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Abstract

This thesis aims to develop an analytical workflow utilizing HPLC-fluorescence detection
for studying N- and O-linked glycan levels in neurodegenerative disorders in vitro. This
method was initially validated with simple model samples before being applied to
complex N-glycan samples from a neuroblastoma cell line in vitro (Chapter 5). The in
vitro application builds on method development for the various stages of the workflow,
specifically the labelling (Chapter 2), release (Chapter 3) and enrichment (Chapter 4) of
glycans and makes extensive use of HPLC.

The synthesis of an alkyne reagent is described in Chapter 2, which also summarises its
use in the CUAAC reaction for successfully labelling O-glycans and in a reductive
amination reaction for successfully labelling N-glycans. The development of methods
for simultaneously releasing O- and N-linked glycans from glycoproteins to allow their
simultaneous analysis is described in Chapter 3. However, this could not be achieved
despite extensive attempts to achieve complete release of O- and N-linked glycans to
monomer units. The enrichment of labelled N-glycans was also probed in Chapter 4,
illustrating that Amide SPE and cotton wool SPE demonstrated superior performance
compared to other absorbents.

The qualitative and quantitative analysis of N-glycans in the SH-SY5Y cell line during
differentiation (Chapter 5) using the developed workflow revealed altered expression
of N-glycans during the differentiation process. These altered glycans can potentially be
explored as neurodegenerative disease biomarkers.
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Chapter 1

Introduction

This thesis aims to devise a glycan analysis workflow to investigate N- and O-linked glycans for
their potential relevance in neurological diseases. The proposed workflow entails the utilisation
of a novel technique for analysing N- and O-linked glycans, exploring alternative enrichment
techniques, and examining N-glycan profiles in a human neurological cell line as the primary
model. Consequently, this introduction emphasises the significance of glycans in health and
diseases and summarises the methods and workflow involved in glycan analysis.

1.1 Types of glycosidic bonds

Living cells contain four main types of macromolecules: carbohydrates (glycans), proteins,
lipids, and nucleic acids. Carbohydrates can be found either attached to other biological
molecules like proteins or lipids (called aglycone) or can exist freely in the cytosol. These
macromolecules serve various crucial functions in biological systems. When carbohydrates
have covalent bonds with proteins, they participate in essential cellular processes, including
adhesion, cell development, and recognition. Glycans are frequently located on the outer
surface of cells and play vital roles in facilitating interactions between cells, the extracellular
matrix, and other molecules. Glycans exhibit diverse biological functions, which can be
influenced by their primary structure and the aglycone to which they are bound.
Oligosaccharide chains are attached to proteins through either N-glycosidic or O-glycosidic
bonds, depending on the atom of the amino acids that link the glycan to the aglycone. The
common monosaccharide subunit moieties in glycans found in the eukaryotic cells are shown
in Figure 1.1 [1, 2]. Numerous studies have demonstrated that the glycan profiles of cells,
tissues, organs, and disease states exhibit unique and distinct characteristics, as shown in
section 1.2 and 1.3. The variations in the patterns of displayed carbohydrates can serve as
crucial indicators, effectively distinguishing between healthy and diseased conditions.
Consequently, these changes in glycan patterns hold significant potential as valuable
biomarkers for various diseases and medical conditions.
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Figure 1.1 The common monosaccharide subunits found in the glycoproteins in the eukaryotic
cells. Glycan structures and their corresponding graphical symbols are displayed according to
the Symbol Nomenclature for Glycans (SNFG)[3].

1.1.1 N-Glycosylation

N-Glycans are sugars linked via a B1-glycosidic covalent bond to the nitrogen atom of an
asparagine (Asp) residue (Figure 1.2). N-Glycans can be classified into three groups according
to the attached monosaccharides. Oligomannosidic glycans contain only two N-
acetylglucosamine (GIcNAc) residues with a variable number of mannose (Man) (and
sometimes glucose (Glc)) residues. Complex-type glycans have various GIcNAc, galactose (Gal),
fucose (Fuc), sialic acid (Sia or Neu5Ac) and sometimes N-acetylgalactosamine (GalNAc)
residues additional to the pentasaccharide core. The final group, hybrid-type glycans, combine
motifs that are regarded as oligomannosidic and complex-type. All N-glycans share a
MansGIlcNAc; pentasaccharide core, as shown in Figure 1.2.

(€)

Figure 1.2 Linkage and structure of N-linked glycans. (A) GIcNAc linked to asparagine via N-link,
(B) oligomannose N-glycans, (C) complex N-glycans, and (D) Hybrid N-glycans[4].



1.1.2 O-Glycosylation

O-Glycans or mucin-type O-glycans involve GalNAc a-linked to the oxygen atom of serine (Ser)
or threonine (Thr) residues at the hydroxyl group (Figure 1.3 (A)). Eight types of O-glycans
present in the mammalian cells, as shown in Figure 1.3 (B), and vary according to their
monosaccharide components [5, 6]. The sugars found in O-GalNAc glycans include GalNAc, Gal,
GlcNAc, Fuc, and Sia, whereas Man, Glc, or xylose (Xyl) residues are not present.

(A) OH
Hg&@w !

Ser/Thr
Ser/Thr / Ser/Thr Ser/Thr
Core 1l Core 2 Core 3 Core 4

Ser/Thr Ser/Thr Ser/Thr Ser/Thr
Core 5 Core 6 Core7 Core 8

Figure 1.3 Linkage and structure of O-linked glycans. (A) GalNAc linked to serine or threonine
via O-link and (B) O-glycans core 1 to 8[4].

1.2 Biological functions of glycans

Glycans play diverse and vital roles in cellular functions, which can be influenced by their
primary structure and the aglycone to which they are attached. The biological functions of N-
glycans within cells encompass essential processes such as protein synthesis and recognition
(protein folding, intracellular trafficking, communication between cells, and protein stability)[7-
11], modulation of the immune system (Immunoglobulins; IgA, 1gD, IgE, 1gG, and IgM)[12-18],
facilitation of brain development and function, such as neurotransmission release and synaptic
transmission [19-26], as shown in Figure 1.4. On the other hand, the mucin-type O-glycans are
found in the epithelial cells (figure 1.4), such as the airway, digestive surface, saliva, gum and
teeth, and skin [27-34]. As a dense mucin layer, O-glycoproteins serve roles such as physical
protection and tissue elasticity and coat the epithelial surface providing protection from
microorganism invasion[35, 36]. The mucin O-glycans are associated with human blood groups
via antigens T, sialyl T, Tn, and sialyl Tn [37, 38]. In the neurological setting, O-glycosylation is
found in the amyloid-3 (1-42) peptides (AB)[39, 40]. The N- and O-glycosylated proteins are
found in internal body fluids such as blood plasma and cerebrospinal fluid (CSF). As glycosylated
proteins have hydrophobic, hydrophilic and acidic parts, these macromolecules can contribute
between blood and CSF via blood-brain barriers (BBB) [41].



O-glycans Glycans N-glycans

Protect from acids and
digestive enzymes

Protect from invasive
bacteria

Protect from digestive
enzymes

Protect from invasive
bacteria

Figure 1.4 A summary of the biological function of N- and O-glycans.



Moreover, glycosylation determines ligand affinity for endogenous mammalian lectins
(carbohydrate-binding proteins). Lectins are highly selective for specific glycan structures.
These lectins are very useful for studying glycan functions. Glycan-lectin interactions are
important for enzyme or antibody activity. The glycan moieties affect the binding between
ligands and substrates [42-48]. A graphical demonstration of glycan-lectin activity is shown in
Figure 1.5. The ligand can attach to specific glycoproteins at the target site. After binding, the
target organ is then activated. This phenomenon can be used to develop specific ligands for
therapeutic applications [49-51]. Furthermore, drug delivery systems and targeted therapeutics
can be developed using this knowledge.

(A)

Lectin

—)

Extracellular space

Cell membrane

e Cytoplasm
Glycoprotein -~

(B)

Cytoplasm
Glycoprotein -~

Figure 1.5 Demonstration of glycan-lectin activity in cell function. (A) The specific interaction of
two sugar moieties with the ligand on the cell wall activates the cell. (B) In contrast, the cell is
not activated if only one sugar moiety can interact with the ligand.



1.3 Glycans as biomarkers for neurodegenerative diseases

Studying differences in the glycan profile between healthy and disease states can allow glycan-
based biomarkers for diseases to be developed. The U.S. Food and Drug Administration (FDA)
has approved the use of glycoproteins in serum, such as O-glycosylated mucin glycoproteins of
carbohydrate antigens (CA125 for ovarian, CA27.29 and CA15.3 for breast, CA19.9 for
pancreatic cancers) and N-glycosylated glycoproteins (a-fetoprotein for hepatocellular
carcinoma, prostate-specific antigen for prostate cancer), as biomarkers for cancer [13, 14, 52-
65].

In neurodegenerative diseases, various biomarkers have been studied in clinical trials, such as
protein, DNAs, and RNAs mutation in various diseases such as Parkinson's disease (PD),
Alzheimer's disease (AD), Huntington's disease (HD), mild cognitive impairment (MCI),
amyotrophic lateral sclerosis, frontotemporal dementia, and multiple sclerosis. The diagnosis
of neurodegenerative diseases usually uses brain imaging scans and markers from CSF. The
method for taking the CSF from the patients is invasive. The discovery of glycans as biomarkers
from the blood or serum in these diseases could replace the CSF method. The results show the
different levels of glycans between CSF and blood in patients with disease and healthy people
[66, 67].

The characterisation of AD and PD is the progression of specific symptoms. AD is the
progressive loss of cognitive function, behavioural impairment (e.g., mood change), problems
with communication and reasoning, and cerebral deposit of senile plaques; AB peptide in
extracellular fluid and neurofibrillary tangles (NFTs) in intracellular fluid from CSF [68]. PD is the
progressive degeneration of dopaminergic neurons in the Substantia nigra pars compacta
(SNpc), resulting in typical motor symptoms such as resting tremor, rigidity, bradykinesia, gait,
and balance dysfunction [69]. This eventually results in near-total immobility, hyposmia,
constipation, hallucination, depression, anxiety, and sleep dysfunction. Nowadays, the
detection of PD uses various methods; the most popular is clinical observation combined with
imaging.

