-polySia could not be detected above 52 kDa in 

the sample lane. Moreover, there were no noticeable differences in biotinylation between the 

sample and the EndoN-treated control. Additionally, autobiotinylation of TurboID-EndoNDM was 

consistent among all lanes except for the one where no biotin was added. Some degree of 

biotinylation was also seen here, which may be explained by biotinylation that occurred during 

the expression of the TurboID-EndoNDM in E. coli107. The extent of the polySia chain on A1AT 
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exhibits considerable variation, and it is spread across a wider area on the Coomassie gel. 

Consequently, this could potentially result in a diminished signaling level that may go undetected 

in the presence of autobiotinylation of TurboID-EndoNDM. We concluded that the higher 

autobiotinylation of TurboID-EndoNDM could potentially mask the detection of A1AT 

biotinylation. To determine if decreasing the concentration of TurboID-EndoNDM could improve 

the results, we redid the experiment and decreased the concentration of TurboID-EndoNDM by 

100x while kept the concentration of A1AT-polySia the same (Figure 8B). Unfortunately, there 

was no difference in biotinylation.  

Table 8. The combined assay, sample controls and expected results. 

No.  A1AT polySia  

TurboID- 

EndoNDM EndoN  D-biotin  

Expected 

biotinylation 

Observed 

biotinylation 

1 ✓ ✓ ✓ ✓ ☓ ✓ 

2 ✓ ☓ ☓ ☓ ☓ ☓ 

3 ✓ ✓ ✓ ☓ ☓ ✓ 

4 ☓ ✓ ✓ ✓ ☓ ✓ 

 

 

A       B 

Figure 8. The combined assay results. 
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In Panel A, the biotin blot is shown when polysialylated A1AT and TurboID-EndoNDM were used 

in the concentration ratios of 2:1. No band was detected in any of the samples above 52 kD for 

the A1AT-polySia. Furthermore, no difference was observed between the EndoN treated and 

untreated samples. In Panel B, the blot is shown when the concentration of TurboID-EndoNDM 

was reduced by 100x while concentration of A1AT-polySia was kept same. The mw of TurboID-

EndoNDM is 110 kD. 

 

3.2. TurboID-scFv 

Analysis of the EndoNDM structure revealed numerous exposed lysine residues that could 

potentially utilize the activated biotin and thus prevent labelling of A1AT. To address the issue 

of numerous exposed lysine residues, EndoNDM was replaced with scFv, a fusion protein of the 

variable regions of the heavy (VH) and light chains (VL) of mAB735113. ScFv is smaller in size 

than EndoNDM and has fewer lysine residues so it may both bring the TurboID enzyme closer to 

the polysialylated protein and also increase the chances of biotinylation. 

A plasmid construct was designed to fuse scFv with TurboID. The TurboID-scFv 

construct mirrored the design of TurboID-EndoNDM, where EndoNDM was replaced with scFv. 

Activity assays were carried out as previously described, with ELISA trials using 10 and 100 

µg/mL concentrations of TurboID-scFv (Figure 9). The ELISA demonstrated that the lectin 

component was active and could bind to colominic acid. However, the biotin activity assay 

demonstrated that TurboID-scFv was autobiotinylated to a higher degree than TurboID-EndoNDM 

during its expression (Figure 9B Top), suggesting it may be difficult to detect newly biotinylated 

proteins in the reactions. Unsurprisingly, the combined assay yielded similar results to TurboID-

EndoNDM, where no increase in signal was observed in the presence of polysialylated protein. We 

concluded that the proximity labelling strategy would not be successful in specifically labelling 

polysialylated proteins. 
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A      B 

Figure 9. The activity assays for TurboID-scFv. 

Panel A displays the results for the lectin assay which was performed once. Two different 

concentrations were tested, and binding to colominic acid was observed when compared to the 

controls. In Panel B, top, shows the results for the autobiotinylation assay, and the blot below 

displays the results of the combined assay. The mw of scFv is 63.9 kD. 

3.3. Enzymatic biotinylation of polysialic acid using a modified 

donor sugar. 

Our second strategy for isolating polysialylated proteins involves the transfer of 

biotinylated Sia to the polySia chains using a polysialyltransferase enzyme. We used the 

Neisseria meningitidis polysialyltransferase that was previously engineered for improved 

stability (bPST109)112. This enzyme normally transfers CMP-Sia to any ⍺-2,8 linked Sia. 

Modified donors where the 5-acetyl moiety were replaced with a 5-azido moiety have been used 

extensively with eukaryotic sialyltransferases and would provide a convenient handle for 

attachment of biotin to polySia (and potentially shorter oligoSia)-containing proteins.  
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Figure 10. The chemical structure of CMP-Sia-S-S-Biotin and the Graphical Abstract for the 

method. 

The chemical structure of CMP-Sia-S-S-Biotin is shown at the top where on the right-side CMP 

could be observed, bind to the hydroxyl group at carbon number 2 of Sia. The Sia is attached to 

biotin through a spacer arm which contains a disulfide linkage. The figure below is the graphical 

abstract depicting how this method would work. The CMP-Sia-S- S-Biotin (pink diamond) is 

first enzymatically added to the polySia chain. Streptavidin beads are used to separate the 

protein-polySia-Biotin, followed by the reduction of the disulfide bond. The samples are then 

sent for mass spectrometry analysis. 

 

By using a biotin handle that is attached via a disulfide linker, we could isolate the 

polysialylated proteins on streptavidin-agarose beads and then reduce the disulfide linker to 

release the proteins for subsequent proteomic analysis (Figure 10). The synthesis of CMP-Sia-S-

S-Biotin was achieved through a Cu2+-based click reaction using CMP-SiaAz and biotin-S-S-
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alkyne. Successful completion of the reaction was verified using HPLC analysis (Figure 11A). A 

CMP-SiaAz only sample and a reaction mixture without CMP-SiaAz were used as negative 

controls, represented by black and blue chromatograms, respectively. The reaction product is 

represented by the red chromatogram, and a noticeable shift in the chromatogram when 

compared to the black chromatogram, confirms the success of the reaction. The blue 

chromatogram indicates the impurities in the reaction sample. The product was purified using a 

DEAE column and verified using HPLC analysis (Figure 11B).  