It has also been reported that specific glycans could perhaps be potential neurodegenerative
biomarkers. Studies considering the glycome as the biomarker in neurodegenerative diseases
focus on the transferrin (Tf) attached to the N-glycans, such as GIcNAc-Tf, Sia-Tf, Man-Tf and
Lipocalin-type prostaglandin D2 synthase (L-PGDS) and mannose and glucuronylation for O-
glycans. The studies focused on O-glycan levels in CSF. The levels of Man-Tf increased in the
AD, PD and MCI patients. The GIcNAc-Tf levels increased in AD and dementia patients. The sia-
Tf increased in AD and MCI patients. However, the Sia-fucosylated and O-glycosylated mannose
core levels decreased in the MCl and AD patients [41, 70-76], as summarised in Table 1.1. The
study of the relationship between tau proteins (T-tau and P-tau) in the brain of AD patients
shows the corresponding level between tau and N-glycans in CSF [71, 76, 77]. N-Glycans in CSF
can be used to replace brain biopsy to analyse the tau proteins for diagnosis of AD from this
relationship. From the glycome studies of neurodegenerative diseases, analysing glycans as
biomarkers is an important process for identifying and quantifying the profiles of carbohydrates
and tracking the progression of the disease.



Table 1.1 Comparison of glycan levels between AD, PD, MCI patients and healthy groups

Glycans type Glycan levels in patients compared to healthy group References
AD PD MCI

Mannose increase increase increase [70, 73, 76]
High mannose increase N/A decrease [66, 75]
GIcNAc increase N/A increase [70, 71]
Sialic acid increase increase increase [66, 71, 75, 78]
Sia-fucosylated decrease N/A decrease [66]
Fucosylated N/A N/A decrease [66]
glycan
O-Glycosylated decrease increase decrease [75, 78]
mannose core

1.4 Glycan and glycoprotein analysis

The majority of research in the field of glycan analysis focuses on characterising and quantifying
the level of N-glycans in biological samples. This is because N-glycans can be released from
proteins using specific enzymes, enabling more straightforward analysis. Numerous reports
have investigated the qualitative and quantitative aspects of N-glycans, revealing their
relevance to health and various disease states [18, 23, 54, 61, 74, 79-89]. On the other hand,
there needs to be more research on the relationship between O-glycans and health or disease.
The intricate structure of O-glycans and the challenges involved in their analysis pose significant
barriers to studying their levels in biological samples. Most existing reports on O-glycans
describe the vast diversity of O-glycan structures or differences between O-glycan fragments
rather than their direct associations with specific health conditions or diseases. As a result, O-
glycan analysis remains an area that requires further exploration and understanding to uncover
its potential significance in biological contexts.

As previously mentioned, glycoproteins are valuable biomarkers in various disease conditions.
The development of glycoprotein analysis is crucial for qualitative and quantitative
identification and monitoring of diseases. Several techniques are available for glycoprotein
analysis, as listed in Table 1.2. Examples of glycoprotein separation include Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 2-dimensional (2D) PAGE. Staining
or blotting techniques and advanced mass spectrometric methods can be used to identify
glycoproteins. Notably, glycoprotein structures lack chromophores and fluorophores, making
them less efficiently ionised. Nevertheless, Matrix-Assisted Laser Desorption/lonisation Time-
Of-Flight (MALDI-TOF) Mass Spectrometry (MS) has been developed for glycoprotein analysis,
often in conjunction with Gas Chromatography (GC) and High-Performance Liquid
Chromatography (HPLC).



Table 1.2 Summary and critical appraisal of glycoprotein analysis techniques

Technique Method/Detector Advantages Disadvantages References
SDS-PAGE/Gel SDS-PAGE - This method can digest the - This method requires fluorescence [20, 21, 61, 79, 90-
electrophoresis 2D-PAGE samples in the gel before analysis. labelling for visualisation. 93]

- This method can develop proper
capture materials for specific
analysis (such as only O-
glycosylated proteins) and can be
developed for higher affinity to
glycoproteins.

- Sometimes, this method is used for
purification of samples before
analysis by HPLC.

- This method can be used to study
protein-glycoprotein interactions.

- This method requires enzymatic or
chemical reactions to release
glycans before conducting the
analysis.

- This method requires a staining
reagent for developing bands during
visualisation.

- Identification is primarily based on
the molecular weight fragments of
the glycans.

Microarray Lectin microarray - This method is used for glycan - This method needs a labelling [74, 81-83, 93-98]
profile patterns. reagent.
- This method can analyse both N- - Lectin from a natural source displays
and O-glycans at the same time. weak binding affinity to a spectrum
- This method can be used as high of glycans.
throughput for glycan profile - This method needs enzyme or
therapeutic proteins when coupled chemical reactions to release
with a sophisticated detection glycans before analysis.
system.
Capillary MS/MS - This method is of high sensitivity - Some labelling reagents are [84, 99, 100]

Electrophoresis (CE)

and resolution.

incompatible with CE (e.g., 2-
Anthranilic acid (2-AA) and 8-
aminopyrene-1,3,6-trisulfonate
(APTS)).




Technique

Method/Detector

Advantages

Disadvantages

References

- This method is not suitable for all
size of glycans. This method can use
for small more than large glycans
size.

- This method needs enzyme or
chemical reactions to release
glycans before analysis.

HPLC Fluorescence - This method can use various - This method requires labelling [26, 54, 85, 94, 99,
MS (MALDI, TOF, MALDI- detectors reagents before analysis to increase | 101, 102]
TOF, MS/MS) - This method can analyse samples of detection sensitivity. [8, 21, 22, 26, 86,
low concentrations. - This method requires purification 87,94, 103]
- This method is precise, accurate, of methods for clean up before
high-resolution and reproducible. analysis.
- This method can identify the - This method requires the enzyme or
structure of glycans chemical reactions to release
- Various fluorescence labelling glycans before analysis.
reagents can be used for HPLC -The MS-ESI detector has low
analysis. sensitivity.
MS MS - This method can analyse both N- - Some samples need labelling [74]
MS/MS and O-glycans at the same time. reagents for increasing detection [18, 19, 72]
MALDI - This method can be used for sensitivity. [104]
MALDI-TOF structure determination. - Some biological samples require pre- | [95, 105]
MALDI-TOF/TOF - This method can analyse various separation by SDS, LC or CE before [88, 89, 93, 96,
MALDI-FT-ICR biological samples (blood, plasma, being introduced into MS 106, 107]
CFS, etc.) [108, 109]




1.5 Glycoproteins’ Analytical Workflow

Developing methods for analysis of glycoproteins is important for qualitative and quantitative
identification and disease monitoring. As glycoprotein structures are less efficiently ionised
than other biomolecules, MALDI-TOF MS combined with GC and HPLC is the first-choice
method for glycoprotein analysis. The workflow for glycan analysis in biological samples
requires digesting samples into small fragments, releasing the glycans (using a specific enzyme
or chemical reactions), derivatising (for increased ionisation or adding chromophore or
fluorophore), purifying, enriching the labelled glycans, and analysis. For example, a typical
glycan analysis workflow is illustrated in Figure 1.6.

g %
Sample Digestion of samples into

small fragments Peptide
by enzyme
T Specific enzymes

v

Glycan release

Chemical reactions

— (B-eliminationor — SDS-PAGE
hydrazinolysis)
Chemical
derivatization :
Liquid-liquid . Lectin
extraction Microarray
Enrichment or Precipitation
purification SPE CE
Other methods
Glycan analysis HPLC
— MS

Figure 1.6- General overview of the N- and O-glycan analysis workflow.

Figure 1.6 illustrates the N- and O-glycan analysis workflow. The workflow starts with the
sample being digested into small peptide fragments by enzymes. The glycans are released from
the backbone by specific enzymes or chemical reactions and labelled with the reagent for easy
detection. Enrichment or purification of labelled glycans is needed before the analysis step to
remove unnecessary chemicals from the labelling reaction. Depending on the qualitative or
guantitative detection method, various analytical techniques can be conducted on the labelled
glycans.
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1.5.1 Methods to release glycans

Most analytical methods for glycoproteins use proteolytic enzymes (e.g., trypsin or pronase) to
digest proteins into small peptide fragments before releasing carbohydrates from the core.
Different N- and O-linked glycan sizes (O-glycans vary significantly in size but can be smaller
than N-glycans) also influence the choice of labelling methods for analysis.

1.5.1.1 N-Glycan release

Most of the research in glycan analysis focuses on N-linked glycoproteins. N-Glycans can be
released by chemical reaction (hydrazinolysis) [110] or enzymatically using Peptide: N-
glycosidase F enzyme (PNGase F) [111-113], as demonstrated in Scheme 1.1. In contrast to N-
linked glycoprotein analyses, O-linked glycoprotein analyses are challenging because no specific
enzyme releases all O-linked glycoproteins from the polypeptide backbone. Researchers use
enzymes to cleave glycoproteins into shorter peptide bonds before releasing O-glycans from
the core. However, developing universal methods that can release all types of core O-glycans
from the protein backbone remains challenging.

1.5.1.2 O-Glycan release
a. By enzymes

The enzyme for the release of O-glycans from glycopeptides is called O-glycanase or O-
glycosidase. This method uses enzymes from natural sources. Nowadays, the enzyme releasing
O-glycans can cleave core 1 and 3 from the backbone between the serine or threonine at the
B1-3 linkage to Gal (core 1) or GIcNAc (core 3). Various examples and the origins of O-glycanase
are shown in Table 1.3. An endo-a-N-acetylgalactosaminidase or endo-a-GalNAcase is used for
specific cleavage of core 1 and an GalNAc from the backbone. One example of this enzyme is
the glycoside hydrolase family or GH101 [114]. One example of GH101, called EngBF,
from Bifidobacterium longum is a highly specific enzyme that effects cleavage to core 1 of O-
glycans [115, 116]. The GH101 from Tyzzerella nexilis, specific to core 1 [117], and GH31 from
Enterococcus faecalis (or Nag31s) in the human gut are used for cleaving O-glycan at core 1 and
core 3 [118]. Another example of O-glyconase from human gut microbiota is endo-B1,4-
galactosidase (GH16). This enzyme is specific to GalB1,4GlcNAc linkage in the poly-N-acetyl-
lactosamine (polyLacNAc) chains of O-glycans [119]. The enterococcus faecalis (endoEF)
enzyme can release core 1, core 2, and core 3 [90, 120]. Research focusing on new universal
enzymes to release O-glycans is ongoing. OpeRATOR is an example of a specific O-protease (O-
endoproteinase/O-endopeptidase) from intestinal bacteria. This enzyme digests the core 1
mucin type from the protein backbone via the N-terminal. However, this enzyme limits activity
for core 3 O-glycans [121, 122]. The benefit of using enzymes for releasing the O-glycans from
the backbone is the mild conditions (mild base or acids and at a temperature between 30-37°C)
and the opportunity to identify more sub-types of enzymes from the natural sources or
mutation of bacteria to modify the activity of the enzymes. On the other hand, the activity of
enzymes depends on the types, sources, and methods for enrichment and purification of
enzymes. However, the remaining challenge of enzyme release for O-glycans is to find
the universal enzyme for all cores, similar to N-glycans.
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Table 1.3 Examples of enzymes used for O-glycans release.

bacteria
expressed in
Escherichia coli

activity to core 3
O-glycoproteins.

binds to O-glycans on
native glycoproteins at
the N-terminal end of O-
glycans.

the glycoproteins to
small molecules and
PNGase F to remove
N-glycans before using
this enzyme to release
O-glycans

Name of enzymes Origins Target site Advantages Disadvantages References
Endo-a-N- Bifidobacterium | Highly specific to core 1 - These enzymes found in | - The activity of [115, 116]
acetylgalactosaminidase longum O-glycoproteins. various types of bacteria. enzymes depends on
(GH101) Tyzzerella nexilis | Specific to core 1 - The bacteria can be the source of bacteria. | [117]
from human gut | O-glycoproteins. mutants to modify the
Enterococcus Specific to core 1 and core 3 activity of enzymes. [90, 120]
faecalis (endoEF) | O-glycoproteins.
Endo-B1,4-galactosidase Human gut Specific to GalB1,4GIcNAc - There are many subtypes. | - The activity depended | [119]
(GH16) microbiota linkage O-glycans. - this enzyme can use both on the kind of
endo- and exo-acting subtypes.
enzyme.
a-N- Enterococcus Specific to GalNAc in - The bacteria can be - This enzyme can be [118]
Acetylgalactosaminidases faecalis from the | O-glycoproteins, low mutant to modify the used for core 1 and 3
(EC 3.2.1.49) (GH31, human gut activity to Tn antigen. activity of enzymes. only.
Nag31s)
OpeRATOR Human intestinal | Specific to core 1 and limit - The enzyme specifically -Need trypsin to cleave [121, 122]
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b. By Chemical reaction

A major problem in O-glycan research is that no single enzyme can release all types of cores. To
release all cores of the O-glycans at the same time, a chemical reaction must be used. O-Linked
glycoprotein analysis most commonly employs B-elimination reactions and hydrazinolysis
reactions for release as reducing sugars before labelling. The B-elimination reaction for release
of O-linked glycoproteins is under alkali conditions (pH>10) through the linkage between
GalNAc and B-carbon bond hydroxyl groups of serine or threonine, as shown in Scheme 1.1.
The reductive B-elimination reaction occurs under strong alkali conditions, and the ‘peeling
reaction’ appears and decreases free O-glycans' yield by converting free sugar to alditol
molecules [123]. The alditols are unavailable for labelling with the fluorophore or chromophore.
This reaction starts with the hydroxide ions attacking the B-carbon of the GalNAc molecules,
releasing, and destroying the end GalNAc from the whole molecule. Reducing agents are added
to the reaction, such as sodium borohydride (NaBH4), potassium borohydride (KBH,), and 1-
phenyl-3-methyl-5-pyrazolone (PMP), to prevent peeling by converting the reducing end of the
terminal monosaccharide of the released sugar to an alditol (GalNAcol) [124]. The peeling rate
is 0-10% after reducing agents are added to the reactions [125]. The condition of this reaction
is 40-50°C, and the incubation period is 4-24 hours. It has proved to be more effective for core
1 and core 2 O-glycans than others [126-131]. Using mild bases, such as ammonia, ethylamine,
or lithium hydroxide, to hydrolyse the O-glycans from the peptides is called non-reductive B-
elimination. The reaction requires more than 40 hours. Unfortunately, these methods still
produce undesirable peeling (0-60%), depending on the conditions used [124, 125]. Typically,
the reaction conditions are 50-70°C and 1-24 hours [124, 131-134]. To reduce the reaction
times, microwave-assisted nonreductive B-elimination has been developed. The condition uses
microwave radiation at 70°C for 12 minutes [74].

Hydrazinolysis (or B-elimination using anhydrous hydrazine) is used in N-linked glycans[135]
and has been developed further for O-linked glycoprotein release [136]. The reducing glycans
are converted to hydrazones in this reaction. The chemical reaction for releasing glycans
cleaves the amide component of the N-glycosidic bonds and deacetylates GIcNAc, GalNAc, and
neuramic acids. The reaction still has peeling for both N- and O-glycans (6-71%) [137] but
produces a higher yield of released O-glycans than the B-elimination reaction. This reaction
requires 60-100°C and an incubation period of 5-18 hours [131, 136, 138, 139]. However, this
reaction is extremely toxic and hazardous due to the hydrazine for O-glycan release.

There are reports of releasing O-glycan strategies that do not require strong basic conditions
and hence avoid peeling. For example, hydroxylamine (50% by weight in the water) and an
organic superbase (1,8-diazabicyclo[5.4.0Jundec-7-ene) combined with hydrazinolysis have
been reported. The hydroxylamine reaction’s condition is 37-50°C, 20-60 minutes. This reaction
has higher yields than the hydrazinolysis reaction, and the peeling yields are lower (0-10%)
[125, 138].

In summary, the enzymatic approach for releasing O-glycans brings the benefit of requiring
mild conditions without effecting peeling. However, this method must be further developed to
be efficient for the release of all O-glycan cores. The chemical releasing method can release
more core than the enzymatic method but results in low yields due to peeling and the
formation of alditol products. The overarching challenge for O-glycan release is to develop a
universal method for releasing all core O-glycans in one step. After the release step, O- glycans
must then be labelled for increased detection, and the sample must be cleaned up before
analysis.
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1.5.2 Methods to derivatise glycans

As glycans lack chromophores and fluorophores, they are difficult to detect. Derivatisation is,
therefore, an option to make glycans detectable. This is usually achieved by derivatising the
sugar released from N- and O-linked glycans with a fluorophore labelling reagent to enable
fluorescent detection. The labelling reaction that is most often used is reductive amination
using aromatic amines such as 2-anthranilic acid (2-AA or o-aminobenzoic acid), 2-
aminobenzamine (2-AB), 2-aminopyridine (2-AP), procainamide, 8-Aminopyrene-1,3,6-
trisulphonic acid (APTS), 1,2-Diamino- 4,5-methylenedioxybenzene (DMB), or RapiFluor-MS.
These reagents react with the reducing end of the oligosaccharide under mild conditions
(Figure 1.7). Detection with fluorescence at various excitation wavelengths (230-488 nm) and
emission wavelengths (320-550 nm) is possible. Table 1.4 provides the structures and
fluorophore detection parameters for fluorescence labelling reagents commonly used for

glycan analysis.

Table 1.4 Examples of labelling reagents for glycan/glycoprotein analysis by HPLC using
Fluorescence or MS as the detector

Name of Structure Method of detections References
Labelling The wavelength for MS
reagents fluorophore detection
Excitation Emission
wavelength | wavelength
(hm) (hm)
2-AA N 330-360 420-425 v | [87,111,
C@ﬁ’“ 131, 138]
[¢]
2-AB N 250-330 420-430 v | [26,54, 74,
Nre 86,94, 102,
° 124, 133]
2-AP S 310-320 370-400 v | [112, 136,
N7 N, 140, 141]
Procainamide 0 310 370 v’ | 85,103,
@Auw“v 111, 133,
HaN 142]
APTS 058 ‘ NH 488 520 v | [143-145]
‘0,8 ‘ SOy
DMB <°j©[““2 370-375 440-460 v' | [146-148]
o NH,
RapiFluor-M$S o o 0 { 265 425 v | [134, 149,
o AN N>~
qOANh S " 150]
[e]
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1.5.3 Purification of released glycans and labelled glycans prior to HPLC analysis

After the glycans are released from the core, the next crucial step involves enriching and
purifying the free glycans. Enrichment at this stage aims to remove impurities such as
deglycosylated proteins, salts, and other unwanted components. Various purification methods
are employed, including precipitation with organic solvents like acetone, and Solid Phase
Extraction (SPE) using C18, porous graphite carbon (PGC), and Hydrophilic Interaction
Chromatography (HILIC) modes [151-153]. The resulting sample from this enrichment step can
then be analysed using MS for qualitative and quantitative analysis of glycans without the need
for fluorescence labelling. Due to the inherent characteristics of glycans, such as the lack of
chromophores, fluorophores, and low ionisation properties, they require labelling reagents to
facilitate their detection during HPLC analysis. These labelling reagents enhance the sensitivity
and selectivity of the method, allowing for the accurate and reliable identification and
guantification of glycans in complex biological samples. Once the sample has been labelled, it
is important to eliminate any unreacted labelling reagents. Various enrichment methods are
used to achieve this, such as precipitation using organic solvent (acetone), SPE with HILIC
mode, or alternative methods like cotton wool or magnetic beads. An alternative enrichment
method was developed to increase precise, accurate, and environmentally safe protocols, and
decrease the cost and time of sample preparation. These techniques help purify and
concentrate the labelled glycans for additional analysis [99, 151, 154-156].