A  

B  

Figure 11. HPLC chromatograms confirming the synthesis and purification of CMP-Sia-S-S-

Biotin. 
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Panel A confirms that the reaction was successful; it shows red, black, and blue chromatograms 

for CMP-SiaAz, reaction sample, and negative control (Reaction minus CMP-SiaAz), 

respectively. Panel B confirms the success of purification; it shows the chromatograms in red 

and black for CMP-SiaAz (control) and the purified CMP-Sia-S-S-Biotin, respectively. It is 

obvious that the peak at a retention time of less than 2.5, representing the impurities, has 

disappeared. 

 

We analyzed the product, CMP-Sia-S-S-Biotin with LC-MS (Figure 12). In total four 

peaks are displayed, each representing a distinct form of CMP-Sia-S-S-Biotin generated through 

electroscopy ionization (ESI). Peak 3 corresponds to CMP-Sia-S-S-Biotin, while peak 4 reveals 

it with an additional oxygen resulted from ionization114. Moreover, peaks 1 and 2 represent Sia-

S-S-Biotin (with cleaved CMP) with and without an additional oxygen, respectively. The 

molecular weights are shown in Table 9. The additional oxygen is commonly observed as an 

oxygen adduct, influencing the mass of the analytes and ultimately impacting the 

chromatograms114. Though ESI is a soft ionization technique, it could also result in the 

breakdown of certain bonds within the analytes. The ionization process could cleave off the 

CMP at the phosphate backbone, or it could also break the susceptible sites within CMP, 

producing fragments115.  The free CMP is more polar than CMP-Sia- S-S-Biotin, and it would 

interact more with DNAPac columns than CMP-Sia-S-S- Biotin. The chromatogram (Figure 11) 

does not reveal the presence of free CMP in the sample, so we concluded that the CMP-Sia- S-S-

Biotin was intact in the final sample. 

 

Table 9. The corresponding mass/charge of peaks that appeared in mass spectra. 

No. Mass/charge (Z=1) Represents Peak no 

1 996.3477 Sia-S-S-Biotin 1 

2 1012.3425 Sia-S-S-Biotin with additional oxygen 2 

3 1301.3883 CMP-Sia-S-S-Biotin 3 

4 1317.3831 CMP-Sia-S-S-Biotin with additional oxygen 4 
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A 

 

B 

 
C. 
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D 

 

E 

Figure 12. LC chromatogram and mass spectra for CMP-Sia-S-S-Biotin. 

Panel A exhibits the LC chromatogram where four peaks could be observed. Peaks 3 and 4 

represent CMP-Sia-S-S-Biotin, without and with an additional oxygen, respectively. Peaks 1 and 

2 represent Sia-S-S-Biotin, without and with an additional oxygen, respectively. The four mass 

spectras in panel B-E could also be observed confirming the presence of four versions of CMP-

Sia-S-S-Biotin under ESI conditions. The respective m/e is shown in table 9. 

 

The next step involved confirming whether the disulfide bond could be broken using a 

reducing agent. To test this, we treated CMP-Sia-S-S-Biotin with dithiothreitol (DTT) and 

analyzed the resulting samples with HPLC before and after DTT treatment. Two controls were 

also used: CMP-Sia-Az and CMP-Sia-Az-Biotin (Figure 13A). The blue chromatogram 
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represents the resulting sugar after the disulfide bond cleavage. It appeared at a different 

retention time than CMP-SiaAz due to the triazole ring formed by the Cu2+-based click reaction 

that remains attached after the disulfide bond reduction. A tiny peak at the start of the 

chromatogram could potentially indicate the cleaved biotin moiety as it is non-polar and would 

not stick to the DNAPac column. 

 

 A

 

B 

Figure 13. HPLC chromatograms confirming the DTT reduction and bPST-109 reaction. 

Panel A displays chromatograms colored in black, red, and blue, which correspond to CMP- 

SiaAz, CMP-Sia-S-S-Biotin, and CMP-Sia-S-S-Biotin treated with DTT, respectively. The 

structure of CMP-Sia-S-S-Biotin is also shown with an arrow pointing to the disulfide bond. 
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Panel B displays the chromatograms before and after the bPST109 enzymatic reaction where the 

decrease in the concentration of BODIPY-GD3 (black) and the appearance of new peak (red) 

confirms the success of the reaction. 

 

To confirm the enzyme's ability to transfer CMP-Sia-S-S-Biotin to a substrate, a bPST-

109 enzymatic reaction was carried out using BODIPY-GD3 as a synthetic acceptor (Figure 

13B). A noticeable shift was observed when comparing the red and black chromatograms, 

indicating that bPST-109 can utilize CMP-Sia-S- S-Biotin as a donor sugar.  

To determine whether we could transfer CMP-Sia-S-S-Biotin to polySia on the surface of 

mammalian cells, followed by isolation of the polysialylated protein, we used the NK-92 cell line 

due to its known NCAM polySialylation116 (Figure 14).  

 

 

 

Figure 14. Graphical representation of the CMP-Sia-S-S-Biotin-based method in cells. 

The NK-92 cells are depicted in green, showcasing the presence of polySia in purple. A pink 

diamond is used to represent the CMP-Sia-S-S-Biotin, which is added to the cell surface's 

polySia. Streptavidin HRP blot confirms the success of the enzymatic reaction. The sample is 

rotated with streptavidin beads, which are then added to the column and washed 4x with 1% SDS 

in PBS and 10x with PBS to remove impurities. The beads with attached polySia are transferred 
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to a new tube and treated with DTT, resulting in the removal of streptavidin from protein 

polySia, which is then sent for mass spectrometry. 