1.5.4 Analysis of glycans by HPLC

HPLC is a powerful analytical technique known for its accuracy, precision, high resolution, and
rapidity in analysing pharmaceuticals, biopharmaceuticals, and biomarkers. In glycan research
encompassing N-linked and O-linked glycans, HPLC is commonly employed with various
detectors like fluorescence, MS, or MS/MS. These methods can identify by-products of O-linked
glycan releasing steps, such as peeling or alditol formation. LC-MS or LC-MS/MS can achieve
qualitative and quantitative analysis of N- and O-linked glycans within the same samples.
However, their different sizes mean that both cannot be analysed simultaneously in one
injection, requiring separate injections for each glycan type. Glycan assays often use HPLC with
fluorescence detection, which can increase sensitivity when combined with MS techniques
(ESI, MALDI). Different modes of analysis have been reported for both unlabelled and labelled
glycans. Unlabelled glycans are commonly separated using the reverse phase (C18) [8, 72] and
porous graphitised carbon (PGC) HPLC columns [18, 19, 74, 99, 157]. On the other hand,
labelled glycans are typically separated using HILIC [21, 54, 74, 94, 102, 103, 157, 158], C18 [85-
87], and weak anion exchange (WAX) HPLC columns [26, 74, 94]. These diverse column types
allow researchers to effectively separate and characterise glycans in various biological samples,
contributing to a comprehensive understanding of their structural and functional properties.

1.6 Glycan analysis in the neuroblastoma cell line as an in vitro model

In the study of neurodegenerative biomarkers, in vitro models are often selected as alternatives
to invasive procedures involving patients. Cell line cultures were chosen to replace biological
samples from the patients. The SH-SY5Y cell line is a thrice cloned cell line from a bone marrow
metastatic neuroblastoma and is commonly used for neurodegenerative studies, especially for
AD and PD biomarkers and treatment studies. Studies usually focus on drug treated or stressed
cells and examine the activity of the enzyme (e.g., B-galactosidase), production of protein (e.g.,
AB, P-tau and T-tau), genes (mRNA) expression, cell morphology, and the cell cycle [159-166].
The glycoprotein or glycan analysis that is studied in SH-SY5Y includes total monosaccharides,
terminal N-glycans, total N-glycans, and total carbohydrate production. The analysis methods
of the glycan levels studied in SH-SY5Y cell cultures involve HPLC-MS/MS [167-169], MS [170],
microarray or lectin blotting [169-171]. The study of glycan profiles in these cell cultures is
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ongoing, with the aim that in the future, these data may find applications in representing
disease progression and evaluating drug treatments in vivo, offering valuable insights into
potential therapeutic strategies.

1.7 Aim and Objectives

This thesis aims to create and integrate a simple N- and O-glycoprotein analysis method using
an HPLC with fluorescence labelling analytical workflow. The method is initially developed for
using simple model samples before being applied to complex samples derived from a
neuroblastoma cell line in vitro.

The alkyne fluorescence labelling reagent (5) is used to label both N- and O-glycans in different
reactions for HPLC analysis, reductive amination for N-glycans and click reaction for O-glycans.
The objective is to confirm that 5 can be used for labelling N- and O-linked glycans using lactose
(2GU, 14) as a model substrate for the N-glycan by reductive amination reaction and a
commercial azido-sugar (24) as the O-glycan model compound by CuAAC reaction. These
results are presented in Chapter 2.

The optimised methods to simultaneously analyse N- and O-linked glycans without releasing
the glycans from the core are developed by hydrolysis of the protein portion of glycoproteins
to a single amino acid. A fluorescence labelling reagent was used to label the functional groups
of amino acids and amino glycans of the amide before HPLC analysis. The objective is optimizing
the hydrolysis of a protein model to individual amino acids, which involves combining various
enzymes and chemical reactions. Ribonuclease A (RNase A) is chosen as a simple protein
model. The optimized process from a simple protein model will be applied to bovine fibrinogen
(complex glycoproteins) for N- and O-glycoproteins analysis. These results are presented in
Chapter 3.

The development and optimisation of the enrichment of labelled glycans using various brands
of SPE (PGC, C8, C18, polystyrene DVB, amide, SAX, SCX, and Superco discovery glycans) and
comparing the results with enrichment using cotton wool is studied by using the lactose (14)
derivatised with a commercially available label (2AB, 26) and a synthetic alkyne labelling
reagent, 5 as the glycans standard model. The objective is to compare the enrichment
conditions from SPE and cotton wool results and repeat them with the more complex glycans
(maltotriose and dextran ladder). These results are presented in Chapter 4.

Finally, the developed glycan analysis workflow from Chapter 4 is used to analyse the glycan
profile from a complex biological sample, namely undifferentiated and differentiated SH-SY5Y
cells, as the model system to fulfil the aim and objectives of this thesis. Compound 26 is chosen
as the glycan labelling reagent. These results are presented in Chapter 5.

This thesis structure is summarised in Figure 1.7, which outlines the schemes of work carried
out within each chapter.
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Chapter 1:
Introduction

analysis

Chapter 2: Synthesisand
application of a fluorescent
label for N- and O-glycan

Chapter 3: A protein digestion method is
developed using various enzymes and
chemical reagents. The amino acids, N- and
O-glycoproteins, were labelled with
fluorescence reagent before HPLC analysis.

Chapter 4: The accuracy,
precision, and robustness of
different methods, types and
brands of SPE enrichment
techniques employed for model
labelled glycans are presented
and compared to cotton wool SPE.

The developed workflow
from Chapters 2-4 was
applied for the
quantification of glycans
in a biological sample.

Chapter 5: The developed workflow was used to
analyse and quantify the glycansin a biological
sample. Cultured SH-SY5Y cells were used as a model
system. Undifferentiated and differentiated SH-SY5Y
cells were collected at different times, and total cell
N-glycans were analysed.

Conclusions and
Future work

Figure 1.7 - Schematic representation of the content within this thesis.
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Chapter 2
O-Linked glycan analysis by CUAAC using

a synthetic labelling reagent

2.1 Introduction

Click reactions were first employed for functionalising biological molecules by Sharpless et al.
[1] as they proceed under mild aqueous conditions. There are two common click cycloaddition
reactions between alkynes and azides, specifically Huisgen’s 1,3-dipolar cycloaddition and the
copper catalysed azide-alkyne 1,3-dipolar cycloaddition (CUAAC) reaction, as shown in Scheme
2.1. CuAAC is milder than Huisgen’s reaction and produces only one isomer of the product [2,
3]. The click reaction is chosen for many research studies in materials science, biomedicine,
nanotechnology, chemical biology, drug delivery, targeted bioorthogonal study, cell biology, and
tissue engineering fields [4-9], because these reactions proceed under aqueous conditions and
do not damage cells or organelles.
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RN 20-50°C Ry ~ Ry is not formed
]
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Scheme 2.1 Click reaction involving Huisgen’s 1,3-dipolar cycloaddition reaction and CuAAc
reaction. (A) Huisgen’s 1,3-dipolar cycloaddition reaction, and (B) CuAAC reaction.

The click reaction requires ligands that are designed to enhance the binding of the azido group
to the copper centre, hence increasing the yields of the reaction and the water-solubility of the
Cu (I) component. Many kinds of ligands have been used, such as TBTA (tris[1-benzyl-1H-1,2,3,-
triazol-4-yl)methyl]lamine) [10, 11], THPTA (tris[(1-hydroxypropyl-1H-1,2,3-triazol-4-
yl)methyllamine) [9, 12], and BTTAA (2-[4-{(bis[(1-tert-buty-1H-1,2,3-triazol-4-
yl)methyl]amino)methyl}-1H-1,2,3-triazol-1-yl]acetic acid) [13], as illustrated in Figure 2.1.
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Figure 2.1 TBTA, THPTA and BTTAA structures.
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2.1.1 Application of CUAAC to studies of biomolecules

The CuAAC reaction is widely used in biological studies using a chromophore or fluorophore
bearing alkyne to react with the azide functional group that can be introduced in living cells.
However, Cu (l) is toxic to living cells, so a combination of CuSO, with sodium ascorbate and
ligand is more often used as this is biocompatible. Specific applications of the click reaction are
presented below.

2.1.1.1 DNA and RNA Fluorescence Labelling

In DNA, RNA, or microRNA studies, the click reaction was used to selectively add a fluorophore
to living cells' DNA/RNA sequences compared to normal and tumour cells [7, 9, 14]. The
different targets for the click reaction were studied with a focus on developing drug-targeted
therapy [15-22].

2.1.1.2 Tracking biomarker levels and living cell changes

Biomarkers in living cells can be detected by using the click reaction to deliver fluorescence
tags to the cells. An example of using the CuUAAC reaction to track biomarkers focuses on
detecting hydrogen sulphide (H.S), which is an endogenous cellular signalling molecule, and
abnormal production is linked to many diseases (AD, cancer, and Down syndrome). The
traditional detection of H,S used a sensing method that was non-accurate, non-precise, and
had high detection limits, such as colorimetry, electrochemical analysis, and sulphide
precipitation [23-26]. The CuAAC was developed for H,S detection by introducing an azide
fluorophore. The synthetic azide reacted with the H,S to form the amine group. The total azide
is detected by a click reaction with a fluorescent alkyne. The decrease in fluorescence detection
can be used for quantitative analysis of the H,S [8, 27-29].

Antibodies (such as IgG and IgM) are also used as biomarkers for various kinds of diseases. The
click reaction has been developed to increase the sensitivity of detection at low concentrations
of the biomarkers. Examples of where this has been successfully applied include the detection
of biomarkers for cancer [22, 30-35], infection [36-38], and inflammation [39]. The target cells
are diagnosed by the specific azide probe uptake to the target cells, without uptake to the
normal cells, and subsequent click reaction with fluorescent alkyne reagents.