 

We first confirmed the addition of CMP-Sia-S-S-Biotin to the polySia chains on NCAM 

using a streptavidin-HRP blot (Figure 15A). The biotinylated polySia NCAM was rotated with 

streptavidin beads and added to the column, and the flow through was collected. An anti-polySia 

blot confirmed that the polySia was indeed bound to the beads, with only a minuscule amount 

remaining in the flow-through (Figure 15B). Furthermore, a negative control was similarly 

carried out without CMP-Sia-S-S-Biotin, and the blot showed that all of the polySia NCAM 

could be found in the flow-through (Figure 15B). 

 

 

Figure 15. Confirmation blots for CMP-Sia-S-S-Biotin based method in a cell line. 
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Panel A shows a biotin blot where the biotinylation could be observed against the control. Panel 

B depicts an anti-polySia blot which shows that most of the polysialylated proteins are attached 

to streptavidin beads. On the contrary, the majority of polySia could be observed in the flow-

through for the control. Lastly, Panel C shows the efficiency of DTT to release polysialylated 

protein from streptavidin beads. DTT failed to remove polysialylated proteins from streptavidin 

beads. EndoN treated samples are negative controls where EndoN has been used to remove 

polySia. 

 

To release the polysialylated proteins from the beads, we treated the sample with DTT to 

reduce the disulfide bonds. To assess the efficacy of this release, we performed an anti-polySia 

immunoblot on the eluate and the material remaining associated with the beads post-elution 

(Figure 15C). While some polysialylated protein eluted from the beads after DTT treatment, we 

were surprised to find that the majority of polySia remained associated with the beads. To 

determine if the DTT reductions conditions could be improved upon, we measured the elution of 

polySia with higher concentrations of DTT and longer incubations but were not able to 

substantially improve the elution (Figure 16).  

 

 

Figure 16. Anti-polySia blot with different DTT conditions to reduce the disulfide bond. 
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DTT at the final concentration of 50 mM was tried for 30 and 60 minutes at room temperature 

but no difference was observed. Increasing the DTT concentration to 100 mM increased the 

reduction slightly but was not significant. EndoN treated samples are negative controls where 

EndoN has been used to remove polySia. 

 

 We next evaluated whether tris(2-carboxyethyl)phosphine (TCEP) would be more 

effective in releasing the polysialylated proteins, as TCEP outperforms DTT, particularly under 

acidic conditions, and has a wider pH range117. However, TCEP's larger size may pose a greater 

challenge in reaching the disulfide bond due to steric hindrance. Unfortunately, treatment with 

TCEP also did not achieve the desired release of polysialylated proteins (Figure 17).  

 

 

Figure 17. Anti-polySia blot when TCEP was utilized to release polysialylated protein. 

When the Beads after TCEP and flow through (FT) were compared, no significant differences 

were observed. EndoN treated samples are negative controls where EndoN has been used to 

remove polySia. 

 

To confirm that the biotinylation reagent did actually contain a reducible linker, 

biotinylated sample from NK-92 cells was treated with β-mercaptoethanol, DTT, and TCEP at 

incubation temperatures of 50, 60, and 70 degrees Celsius for 30 minutes. Three samples in PBS 

incubated under similar conditions were used as controls to ensure that the removal of polySia 

was due to the DTT and not the higher temperature. An additional sample in PBS was kept at 
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room temperature for 30 minutes and was used as a positive control, while a sample without 

CMP-Sia-S-S-Biotin was used as a negative control. A streptavidin blot confirmed that all 

reduction conditions worked when compared to the controls, proving that the disulfide bond is 

present and can be reduced under standard conditions (Figure 18).  

 

Figure 18. Biotin blot for different reducing conditions confirming the presence of disulfide 

bond. 

The 2-mercaptoethanol, DTT, and TCEP reactions were tried at three different temperatures: 50, 

60, and 70 degrees Celsius for 30 minutes. Controls include sample with and without CMP-Sia-

S-S-Biotin in PBS kept at room temperature for 30 minutes. Three additional controls with 

CMP-Sia-S-S-Biotin in PBS, kept at 50, 60 and 70 degrees Celsius were also employed. All of 

the reduction conditions worked. 

 

Given that the reducing conditions proved effective when the streptavidin beads were not 

attached but did not have the same success when the beads were present, we wondered if the lack 

of elution could be attributed to the non-specific binding of NCAM to the streptavidin. NCAM is 

a single pass membrane protein and also contains numerous disulfide bonds, which may expose 

internal hydrophobic areas of the protein upon treatment with reducing agents118. In order to 

investigate the potential non-specific binding of NCAM to streptavidin beads, we attempted the 

same process with artificially polysialylated GFP. GFP is a soluble protein that contains only a 
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single disulfide bonds so should be more resistant to treatment with reducing agents119. We 

expressed GFP fused to a peptide containing two glycosylation sequences and then 

enzymatically polysialylated the protein in vitro (see Chapter 4).  When we isolated biotinylated 

GFP polySia on streptavidin-agarose and then treated with the same reducing conditions, we 

observed that GFP polySia was successfully eluted from the beads (Figure 19). We therefore 

concluded that this strategy for immobilization of polysialylated proteins followed by reduction 

to release the proteins would not be as useful as we expected as most of the polysialylated 

proteins are likely membrane proteins and would potentially behave similar to NCAM by 

sticking to the beads. 

 

 

 

Figure 19. Confirmation of release with DTT when GFP-polySia is used as an alternative. 

The anti-polySia blot confirm that the GFP-polySia is released from the beads when treated with 

DTT. This could be observed be comparing beads, pre and post DTT. Most of the GFP-polySia 

is in the post DTT flow through. The MW of GFP is 38 kD (without polysialylation).  
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Chapter 04. Development of methodologies to visualize 

polySia receptors on immune cells. 