The CuAAC reaction has also been used to study the diversity of glycans in humans. Due to the
toxicity of copper, the mapping of O-glycosylation used gold nanoparticles to replace copper
for the click reaction to introduce a fluorophore to the glycans [40]. The diversity of the glycan
pattern was studied by introducing the azide functional group to the cell surface before
introducing an alkyne fluorophore [31, 35, 41-51]. These results can be used to detect the
progress of diseases or the effectiveness of treatments.

2.1.1.3 Drug delivery

Cells engineered to display the azide functional group within cell surface glycans or
oligosaccharides can be developed for site-selective modification by introducing an alkyne
group and using a drug with an azide group [48, 52]. For example, this has allowed the
development of drug delivery systems to enhance the absorption and improve the release of
hydrophobic drugs using the click reaction between drugs and polymer. The natural, non-toxic
polymer chitosan and oligosaccharide/alginate were chosen as the polymer base. Releasing
mechanism factors that were studied included the swelling properties, pH, maximum drug
loading capacity, drug release and stability [53-55]. Injection drug formulations have used
hyaluronic acid as the safety polymer. The click reaction between the hydrophobic drug and
hydrogel increases the water solubility of the medicine [56, 57]. For the chemotherapy drug
delivery system, the click reaction between the medicine and tumour cells, or specific pH at the
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target site, or photodynamic release is used to decrease the offsite toxicity in normal cells [58-
64].

2.1.2 Application of CUAAC in glycan analysis

Various methods can be used to analyse changing glycan levels in biological samples.
Introducing azide to the glycans for click reaction with a fluorophore alkyne can increase the
level of detection [65]. The click reaction adds the fluorophore to the azide-glycan structure for
structure-activity relationship studies by high-throughput screening for O-linked glycosylation
studies [66, 67], and for microplate reader (fluorescence scanning) [48, 66, 67], Ultraviolet
(UV)/Visible spectroscopy [47], or MS [68, 69]. HPLC was used for following the conjugation of
radio-labelled monoclonal antibodies [70]. Azide is introduced to living cells using the azide
sugar inserted into the cells during the cell metabolic process [46, 69, 71-75]. The summary
process of using the click reaction for O-glycan analysis in living cells is shown in Figure 2.2.
Examples of azide sugars [42, 44, 65-67, 74, 76-79] are shown in Figure 2.3.

Fluorophore

O-glycan in living cell O-glycan with azide group 0O-glycan with fluorescence
in living cells in living cell

A

O-glycan analysis

—_— HPLC

Figure 2.2 The process of using CUAAC reaction to introduce the fluorophore functional group
to the sugar of living cells. (A) introducing the azido-sugar to living cells in the metabolism
pathway, (B) adding alkyne with fluorophore functional group to azido-sugar by Click reaction,
and (C) analysis of O-glycan.
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Figure 2.3 Examples of azide sugars for O-glycosylation study (A-D) azido glucose [51] and (E)
azido GalNAc [80].

The application of the click reaction for O-glycan analysis was studied by introducing an azide
to the sugar moieties. However, when labelling the O-glycans by CuAAC reaction or reductive
amination reaction, the glycan must be released from the core before using HPLC, and the
HPLC analysis for all core O-glycans is still challenging.

In general, glycan analysis using commercial fluorescent labels requires a functional handle to
enable the coupling of the sugar with the label. If the process is to be carried out on glycosyl
amino acids rather than free or enzymatically released glycans, a novel label must be developed
to enable selective reaction with an amino acid coupling partner. The reaction must also be
suitable to be carried out in aqueous media. To enable this, it is envisaged that if the mixture of
amino acids obtained by proteolytic cleavage can be converted to the corresponding azides,
this will install a functional group that can react selectively with an alkyne functionalised label.
Azides are not commonly found in proteins. Hence, choosing this modification reduces the risk
of unwanted side reactions.
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2.2 Aim and Objectives

This work aims to determine whether an alkyne functionalised fluorescence labelling reagent
(5) can be used for the analysis of N- and O-linked glycans using HPLC equipped with a
fluorescence detector. It is proposed that N-linked glycans will be labelled by a reductive
amination reaction, and O-glycans will be labelled by the CUAAC reaction.

The work in this chapter, therefore, sets out to fulfil three main objectives. The first objective is
to synthesize, purify, and characterise the alkyne fluorescence labelling reagent (5) and the
ligand required for the click reaction (12).

The second objective is the synthesis, purification and characterisation of an azide O-linked
glycan mimic based on protected glucose (1 Glucose Unit (GU), 20) and Boc-L-serine methyl
ester (19).

The final objective is to confirm that 5 can be used for labelling N- and O-linked glycans using
lactose (2GU, 14) as a model substrate for the N-glycan and a commercial azido-sugar (24) as
the O-glycan model compound.

This research is summarised in Figure 2.4, which outlines the schemes of work carried out
within this chapter.

(A)
Fluorophore
o
o v
HOH,C
o Introduce azideto HOH,C oH OH
HOH,C amino acid \\ N
OH —/—m—mm N N
\
NH, “ Click buffer with wo/
Il ligand
N H
Serine Azido serine Labelled serine
8
(B)
OH_-OH

o Synthetic alkyne
HO o\/\N3 labelling reagent

0 NH (5) Labelled O-glycan

. mimic (25)
CHs CuAAc reaction
Commercial
azido-sugar (24)
(1GU)
HPLC-fluorescence Retention time
analysis comparison
oH,OH Synthetic alkyne
OH .
O HO labelling reagent
HO o o OH (5)
OH Labelled N-glycan
OH Reductive amination (16)

reaction
Lactose (14)
(2GU)

Figure 2.4 Workflow for labelled O- and N-glycans using synthetic alkyne labelling reagent
before HPLC-fluorescence analysis. (A) Serine, with no chromophore or fluorophore in the
structure, was chosen as the model for the introduced azide before Click reaction with the
synthetic labelling reagent. (B) Reaction of the O-glycan mimic and the disaccharide with the
synthetic alkyne labelling reagent.
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2.3 Results and Discussion

2.3.1 Synthesis of an alkyne label - synthesis of 4-amino-N-(pent-4-yn-1-yl)benzamide (5) as
the synthetic fluorescence labelling reagent [81]

N

|
) OH 0 OH ] )

DCC,
N_h .. .
Boc,03, Na,COs YdrOX}f|§|_LIJ|c::CIn|m|de )
—_—

NH, NHBoc I

(47%) (57%)

HzNM

DCM,TEA

0 HM o H\/\///

TFA, DCM
NH, NHBoc
5 4
(73%) (87%)

Scheme 2.2 Synthesis of fluorescence label 5.

Scheme 2.2 shows the approach taken to synthesise the glycan fluorescence labelling reagent
(5). The synthesis started from 4-aminobenzoic acid (PABA) 1. The amine was first protected by
adding a Boc group to yield 2. The reaction between 2 and N-hydroxysuccinimide converts the
carboxylic to a better leaving group within 3. The reaction between 3 and 4-pentyn-1-amine
hydrochloride allows introduction of the alkyne group into the structure, affording 4. The final
step is removing the Boc group using trifluoroacetic acid (TFA) in dichloromethane (DCM) (1:6
v/v) and amberlite IRA-57® in methanol (MeOH) for neutralisation, affording 5. Compound 5 is
an alkyne fluorophore labelling reagent suitable for the click reaction. All intermediates were
purified by flash column chromatography and characterized by *H NMR, 3C NMR, and IR
spectroscopy. The compound 5 was characterized by 'H NMR, 3C NMR spectroscopy, IR
spectroscopy and MS.
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2.3.2 Synthesis of azido-serine (8)
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6 7 8
(53%)

Scheme 2.3 Synthesis of azido-serine (8).

Scheme 2.3 shows a reaction for synthesising azido-serine (8) [82]. The reaction required a
diazo transfer reaction to add the azide group to the amino acid structure. Stick reagent
(imidazole-1-sulfonyl azide HCI) (7) was used to add the azide group to L-serine (6) and optimise
the reaction conditions. When the reaction was conducted at room temperature, the product
was formed after 10 days. The product was purified by column chromatography, using 1-
butanol:glacial acetic acid:water (12:3:5) as the mobile phase, and this afforded 8 as a pale
yellow oil in 84% yield. The azide 8 was characterised by *H NMR, *C NMR, and IR spectroscopy.

2.3.3 Synthesis of tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine. (TBTA) (12) [81]
///CH
Na* -N=N*z=N
RT 48 h ( Wl
CH

CH
AN 3
| — ’ Cul
N~ CH,
RT, 24 h

s
o

61%
Scheme 2.4 Synthesis of TBTA (12).

Scheme 2.4 shows a reaction for TBTA (12) synthesis. TBTA is used for the ligand in the click
buffer. The synthesis was carried out in two steps. First, the reaction between sodium azide
and benzyl bromide (9) was conducted at room temperature. The product was benzyl azide
(10). The second step was the reaction between benzyl azide and tripropargyl amine (11), using
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copper iodide and 2,3-lutidine as catalysts. Compound 12 was characterized by *H NMR, 3C
NMR spectroscopy, IR spectroscopy and MS.

2.3.4 Optimisation of click reaction between alkyne 5 and azide 8
H gz
0 0 N\/\// OH

O:< NaN NH
HO OH Click buffer CH-N’ H
S \)\/\/
Ny + HOH,C = N

37°C, 24 h

NH,

Scheme 2.5 Click reaction between 5 and 8.

The click reaction between 5 and 8 (Scheme 2.5) was investigated using 200 uL of 1 mM of 5
and 200 pL of 0.5 mM of 8 added to 600 uL of click buffer (table 2.4). The reaction equivalent
was 1:0.5 between 5 and 8, respectively. The mixture was incubated at 37°C for at least 24
hours and checked for completion of the reaction by monitoring the consumption of 8 by TLC
(DCM:ethyl acetate (EtOAc):MeOH(8:1:1) detected by UV light and ninhydrin. The reaction in
this work is completed in 24 hours.

2.3.5 Optimisation of labelling between Lactose (14) and 5 [81]
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Scheme 2.6 Reaction of lactose (14) with 5 by reductive amination reaction.

Lactose (14) was dissolved in water, and sodium cyanoborohydride in borate acetate buffered
MeOH was added, as shown in Scheme 2.6. Compound 5 in MeOH was added to the reaction.
The reaction mixture was then vortexed and centrifuged for 10 seconds before being heated at
65°C for at least 3 hours. Completion of the reaction was ascertained by TLC analysis
(acetonitrile(ACN):water (3:1)).
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2.3.6 Synthesis of Boc-L-serine methyl ester (19)

o
o
Dioxane/NaOH CH
DMF, K,CO3, CHj3l ~CH3
% )()]\ )< HO%OH _DMF, KoCOs, CH3l HO/\HkO
0°C, 30 min HN_ O 0°C, 30 min HNTO\’<
then RT \[r j< then RT o
(e]
6 17 18 19
(54%) (78%)

Scheme 2.7 Synthesis of Boc-L-serine methyl ester (19).

Scheme 2.7 shows the approach followed for the synthesis of Boc-L-serine methyl ester (19).
The first step is Boc-protection of the amine functional group in serine to afford 18. The
reaction was run at 0°C for 30 minutes in basic dioxane and was then warmed to room
temperature with monitoring via TLC analysis until the reaction was complete. Compound 18
was then reacted without purification with methyl iodide at 0°C for 30 minutes in
dimethylformamide (DMF) with potassium carbonate, and then at room temperature until the
reaction was complete. Compounds 18 and 19 were characterised by *H NMR, *C NMR
spectroscopy, IR spectroscopy and MS.

2.3.7 Synthesis of (2R,3R,5R,6R)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)amino)-3-
methoxy-3-oxopropoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (21)
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Scheme 2.8 Synthesis of (2R,3R,5R, 6R)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)amino)-3-
methoxy-3-oxopropoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (21).

Scheme 2.8 shows the synthesis of 21. Compound 19 was reacted with compound 20 in dry
toluene under an inert atmosphere. Silver carbonate was added to the mixture, and this was
stirred at -25°C until the reaction was complete. Compound 21 was characterised by *H NMR,
13C NMR spectroscopy and MS.

2.3.8 De-protection of (2R,3R,5R, 6R)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)amino)-3-
methoxy-3-oxopropoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate to O-((2R,3R,5S,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)serine (23)

CH

CH
CHy
CH3 OH 0«_OH
i é&oj\ B : Jf o2 o L
CH, ) NH, NH,
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HaC
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21 22 23

Scheme 2.9 Synthesis of O-((2R,3R,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-
pyran-2-yl)serine (23). The X in the Scheme represented the chemical reagents for removal of
the protecting groups from 21.

Scheme 2.9 shows a reaction for the synthesis of 23, which is an O-glycosylation mimic that can
be converted to an azide-functionalised glycoside. To protect the decomposition of the azide
during the synthesis reaction, the azide is introduced to the O-glycosylation mimic in the last
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step. The methods investigated for the removal of the Boc protecting group from within 21 are
summarised in Table 2.1. In all cases, *H NMR spectroscopic analysis indicated that the Boc
group was still present, suggesting that none of the conditions successfully removed the Boc-
protecting group.

Table 2.1 Summary of the methods investigated for removal of the Boc protecting group from

21

Reaction procedure Reagents Results Reference

2.0 equivalent of FeCls; was FeCls - Boc peak still present | [83]

added to the DCM solution (2 equivalent) in in the *H NMR

of 21, stirring at room DCM spectrum

temperature. Purification by - MS analysis did not

column chromatography afford data consistent

using DCM:MeOH 95:5 as with the required

mobile phase product

A solution of K,CO3 (0.414 g, | K2COs3 (3 mmol) in | - Boc peak still present | [84]

3 mmol) in MeOH-H,0 (3:1, MeOH:water (3:1) | in the *H NMR

15 mL) containing 21 (1 spectrum

mmol) was heated at reflux - MS analysis did not

on a steam bath. Purification afford data consistent

by column chromatography with the required

using DCM:MeOH 95:5. product

1 mmol of 21 was stirred in TFA/DCM 1:6 - Boc peak still present | [83]

1:6 TFA/DCM at room in the *H NMR

temperature. Purification by spectrum

column chromatography - MS analysis did not

using 95:5 DCM:MeOH. afford data consistent
with the required
product

A solution 21 in HCl/dioxane HCl/dioxane - Boc peak still present | [85]

(0.2 mmol) was stirred in an in the *H NMR

ice bath for 30 minutes and spectrum

then the reaction was kept at - MS analysis did not

room temperature. The afford data consistent

reaction mixture was with the required

condensed by rotary product

evaporation under a high

vacuum at room

temperature. The residue

was then washed with dry

diethyl ether and collected

by filtration.

1 mmol of 21 stirred in 5 mL | ZnBr,/DCM - Boc peak no longer | [86]

of DCM. 5 mol% of ZnBr; was present in 'H NMR

added and stirred at room spectrum

temperature. Purification by - MS analysis did not

column chromatography afford data consistent

using EtOAc:hexane 1:1 with the required

containing 1% acetic acid as product

mobile phase
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However, the process of removing Boc and acetyl groups from 21, as shown in Table 2.1, did
not produce 23. The commercial 2-azidoethyl 2- acetamido-2-deoxy-B-D-galactopyranoside
(24) was therefore used instead to probe the ability to use a click reaction between 24 and 5
for HPLC-fluorescence analysis.

oH OH

O 0o
HO \/\ N3

NH
O#

24
Figure 2.5 The structure of 2-azidoethyl 2- acetamido-2-deoxy-B-D-galactopyranoside (24).

2.3.9 Optimisation of click reaction between 5 and 24

Click buffer

#CH 37°C, 24 h
3 NH, o
NH,

24 5 25

Scheme 2.10 Click reaction between 5 and 24.

Optimised condition from 2.3.4 were used for the click reaction between 5 and 24. Compound
25 was analysed by HPLC-fluorescence.

2.3.10 HPLC-fluorescence retention times for compounds 5, 16 and 25

Compound 5 at a concentration of 1 nmol/ml in MeOH, and labelled compounds 16 and 25
diluted to 1 mL with HPLC water were analysed by Agilent 1100 HPLC system. A 4.6x250 mm
column packed with 5 uM Amide-80 HR column (Tosah bioscience) was used as the stationary
phase. The mobile phase A was 50 mM ammonium formate (pH 4.4), and ACN was phase B.
The column temperature was set at 40°C. Samples were injected at 2 pL per injection. The
retention times for 3 compounds are shown in Table 2.2 and Figure 2.7.

Table 2.2 Retention times of 5, 16, and 25

Compound Retention time (minutes)
5 3.5
16 6.5
25 5.3
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Figure 2.6 The HPLC chromatograms for 5, 16, and 25.

The HPLC data show that the alkyne labelling reagent 5 can be used to label N- and O-glycans
in different reactions. The chromatogram shows the product from the different retention times
(6.5 and 5.3 minutes, for 16 and 25, respectively) for the different glycosidic bond types.

Figure 2.6 confirmed that Compound 5 can labelled N-linked glycan by a reductive amination
reaction and O-linked glycan by the CuUAAC reaction for HPLC-fluorescent detection. Compound
5 separated fastest, and Compounds 25 and 16, respectively. This HPLC system used a HILIC
column for separation. The sequence of separation from the column depends on the polarity
of the structures. Compound 5, the labelling reagent, has the most polarity than Compounds
16 and 25. Comparing Compounds 16 and 25, Compound 25 has more polarity than 16.
Because Compound 16 has more sugar units than Compound 25, 2 sugar units for Compound
16 and 1 sugar unit for Compound 25.
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2.4 Conclusions and Future Work

The synthetic alkyne fluorescence labelling reagent (5) has been developed for the
multifunction labelling of N- and O-glycoproteins in different reactions for HPLC-fluorescence
analysis. Compound 5 can label the N-glycans by a reductive amination reaction at the primary
amine functional group without carbohydrate modification. On the other hand, O-glycans
require labelling with 5 by the click reaction.

Compound 5 and the click ligand (12) were synthesised in 4 and 2 steps, respectively. It was
then demonstrated that a click reaction can occur between an azido derivative of serine (8) and
the fluorescent label (5) in 24 hours. This result was extended to probe whether a click reaction
could also occur between (5) and a model azide compound (24).

The HPLC chromatograms compared between labelling reagents, labelled N-glycans and
labelled O-azido sugar (5, 16 and 25) are shown in Figure 2.6. Compounds 16 and 25 have
different retention times for the different sugar types (2GU and 1GU, respectively).

Future work could focus on using the CuAAC reaction for the analysis of more complex
glycoproteins by HPLC. This method should be started by cleaving the peptide bond to single
amino acids, enriching all glycans from amino acids, and introducing the azide to the amine
group at the glycans’ amino acid before using a click reaction for HPLC-fluorescence or HPLC-
MS analysis, as illustrated in Figure 2.8. This can be used for HPLC analysis of all N- and O-
glycan cores using the same labelling reagent.

Introduce azide to all
linked-glycoprotein at
the amino acid side
chain

Cleave the peptide Enrichment of
. sequen‘ce to §ingle glycoproteins from
amino acid aminoaci _Lino—acids’

(8) ©

erythropoietin

Labelled with
5 by click
reaction

()

HPLC-fluorescence
or HPLC-MS

Figure 2.7 Workflow using CuAAC for labelled N- and O-glycans for HPLC analysis at the same
time. (A) Erythropoietin is cleaved into single amino acids and single glycoproteins. (B) The N-
and O-glycoproteins are enriched before introducing the azide to the amino acid side chain (C).
(D) The azide glycoproteins are labelled with 5 by click reaction before analysis by HPLC-
fluorescence or HPLC-MS.
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2.5 Experimental
2.5.1 General experiment

All chemicals used were analytical or HPLC grade, purchased from commercial sources (Sigma-
Aldrich, Merk, Fisher Scientific, Alfa Aesar and Acros Organics), and used without further
purification. Anhydrous solvents including DCM, DMF, toluene and diethyl ether were
purchased from Acros organics in Acro-seal bottled store over molecular sieves. HPLC analytical
column (TSKgel Amide-80 HR column) was purchased from Tosoh Bioscience GmbH (Germany).
Monitoring of reactions via TLC used aluminium backed 60 F254 silica TLC plates (Sigma Merk).
Visualisation was then carried out under UV light (A= 254 nm), followed by staining with
Ninhydrin.