PolySia possesses the capability to capture biological molecules, function as a ligand, and 

as a receptor that influences biological responses in both health and diseases9,10, for instance it 

binds to BDNF, CCL21 and catecholamines23,45. When polySia was immobilized, it bound to 

both heparin sulfate (HS) and BDNF but when HS and BDNF were immobilized, the polySia 

could not bind to immobilized BDNF while it did to HS46. This could potentially suggest that the 

site used by BDNF to bind to polySia may already be inaccessible since it was likely utilized 

during immobilization. This could potentially mean that the binding of BDNF could be a specific 

ligand-receptor based interaction. In support of these findings, a couple of receptors have been 

identified that binds to polySia i.e., siglec-11 and siglec-16. Depending upon which receptor is 

involved, polySia interaction could results in inhibition or activation. For example, binding of 

polySia to siglec-11 leads to the inhibition of microglial cells, whereas binding to siglec-16 

causes activation of tissue macrophages47,48.  

It is possible that immune cells have more polySia receptors on their surfaces due to 

polySia's immunomodulatory properties. To verify the existence of these receptors, we have 

been working on creating a fluorescent ligand that could potentially bind to the unknown 

receptor(s) and allow for detection through flow cytometry or fluorescent microscopy. Our initial 

attempt at creating a fluorescent ligand, BODIPY-Lactose-polySia, resulted in non-specific 

internalization when incubated with Jurkat T cells. As a result, we developed a new ligand by 

polysialylating green fluorescent protein (GFP) and incubating it with Jurkat T cells. While this 

modified method showed some promise, further refinement is necessary for optimal results. 

 



 54 

4.1. Visualization of receptors with BODIPY-polySia 

To detect polySia receptors on immune cells, we first synthesized polySia on a BODIPY 

fluorochrome. Our hypothesis was that cells with polySia receptor(s) would bind to BODIPY-

polySia and would potentially produce higher fluorescence, either on the cell surface or inside it, 

compared to the control. For control purposes, colominic acid, a commercial polySia from E.coli 

was used in excess to outcompete the BODIPY-polySia, resulting in a decrease in fluorescence. 

Furthermore, we varied the concentration of colominic acid to observe a concentration-

dependent decrease in BODIPY fluorescence. 

 

 

 

Figure 20. Graphical abstract for the method utilizing BODIPY-polySia. 

The cell shown represents a Jurkat T cell expressing receptors for polySia. The BODIPY-polySia 

in green with purple diamond could be observed that interacts with unknown receptors and is 

internalized. The BODIPY fluorescence could be confirmed with flow cytometry and/are with 

fluorescent microscopy. 
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We built polySia on BODIPY using lactose as a starting disaccharide as we have 

sialyltransferases that can build polySia on lactose. β-D-Lactose-Ethyl-Azide (β-D-Lac-N3) was 

first coupled to BODIPY-alkyne and purified by Sep-Pak C18 column. Enzymes CST-1 and 

CST-2 were utilized to covalently add the first and second Sias to BODIPY-Lac resulting in the 

synthesis of BODIPY-GM3 and BODIPY-GD3, respectively. The reactions were confirmed 

through a TLC (Figure 21A). By adding Sia to BODIPY-Lac, the resultant BODIPY -GM3 

becomes more polar and cover less distance on TLC when compared to BODIPY-Lac. This is 

evident when comparing the dots on TLC for BODIPY-Lac and BODIPY-GM3 (Figure 21A). 

Additionally, CST-2 enzymatic reaction adds ⍺-2,8 Sia (could be more than one Sia) to 

BODIPY-GM3 producing a more polar product, which has more interaction with TLC than 

BODIPY-GM3. This is noticeable when comparing BODIPY-GM3 and BODIPY-GD3 (Figure 

21A). 

After undergoing purification with the Sep-Pak C18 column, the polysialylation reaction 

was carried out using the bPST109 enzyme. Confirmation with TLC was not possible due to the 

higher polarity of polySia, and the sample was instead analyzed with HPLC using DNAPac 

column with detection at 503 for BODIPY (Figure 21B-D). The control sample that contained 

BODIPY-GD3 only, appeared at a retention time of 12.5 minutes in the form of a single peak 

(Figure 21B). The chromatogram after the bPST109 reaction displayed a decrease in the 

BODIPY-GD3 peak at the retention time of 12.5, with its conversion appearing in the form of 

new peaks (Figure 21C). Each shifted peak indicates the addition of one Sia. In addition to the 

peak for BODIPY-GD3 at 12.5 retention time, 26 peaks could be distinguished, with the 26th 

confirming the addition of 28th Sia. The higher polySia chain could not be resolved with this 

method and appeared in the form of a single broad peak at the very end. 



 56 

 

Figure 21. The polysialylation of BODIPY-Lactose. 

In Panel A, TLC shows BODIPY-Lac, BODIPY-GM3 from BODIPY-GD3. Panel B displays the 

chromatogram for the negative control of the bPST109 reaction, wherein CMP-Sia was not 

added. Panels C and D showcase the pre- and post-purification stages of BDP-polySia, 

respectively. 

 

In order to purify the BODIPY-polySia, we utilized the Sep-Pak C18 column. It was 

expected that the polySia chains due to their hydrophilicity, would be eluted in the flow-through. 

We concentrated all of the aliquots and confirmed the purification of BODIPY polySia through 

HPLC in each fraction. The aliquots containing the BODIPY polySia were pooled together, 

concentrated and analyzed with HPLC (Figure 21D). Evidently, the purification process was 

effective.  
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Table 10. The details of different controls and sample for the BODIPY-polySia method. 