2.5.2 Analytical Equipment

Nuclear Magnetic Resonance

'H and *C NMR spectroscopic analysis was carried out using a Bruker DPC 400MHz NMR, and
spectra were collected in CDCls, MeOD, and acetone-d, and analysed using MestreNova NMR
software. Chemical shifts are reported as ppm (8) and referenced to the solvents' signals (CDCl;
7.26 ppm; MeOD 3.66 and 3.43 ppm; acetone-d 1.80 ppm). Splitting patterns are designated as
s, singlet; d, doublet; t, triplet; m, multiplet. Coupling constants (J) are reported in Hz. All NMR
solvents were purchased from Merk or Fluorochem.

Infrared Spectroscopy

IR spectra were obtained using a Perkin ElImer spectrum 100 FTIR instrument with a 2.5mm
compression tip. Data was collected using the Perkin ElImer Spectrum 10 software package.
Functional group absorbance peaks are reported in cm™ and characterised as Asymm, Bend,
Rock, Stretch, Symm, and Wing. Peak shapes are designated as Strong, S: Medium, M; Weak,
W; Broad, B: Narrow, N; Variable, V.

Mass Spectrometry

Electrospray lonization Fourier Transform Mass Spectrometry (FTMS+p ESI) were obtained by
either LCMS or direct infusion on a Thermofisher Scientific Orbitrap XL mass spectrometer in
ESI+ mode. The scan range is full scan (mass 80.00-2000.00).

High performance liquid chromatography

HILIC mode HPLC was performed on an Agilent 1100 series HPLC system linked to an Agilent
G1321A FLD detector and an G1314A variable wavelength detector. Amide HILIC allowed the
separation of labelled sugars on a TSKgel Amide-80 HR column (250 x 4.6 mm, 5 uM particle
size) filled with a TSKgel Amide-80 guard column (15 x 3.2 mm, 5 uM particle size). Solvent A
was composed of ammonium formate buffer (50 mMol pH 4.4), while solvent B consisted of
ACN. The flow rate was set at 0.8 mL/ min, and the column was maintained at 40°C for the
duration of the run.

Separation of samples took place over 35 minutes with a linear gradient beginning with 65%
phase B at 1 minute, with a further gradient to 50% in 10 minutes, to 45% in 5 minutes, to 10%
in 3 minutes, maintaining 10% for 2 minutes before returning to injection condition of 65% B
between 34-35 minutes. The column was conditioned with 65% B, 5 minutes before the next
injection. The injection volume was 2 uL per injection. The fluorescence detection used the
excitation wavelength 240 nm and emission wavelength 420 nm. The Fluorescence absorptivity
detection was reported as luminescence unit (LU) represent to the Agilent system.
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2.5.3 Solvents and Buffer

2 M Ammonium formate buffer stock solution pH 4.4

Formic acid (184.12 g, 4 mol) was combined with water (1 L) and cooled to 0°C in an ice bath.
25% Ammonium solution (200 mL) was then added in 50 mL increments. The pH was adjusted
to 4.4 by the 25% ammonium solution. The stock solution was then diluted to 2 L to a final
concentration 50 mM and used as a HILIC phase modifier.

Click buffer
The click buffer was prepared according to Table 2.3 [81].

Table 2.3 Click buffer for a total of 1 mL

Reagent Stock Volume (uL) pipetting sequence

Tris/HCl pH8.5 1M 50 1

18Q2Q H20 - 728 2

Glycerol 50% v/v 200 3

Sodium ascorbate 1M 10 4

CuS0,.5H,0 1M 2 5

TBTA in DMSO 100 mM 2 6 Mix TBTA and 1-

1-BuOH - 8 BuOH first, then add
into the final solution

Total volume 1000

Labelling agent stock solution
Compound 5 was weighed and diluted in MeOH to a final concentration of 1 mM.

Labelling buffer solution
Boric acid (3 g, 0.04 mol) and sodium acetate trihydrate (6 g, 0.045 mol) were dissolved in
MeOH (100 mL).

Sodium cyanoborohydride solution
Sodium cyanoborohydride solution was prepared at 0.42 mM in the labelling buffer solution.

2.5.4 Synthesis of 4(tert-Butoxycarbonylamino)benzoic acid (2) [81]

o OH

NHBoc

4-Aminobenzoic acid (1) (200 mg, 1.5 mmol) was dissolved in water (1.6 mL), and dioxane (3.2
mL), to this triethylamine (0.26 mL) and di-tert-butyl dicarbonate (426 mg) were added, and
the solution was stirred at room temperature for 24 hours. The solution was removed under
reduced pressure to leave a thick, colourless oil. 3 M HCI (6 mL) was added and stirred until a
white precipitate had formed. The precipitate was collected via filtration and washed with
water (3 x 5 mL) followed by petroleum ether (3 x 5 mL). The white solid was collected and
dried to afford pure Boc-4-aminobenzoic acid (2) (166 mg, 0.7 mmol, 47%).

H NMR (400 MHz, Acetone, TMS) & 8.79 (s, 1H, HN), 7.98 (d, J = 8.8 Hz, 2H, 2xAr H), 7.69 (d, J
= 8.8 Hz, 2H, 2xAr H), 1.51 (s, 9H, Boc), 3C NMR (101 MHz, Acetone) 6 166.46 (-C=O0H),
152.57 (NCO), 144.13 (CH Ar), 130.67 (CH Ar), 117.18 (CH Ar), 79.77 (3CH3-C-0), 27.55 (3CHs),
IR Vimax/cm™ 3411.06, M (C-H, Ar stretch), 3321.32 VB (O-H stretch), 1691.91 S (C=0 stretch),
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1525.00 M (C-C, Ar stretch) 1058.50 S (C-O, Stretch) 763.91 SB (N-H), FTMS ESl+p C12H1sNO4
expected [M+Na] 260.0893 found: 260.0895 [M+Nal].

2.5.5 Synthesis of 2,5-Dioxopyrrolidin-1-yl 4-(tert-Butoxycarbonylamino)benzoate (3) [81]

NHBoc

Compound 2 (2.37 g, 10 mmol) and N-hydroxysuccinimide (1.15 g, 10 mmol) were added to
THF (50 mL). A solution of N,N’-Dicyclohexylcarbodiimide (DCC) (2.06 g, 10 mmol) in THF (10
mL) was added. The solution was stirred at room temperature for 20 hours. After 20 hours, the
solution was filtered to remove 1,3-Dicyclohexyl urea. The solvents were removed under
reduced pressure, and the white solid was purified via flash chromatography (EtOAc: petroleum
ether, 1:1). Compound 3 was isolated as a white solid (1.92 g, 5.74 mmol, 57%).

H NMR (400 MHz, Acetone, TMS) & 9.00 (s, 1H, HN), 8.07 (d, J = 8.8 Hz, 2H, 2xAr H), 7.79 (d, J
= 8.6 Hz, 2H, 2xAr H), 2.96 (s, 4H 2x CHs), 1.52 (s, 9H, Boc), 3C NMR (101 MHz, Acetone) &
169.81 (2 ONC=0), 166.40 (Ar-CO0), 152.41 (C=0), 146.15 (CH Ar), 131.42 (CH Ar), 118.29 (CH
Ar), 80.25 (3CH3-C-0), 27.50 (3CHs), 25.47 (2 CH,), IR Vimax/cm™ 3247.14 M (C-H, Ar stretch),
1676.94 S (C=0, Stretch), 1504.54 M (C-C, Ar stretch), 1211.98 S (C-O, Stretch), FTMS ESl+p
Ci6H18N206 expected [M+Na] 357.1057 found: 357.1058 [M+Nal].

2.5.6 Synthesis of 4-(tert-Butoxycarbonylamino)benzoate (4) [81]

0 H\/\/

NHBoc

Compound 3 (100 mg, 0.3 mmol) was dissolved in dry DCM (7.5 mL), followed by the addition
of 4-pentyn-1-amine hydrochloride (54 mg, 0.66 mmol) and triethylamine (300 pL). The
solution was stirred at room temperature overnight. The reaction mixture was concentrated
and purified by flash column chromatography (petroleum ether: EtOAc, 1:1) to obtain the
compound 4 as a white solid (73 mg, 0.26 mmol, 87% yield).

4 NMR (400 MHz, CDCls) 6 7.64 (d, J = 8.6 Hz, 2H, 2xAr H), 7.36 (d, J = 8.6 Hz, 2H, Ar 2xCH),
6.57 (s, 1H, NH), 3.51 (q, J = 6.5 Hz, 2H CH,), 2.25 (td, J = 6.8, 2.6 Hz, 1H, CH,C=CH), 1.95 (t, J =
2.6, 5.0 Hz, 1H, =CH), 1.79 (d, J = 6.8 Hz, 2H, CH.), 1.46 (s, 9H, Boc). 3C NMR (101 MHz, CDCls)
8 166.93 (C=0), 152.27 (C-NH, Ar), 128.74 (CH-C=0 Ar), 127.99 (CH Ar), 117.70 (2CH Ar), 83.74
(CH»-C=CH), 81.14 (3CH3-C-0), 69.33 (C=CH), 39.33 (NHCH.), 28.25 (3xCHjs), 28.05 (CH,C=CH),
16.34 (CH,CH,CH3), IR Vmax/cm™ 3304 M (N-H, stretch), 3287 M (C-H, Ar stretch), 1702 S (C=0,
Stretch), 1629 M (N-H, Ar bend), 1507 M (C-C, Ar stretch), 1235 V (C-N, stretch), 1148 S (C=0,
stretch), FTMS ESl+p C17H22N205 expected [M+H] 303.1703 found: 303.1703 [M+H].
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2.5.7 Synthesis of 4-amino-N-(pent-4-yn-1-yl)benzamide (5) [81]

0 H\/\///

NH,

Compound 4 (250 mg, 0.83 mmol) was dissolved in a mixture of TFA and DCM 1:6 v/v (2 mL)
and left stirring at room temperature for 1.5h. DCM was removed, and 15 mL of MeOH was
added. The reaction mixture was quenched with Amberlite® IRA-67 (Sigma Aldrich), filtered
and concentrated, followed by purification by flash column chromatography (DCM:CHs0H, 9:1).
The title compound was obtained as a white solid 5 (124 mg, 0.61 mmol, 73% yield).