 

No.  BODIPY-GD3  BODIPY-polySia  Colominic acid  

Expected 

fluorescence 

Observed 

fluorescence 

1 20 µM ☓ ☓ ✓ ✓ 

2 ☓ 20 µM ☓ ☓ ✓ 

3 ☓ 20 µM 500 µM ☓ ✓ 

4 ☓ 20 µM 1000 µM ☓ ✓ 
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https://coolsymbol.com/copy/Saltire_Symbol_%E2%98%93
https://coolsymbol.com/copy/Check_Mark_Symbol_%E2%9C%93
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Figure 22. The flow cytometry results for the BDP polySia method. 

A single sample was utilized at a concentration of 20 uM, accompanied by a negative control of 

BDP-GD3 at an equivalent concentration. No discernible variance was noted. The two 

supplementary negative controls involving colominic acid also failed to produce the expected 

outcomes. The images of cells were also produced with IDEAS software after the samples were 

analyzed with ImageStreamer cytometer. CA: colominic acid. 

 

To determine whether BODIPY polySia could bind to T cells in a polySia-dependent 

manner, we examined its interactions with Jurkat T cells at room temperature. Jurkat T cells are 

immortalized T lymphocytes, acquired from the peripheral blood of a 14-year-old boy with T 

cell leukaemia120. We also conducted three control treatments (Table 10). We analyzed the 

samples using an image flow cytometer and found no significant difference in median 

fluorescence between the sample and controls. The green color BODIPY was present throughout 

the cell cytoplasm, indicating nonspecific internalization of BODIPY polySia (Figure 22). The 

fluorescence remained unchanged despite testing various other conditions (Table 11) and 

lowering the incubation temperature. To prevent nonspecific internalization, we decided to use a 

macromolecule, e.g., fluorescent protein polySia, which would also provide a more natural 

experimental condition. 
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Table 11. Different conditions that were used to optimize the procedure and to avoid non-

specific internalization of the fluorescent ligand. 

 

No. Different experimental conditions used. 

1 Different time points from 15 minutes to 2 hours. 

2 Different concentrations of BODIPY-polySia; 20, 50 and 100 µM. 

3 Different temperature: room temperature, 4 and 37 degrees Celsius. 

4 Different blocking conditions. 

5 Different cell lines; Jurkat T, NK-92 and CHO cells. 

6 Different instruments: imageStreamer cytometer and fluorescent microscopy. 

 

4.2. Visualization of receptors with GFP-02 polySia 

The methodology employed closely resembles that of BODIPY-Lac-polySia (Figure 20), 

with the exception that polysialylated GFP was utilized as a ligand following polysialylation. To 

ensure protein stability and solubility in the aqueous reaction environment, we constructed a 

plasmid featuring HisTag-GB1-Seq-Seq-GFP (Figure 23). GB1, which is the B1 domain of 

protein G, was incorporated to facilitate stabilization and solubilization by preventing 

aggregation and aiding in proper folding121. The two Sequences consisting of P-G-P-T-P-A-P 

were inserted twice in a repeating manner between GB1 and GFP (Figure 23). This construct was 

termed as GFP-02. 
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Figure 23. The gene construct for GFP-02 and its expression and purification. 

The construct features two glycosylation Sequons positioned between GFP and GB1. 

Additionally, a HisTag is located at the N terminus. A TEV cut site is also present between GB1 

and the first sequence. The panel at the bottom shows its purification. The mw of GFP-02 is 38.3 

kD. 

 

The GFP-02 protein was successfully expressed and purified using a nickel affinity 

column (Figure 23). To add GalNAc to the threonine’s hydroxyl functional group, a test 

enzymatic reaction was carried out where two enzymes - GalNAcT and CPG-13 were used. 

UDP-GlcNAc was converted to UDP-GalNAc by CPG-13, an epimerase, while GalNAcT 

covalently added GalNAc to threonine. The reaction was confirmed by using GalNAc lectin blot. 

Once the optimal GalNAc addition was reached, the reaction was scaled up, and GFP-02-

GalNAc from the test reaction was used as the positive control (Figure 24). The same blot was 

also imaged with the GFP channel to validate the experiment, especially the negative control. 

The 0-minute negative control was obtained from the reaction sample at zero minutes and 

stopped with heat inactivation in 1x loading dye.  
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Figure 24. The confirmation blots for GalNAc, Gal, and Sia addition. 

The GalNAc lectin blot was used to confirm the addition of GalNAc. For the confirmation of Gal 

and Sia addition, PNA and Sia lectin blots were used respectively. The blots were also imaged 

with GFP channel. The structures of the resultant glycosylated proteins are shown on the right 

sides. The mw of GFP-02 is 38.3 kD. 

 

Following the addition of Gal through the use of enzyme DG-02, a PNA lectin blot was 

carried out to verify the success of the reaction (Figure 24). MPS-142 was utilized as a positive 

control, being 50% O-glycosylated. In addition, two negative controls were used, with GFP basic 

representing non-glycosylated GFP-02. The reaction sample underwent purification before the 

addition of Sia with enzyme ST3Gal1. The success of the reaction was confirmed with a Sia-

lectin blot (Figure 24). 

Following the purification process utilizing HisTag, the reaction advanced towards the 

CST-2 enzymatic reaction, successfully incorporating ⍺-2,8 Sia onto the terminal ⍺-2,3 Sia. 

Verification of the reaction was conducted using mass spectrometry (Figure 25 and Table 12). 

The non-glycosylated GFP-02 is represented by Peak A with a mw of 38307 Da. Peak B 



 62 

represents the product after the ST3Gal1 reaction, with evidence of three glycosylation sites, as 

the difference between Peak A and Peak B is 1972 Da, which is equivalent to three times the 

mass of GalNAc-Gal-Sia. Peaks C and D represent the additional Sias that were added by CST-2 

enzymatic reaction. 

 

Table 12. The mass of the relevant possibilities based on mass spectrometry data. 

No. Peak letter Peak represents Mass (Da) Difference 

1 A GFP-02, before glycosylation. 38307  

2 B GFP-02, with three “sialylated core-1” added. 40279 1972 

3 C One additional Sia. 40572 293 

4 D One additional Sia. 40860 288 

 

 

 

Figure 25. The mass spectra and the possible structure after the CST-2 reaction. 

Capital letters have been used to represent the peaks. The detail of each peak is mentioned in 

Table 12. The expected structure after the CST-2 reaction is also shown. 
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Following the successful confirmation of the CST-2 reaction, the enzymatic reaction of 

bPST-109 was carried out. To serve as a negative control, an additional sample without the 

addition of CMP-Sia was used. The reaction was verified through Coomassie gel and with anti-

polySia blot (Figure 26).  

 

 

Figure 26. The confirmation of bPST-109 enzymatic reaction. 

On the left side, a Coomassie gel is showing the success of polysialylation. On the right side, an 

anti-polySia blot is given which supports similar findings. The No CMP-Sia control is when 

CMP-Sia was not added to the sample. 

 

To separate the polysialylated GFP-02 from its non-polysialylated counterpart, the 

reaction sample was run through the Superdex-75 column (Figure 27). The resultant 

polysialylated GFP-02 aliquots were then pooled and concentrated, and their concentration was 

measured via the BCA assay. Similarly, the non-glycosylated GFP-02 and GFP-02-diaSia were 

also passed through the Superdex-75 column, and their respective aliquots were pooled and 

concentrated.  
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Figure 27. The purification of GFP-02 polySia. 

Two detection methods were used during the purification, channel -280 for the protein and 

channel-488 for the GFP fluorescence. The Coomassie gel and anti-polySia blot are also shown 

confirming the successful purification of GFP-02 polySia. The sample used for anti-polySia blot 

were taken after concentrating the aliquots from peak 1. 

 

The GFP-02 polySia underwent incubation with Jurka T cells and was subsequently 

examined through flow cytometry. Three negative controls were also utilized (Table 13). We 

anticipated that the sample would exhibit higher GFP fluorescence, but adding colominic acid 

would outcompete the ligand, reducing GFP fluorescence. We employed a GFP-02 diSia control 

to eliminate the possibility of diSia interactions, while the No GFP-02 control was utilized to 
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adjust autofluorescence. The flow cytometry chromatograms show that GFP-02 polySia resulted 

in higher fluorescence compared to the controls "No GFP-02" and "GFP-02 diSia" (Figure 28A). 

Furthermore, the addition of colominic acid shifted the peak backward towards the earlier stages 

of the analysis. The images of individual cells captured by imageStreamer showed similar results 

(Figure 28B). No visible fluorescence was observed on or inside the cells for “No GFP-02 

Control” and “GFP-02 diSia”. However, when the cells were treated with GFP-02 polySia, 

fluorescence was detected. The addition of colominic acid, eliminated the fluorescence, except 

for a few cells. It appears that GFP-02 polySia is potentially interacting with unidentified 

receptors, resulting in an increase in fluorescence and the excess colominic acid is competing for 

receptor binding, resulting in a decrease in fluorescence but this needs to be explored further. 

 

Table 13. The flow cytometry sample arrangement for the GFP-02 polySia method. 

No. Sample treatment type Concentration Expected fluorescence Observed fluorescence 

1 GFP-02, non-glycosylated 20 µM ☓ ☓ 

2 GFP-02 diSia 20 µM ☓ ☓ 

3 GFP-02 polySia 20 µM ✓ ✓ 

4 GFP-02 polySia + colominic acid 20+250 µM ☓ ☓ 
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A.  

 

B 

Figure 28. The flow cytometry results for the GFP-02 polySia fluorescence when incubated 

with Jurkat T cells. 

The sample details are shown with its respective chromatograms. The GFP-02 polySia resulted 

in higher fluorescence when compared to negative controls and a clear shift could be observed in 

panel A. The images of the cells could also be observed in panel B with higher green color 

fluorescence in GFP-02 polySia treated sample against the controls. CA: colominic acid. 
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The experiment was conducted multiple times using a fresh batch of GFP-02 polySia, but 

the results were not reproduced. Furthermore, the experiment was performed on CHO cells with 

siglec-11 receptors and with NK-92 cells, but no variance between the sample and negative 

controls was observed. Upon examination of the sample batches, it was discovered that the CST-

2 reaction could potentially influence the outcomes. In the latest batches, there was minimal to 

no presence of the third peak (Peak D) for Sia (⍺-2,8 Sia) (Figure 29). This led to the hypothesis 

that this additional Sia could lead to an extra polySia chain(s) which would result in higher 

avidity.  

 

 

Figure 29. The mass spectras from two different batches of CST-2 reactions. 

Two mass spectras separated by a bold line in the middle are shown for the 1st and 2nd batches 

(left to right). Peak A representing the non-glycosylated GFP-02 is not shown here. The details 

of peak B and C are shown in Table 12. It could be observed the peak D representing the 

addition of 2nd α-2,8 Sia, is absent in the 2nd batch. 

 

Despite experimenting with different conditions to enhance the success of CST-2 

reaction, the attempts were unsuccessful. It has been shown that CST-2 prefers Gal attached to 

GlcNAc through β-1,4122. In core-1, Gal is attached to GalNAc via β-1,3, while in core-2 

structure, Gal is attached to underlying GlcNAc via β-1,4 (Figure 30)122. To enhance peak D, a 
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core-2 structure was synthesized. This approach would also be more cost-effective since a 

majority of the GFP could undergo polysialylation. 

 

  

 

 

 

Figure 30. The structure of core-1, core-2, and their Sialylated versions 

In core 1, the GalNAc is attached to the hydroxyl functional group of threonine/serine through an 

alpha linkage. In addition, Gal is attached to GalNAc through a β-1,3 linkage. Core-2 is 

synthesized when GlcNAc is attached to core-1 through β-1,6, while the addition of Gal to core-

2 through β-1,4 results in the synthesis of extended core-2. The Sialic acid is attached through α-

2,3 in both cases. The green color rectangle represents a generic protein with an O-glycosylation 

site. 

 

 The core-2 structure was synthesized by first making core-1. The reactions were 

confirmed with gel shift assays (Figure 31). Clear shifts could be observed with the addition of 

each sugar when compared to the controls. To core-1, GlcNAc was added enzymatically via 
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core-2 synthase, and a shift in the band confirmed the success of the reaction (Figure 31). 

Finally, the HBGT21 enzyme was utilized to add Gal, producing extended Core-2. 

 

 

 

 

Figure 31. Gel shift assay confirming the success of the addition of different sugars to make 

extended core-2. 

The upper panel displays the proposed arrangement to synthesize and polysialylate the extended 

core-2 structure, utilizing seven specific enzymes: GalNAcT (1), DGT-13 (2), BHV05 (3), 

HBGT-21 (4), BTS-05 (5), CST-II (6), and bPST109 (7). The details of enzymes are included in 

chapter 2. With the addition of each sugar, there was a noticeable shift, indicating the successful 

completion of steps 1 to 4. 

 

Next in the process was sialylation, which involved using enzyme BTS-05 to add Sia to 

the β-1,4 linked galactose in the extended core-2. The gel shift assay confirms the addition of Sia 

(Figure 32). This was followed by a CST-2 which was also successful as could be confirmed 

with shifts in bands. However, both reactions were not entirely successful and resulted in 
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multiple bands with varying degrees of glycosylation. The protein was then purified and 

subjected to a polysialylation enzymatic reaction using bPST109. The results were exceptional, 

with nearly all of the protein undergoing polysialylation (Figure 32). 

 

 

 

 
 

Figure 32. The CST-1, CST-2, and bPST-109 reactions. 

Panel A, the gel shift assay validates the positive outcomes of both BTS-05 and CST-2 reactions. 

Notably, the bands exhibit clear shifts that indicate different degrees of sialylation. Panel B, a 

Coomassie gel on the left and an anti-polySia blot on the right with a 0-minute negative control 

are presented for bPST-109 reaction, successfully affirming the polysialylation process. 
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Chapter 5: Discussion 

In our research to identify polysialylated proteins, we tried two methods: proximity 

labeling using TurboID-EndoNDM and enzymatic biotinylation of polySia using CMP-Sia-S-S-

Biotin. However, we encountered issues with the former due to autobiotinylation, which could 

mask the detection of biotinylation of the targeted polysialylated protein. Decreasing the 

concentration of TurboID-EndoNDM could not improve the results and even at 100:1 of A1AT 

polySia to TurboID-EndoNDM concentration the, autobiotinylation persisted. We attempted to 

address this problem by replacing the lectin segment with a smaller scFv lectin, but this resulted 

in even higher autobiotinylation which happened during its expression in E.coli.  

To avoid autobiotinylation, we suggest using ascorbate peroxidase (apex) -based 

proximity labelling(Figure 33)123. Apex-2 has the advantage of remaining inactive unless 

exposed to H2O2 and becomes active for less than a millisecond upon exposure. In addition, the 

labelling process can also be better controlled by stopping it with a quenching buffer123. This 

approach could potentially help us recover more polysialylated proteins with streptavidin beads 

for further analysis. 

The second method utilized CMP-Sia-S-S-Biotin, a modified Sialic acid that showed 

some potentials for future experiments. It was synthesized through a click reaction between 

CMP-SiaAz and disulfide alkyne. The enzymatic addition of CMP-Sia-S-S-Biotin to polySia 

NCAM proceeded as planned, except for the part that involved the cleavage of disulfide bond 

that would potentially get rid of attached biotin-streptavidin. The reduction of disulfide bond is 

necessary for producing samples free of streptavidin beads as previously, Willis lab developed a 

method based on immobilization of the EndoNDM lectin. The biotinylated AviTag- EndoNDM was 

immobilized on streptavidin beads and then used to capture polysialylated proteins. The method 
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had a major drawback in that most of the peptides in the mass spectra were attributed to EndoNDM 

lectin, which made the method less sensitive106. 

 

 

Figure 33. The Apex-2 biotinylation. 

The Apex-2, in the presence of H2O2 produces biotin phenol radical that biotinylates the 

available protein in its vicinity. 

 

Several attempts were made to detach the biotin-streptavidin from polysialylated NCAM 

by reducing the disulfide bond. Unfortunately, all the attempts turned out to be unsuccessful. A 

streptavidin blot showed that a sample that was not treated with streptavidin-beads and when 

incubated with DTT resulted in the removal of biotin. We wondered if the lack of elution could 

be attributed to non-specific binding of NCAM to the streptavidin. NCAM is a single pass 

membrane protein and also contains numerous disulfides, which may expose internal 

hydrophobic areas of the protein upon treatment with reducing agents. To confirm this 

hypothesis, GFP-02 polySia was used as an alternative. It only contains a single disulfide bond 
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and when we isolated biotinylated GFP-02 polySia on streptavidin-beads and then treated with 

the same reducing conditions, we observed that GFP-02 polySia was successfully eluted from the 

beads. We therefore concluded that this strategy for immobilization of polysialylated proteins 

followed by reduction to release the proteins would not be as useful as we expected in 

determining the identity of new polysialylated proteins as most are likely membrane proteins and 

would likely behave similar to NCAM by sticking to the beads. But the method did get rid of the 

lectin, EndoNDM, it is advised to analyze the samples with mass spectrometry and compare the 

findings to the lectin method. It may also be worth trying a different linker, such as a 

photocleavable linker or one that can be cleaved with mild acidic conditions124. However, it is 

crucial to note that any strategy would have to account for bPST109 acceptance.  

The GFP-02 diSia samples when sent for mass spectrometry, revealed the presence of 

three glycosylation sites, although only two glycosylation sequences were inserted. All 

threonine-containing sequences were analyzed for Isoform-Specific O-Glycosylation Prediction 

(IsoGlyP) values and yielded low results, leaving the origin of the third site unclear. To address 

this, a TEV cut site between GB1 and Sequons could be cleaved to figure out if the third site is in 

GB1 or in the remaining part of the protein (Seq-Seq-GFP). Alternatively, using different 

primers, new constructs could be developed to isolate different parts of the construct and identify 

which third threonine is getting glycosylated. Once the threonine is identified, could be 

confirmed with single site mutagenesis kit followed by its glycosylation and analysis with 

proteomics. In fact, generating various fragments of the construct utilizing primers may not be 

the most effective approach. While a particular fragment may not undergo glycosylation 

independently, it could, when part of the complete construct and vice versa. Thus, the optimal 

strategy is to polysialylate the protein first, then cleave it at the TEV site, and subsequently run it 
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on a Coomassie gel to identify which segment has the additional glycosylation site. This course 

of action would decrease the number of threonine residues that require further analysis through 

single site-directed mutagenesis.  

Initially, different versions of the GFP construct were tested, one of which included a 

single sequone consisting of HisTag-GB1-Seq-GFP. Surprisingly, this specific construct did not 

undergo glycosylation. However, upon adding a second sequone, both the newly added sequone, 

and the first sequone got glycosylated. Additionally, a third glycosylation site also appeared. 

Previous studies have established that proline can increase the likelihood of threonine 

glycosylation at various positions (-9, -7, -6, -5, -3, -1, +2, +3, +6, +7, and +9)125. In our 

construct, there are two threonine residues, one in the GB1 region and the other in the GFP 

region, that fall within this range and could potentially undergo glycosylation. However, further 

investigation is required to validate this possibility. 

When GFP02 core-1 polySia was incubated with Jurkat T cells initially, it should some 

potential initially, but the results could not be reproduced. The higher fluorescence resulting 

from GFP-02 polySia led to a shift in the peak compared to the negative controls. More 

importantly, the addition of colominic acid caused a backward shift. Unfortunately, no more 

ligand was available from the same batch and when the experiment was repeated with new 

batches of GFP polySia, it did not yield similar results. The old and new GFP-02 polySia batches 

were compared, and it was observed that the CST-2 reaction was not as successful in the later 

batches as in the first batch. Only one additional peak was observed after the CST-2 enzymatic 

reaction, which could potentially result in the synthesis of one polySia chain and could affect the 

avidity of the ligand. It was decided to create a core-2 structure. This would potentially result in 

more than one polySia chain and could lead to a ligand with higher avidity. The core-2 structure 
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was synthesized, and the reaction yielded promising results. However, neither reaction, BTS-05 

nor CST-2, went to completion as multiple bands were observed. It is difficult to predict the 

structure even with mass spectrometry analysis, as the CST-2 has the potential to add more than 

one ⍺-2,8 Sia. Additionally, it could also add one or more Sias on the galactose that is part of the 

core-1 branch of the underlying glycan. 

 The GFP-02 core-2 polySia is ready for testing with a cell line. Thanks to the kind 

support of the Macauley lab, we have access to CHO cells, both with and without the siglec-11 

receptor. We also have a cell line that carries a mutated version of Siglec-11 with an arginine 

mutation that is known to be crucial for Sia interactions18. By incubating the GFP-02 core-2 

polySia with these cell lines, we may potentially develop a reliable method to visualize and 

confirm the presence of polySia receptors (Figure 34). However, it is important to note that CHO 

cells also express polySia on their surfaces, which could influence the GFP-02 core-2 polySia's 

interaction with siglec-11. To account for this, we could optimize the magnetic-Beads-EndoN-

based method discovered by Willis' Lab to remove polySia prior to testing106. 

 

 

 

Figure 34. Cho cells expressing siglec-11 could be used to confirm that the method is working. 

On the left side the new GFP-02 core-2 polySia has been described which has the potential of 

higher avidity and is more economical as the reactions are more efficient and most of the protein 

gets polysialylated. In the middle CHO cells with different version of siglec-11 are included 

while on the right side the expected results are shown. 
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Figure 35 The structure of Sia-Diazirine 

 

 

 

 

Figure 36. Proposed method involving Sia diazirine could be used to extract polySia receptors. 

The Sia diazirine is enzymatically added to the polySia chain on a protein with biotinylated 

AviTag. Diazirine could potentially make a covalent bond when exposed to UV light and the 

biotin could be utilized to extract the protein with streptavidin beads followed by analysis with 

mass spectrometry. 

 

Once the presence of receptor(s) is confirmed, additional research could be conducted to 

identify them. To discover polySia receptors, a polysialylated AviTag protein may be created 



 77 

using a mixture of CMP-Sia and CMP-Sia-diazirine (Figure 35). CMP-Sia-diazirine is a 

modified Sia containing a diazirine group at carbon-5. Under ultraviolet light, the diazirine loses 

nitrogen gas and converts into a carbene ion, which could interact with polySia receptor(s) and 

could form a stable covalent bond126. The resulting protein-polySia-receptor conjugate could be 

isolated on streptavidin-agarose beads, and mass spectrometry analysis could be utilized to 

identify the attached protein(s) (Figure 36). The identified receptor(s) could then be validated in 

T and NK cells lacking these receptors, which can be generated through siRNA or CRISPR-Cas9 

techniques. Alternatively, the receptor(s) could also be overexpressed. 

To summarize, we have established the foundation for two techniques that has the 

potential to contribute to the advancement of polySia research. With the development of two 

probes, we can tackle two of the most crucial aspects of polySia research: the identification of 

polysialylated proteins and receptors for polySia. The discovery of these proteins can potentially 

provide valuable insights into the role of polySia in both health and disease, paving the way for 

new breakthroughs and developments. 

 

………………………………………………………………………………………………………  
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