1H NMR (400 MHz, MeOD, TMS) & 7.49 (d, J = 8.5 Hz, 2H, 2xAr H), 6.56 (d, J = 8.5, Hz, 2H, 2xAr
H), 3.32 (t,J = 7.0 Hz, 2H CH,), 3.21 (s, 2H, CH>), 2.15 (t, J/=6.0 Hz, 1H, =CH), 1.95 (t, J = 2.6, 2H,
=CH), 3C NMR (101 MHz, CDCl3) & 167.35 (C=0), 149.54 (C-NH, Ar), 128.62 (CH Ar), 124.14
(CH-C=0 Ar), 114.15 (2xCH Ar), 83.80 (C=C-H), 69.20 (C=CH), 39.12 (NHCH,), 28.19 (CH,CHC=C),
16.27 (CH2CH,CH,), IR Vimax/cm™ 3320.67 M (N-H, stretch), 3295.0 NS (C-H, stretch), 2929.10 M
(C-H, Ar stretch), 1677.94 S (C=0, Stretch), 1544.69 M (C-C, Ar stretch), 1182.22 V (C-N, stretch),
1149.48 V (C-N stretch), 836.96 SB (N-H), FTMS ESI+p C12H14N20 expected [M+H] 203.1179
found: 203.1178 [M+H]. The retention time is 3.5 minutes.

2.5.8 Synthesis of azido-serine (8) [82]

Imidazole-1-sulfonyl azide hydrochloride (125 mg,0.6 mol, 1.2 equiv.) and L-serine (50 mg,0.5
mol, 1 equiv.) were added to a solution of K;CO3 (199 mg, 1.4 mol, 3 equiv.) and CuSO4.5H,0
(60 mg., 0.2 mol, 0.5 equiv.) in MeOH/ H,0 (15 mL /4 mL). The mixture was stirred at room
temperature for 10 days. Upon completion of the reaction (as monitored by TLC, 1-
butanol:acetic acid:water (12:3:5)), the mixture was concentrated under reduced pressure. The
residue was washed with water (20 mL) and extracted with EtOAc (3 x 10 mL). The combined
organic layers were dried over magnesium sulphate (MgS0.), the solvents were removed under
reduced pressure, and the residue was purified via flash chromatography (1-butanol:acetic
acid:water, 12:3:5). The compound 8 was isolated as a pale-yellow oil (42 mg, 0.32 mmol, 53%
yield).

'H NMR (400 MHz, MeOD, TMS) & 4.99 (s, 1H alcohol), 3.90 (s, 2H, B-carbon H), 3.78 (s, 1H a-
carbon H), 3.33-3.08 (m, 1H a-carbon H), **C NMR (101 MHz, MeOD) § 178.47 (O=C-OH), 78.00
(C-OH), 62.27 (C-N), IR Vmax/cm™ 2923.06 S (O-H, stretch), 2897.0 M (C=0 carboxylic acid,
stretch), 2165.0 M (N=N=N azide, stretch), 1558.72 M (C-H, bend), 1408.90 M (C-H, bend),
1153.75 N (O-H, stretch), 1049.12 SV (C-O, stretch), 1027.0 V (C-N, stretch)
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2.5.9 Synthesis of tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine. (TBTA) (12) [81]

ANGZ
N N\
/\[\N
/
= N
Nﬁ)
N:N

Sodium azide (2.66 g, 40.9 mmol) was suspended in dry DMF (5.0 mL), and benzyl bromide
(3.25 mL, 27.3 mMol) was added. The suspension was stirred at room temperature for 48
hours. The reaction mixture was poured into water (50 mL) and extracted with diethyl ether
(4x25 mL). The combined organic layer was washed with brine (20 mL), dried over MgSQO, and
concentrated under reduced pressure to an approximate volume of 7-8 mL. Tripropargyl amine
(0.53 g, 4.1 mmol) was added to a solution of benzyl azide in diethyl ether (5.0 mL, 18.3 mmol,
as prepared above). 2,6-Lutidine (0.47 mL, 4.1 mmol) in dry ACN (6.0 mL) was added to the
stirred mixture, followed by copper (1) iodide (16 mg, 0.08 mmol). The reaction mixture was
stirred at room temperature for 24 hours. The solidified mixture was then filtered, washed with
cold acetonitrile (25 mL), and dried under vacuum to afford 12 as a white powder (13.23 g,
24.95 mmol, 61% yield).

14 NMR (400 MHz, MeOD, TMS) & 7.62 (s, 3H, CH(Ar)), 7.25 (t, J=8.6 Hz, 3H, Ph), 7.18 (dd, J =
6.9, 4.9 Hz, 12H, Ph), 5.42 (s, 6H, NCHPh), 3.65 (s, 6H, N-CH-triazole), 3C NMR (101 MHz,
CDCl3) & 144.07 (3x CH,-C Ar), 134.74 (C=C-N), 129.09 (6xCH Ar), 128.69 (6xCH Ar), 128.02
(3xCH Ar), 124.00 (3xCH=CH-N), 54.18 (3xC-N), IR Vmax/cm™ 3060 M (C-H, stretch), 2930 M (C-
H, stretch), 2824 M (C-H, stretch), 1496 M (C=C, stretch), 1455 M (C-C, Ar stretch). FTMS ESI+p
CsoH30N10 expected [M+H] 531.2728 found: 531.2715 [M+H].

2.5.10 Synthesis of Boc-L-serine (18)

L-Serine (2.1 g, 20 mmol, 1 eq.) was added to aqueous sodium hydroxide (15 mL, 1 M). Di-tert-
butyl dicarbonate (4.80 g, 22 mmol, 1.2 eq.) was added in 10 mL of cold dioxane (4-5°C). The
mixture was stirred at 5°C for 30 min, then warmed to room temperature for 30 min, and
stirred at room temperature for 6 h. Upon completion of the reaction (as monitored by TLC, 1-
butanol:acetic acid:water, 12:3:5), the mixture was concentrated under reduced pressure, and
the residue was washed with diethyl ether (2x 30 mL). The aqueous layer was acidified to pH 2-
3 by slowly adding concentrated sulphuric acid (H.S04). The aqueous solution was extracted
with EtOAc (3x50 mL). The combined organic layers were washed with brine (1x30 mL), dried
over MgS0,, and filtered. The solvents were removed under reduced pressure to give Boc-L-
serine (2.2 g, 10.72 mmol, 54% yield) as a colourless, sticky foam used without further
purification.
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'H NMR (400 MHz, CDCl3, TMS) & 3.83 (d, J=11.6 Hz 1H, a-carbon), 4.40-3.50 (m, 2H, B-carbon),
1.45 (s, 9H, methyl-Boc), *C NMR (101 MHz, CDCls) § 172.92 (C=0, carboxylic acid), 155.21
(C=0, Boc), 79.48 (C, Boc), 61.94 (CH, a-carbon), 59.49 (C, B-carbon), 27.27 (CHs, Boc).

2.5.11 Synthesis of Boc-L-serine methyl ester (19)

0]

_CH
HO ot

Compound 18 (2.05g, 10 mmol, 1 eq.) was added to cold DMF (4-5°C, 15 mL). K,SO4 (1.65 g, 12
mmol, 1.2 eq.) was added and stirred for 10 min in an ice bath. Methyl iodide (1.35 mL, 3.12 g,
22 mmol, 1eq.) was added. The mixture was stirred at 5°C for 30 min, then allowed to come to
room temperature for 30 min and stirred at room temperature for 6 h. Upon completion of the
reaction, water (30 mL) was added to the mixture reaction and filtered. The solution was
extracted with EtOAc (1x30 mL). The organic layers were washed with brine (2x30 mL), dried
over the MgS0, and filtered. Solvents were removed under reduced pressure, and the residue
was purified via flash chromatography (petroleum ether:EtOAc 7:3). Boc-L-serine methyl ester
was isolated as a pale amber oil (1.7 g, 7.75 mmol, 78% vyield).

'H NMR (400 MHz, CDCls, TMS) 6 5.60 (d, J=6.0 H, 1H, amine), 4.38 (s, 1H, hydroxyl), 3.87 (dt,
J=10.0, 5.3 Hz, 1H, a-carbon), 4.00-3.92 (m, 2H, B -carbon), 3.78 (s, 3H, O-methyl), 1.45 (s, 9H,
Boc), 3C NMR (101 MHz, CDCl3) § 171.41 (C=0, carboxylic acid), 155.82 (C=0, Boc), 63.34 (a-
carbon), 55.76 (B-carbon), 52.59 (O-methyl), 28.30 (CHs, Boc), IR Vmax/cm™ 3336 B (O-H,
stretch), 2955 M (NH, stretch), 1684 S (O=C-OCHj, stretch), FTMS ESI+p CoH17NOs expected
[M+Na] 242.0999 found: 242.0997 [M+Na].

2.5.12 Synthesis of (2R,3R,5R,6R)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)amino)-3-
methoxy-3-oxopropoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (21)
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Compound 19 (0.3288 g, 1.5 mmol, 15 eq.) was added to dry toluene (30 mL) under nitrogen.
Tetra-O-acetyl-a-D-glucopyronosyl bromide (0.0411g, 0.1 mmol, 1 eq.) and silver carbonate
(0.0358 g, 0.13 mmol, 1.3 eq.) were added. The mixture was stirred at -25°C for 6 h. Upon
completion of the reaction, EtOAc (30 mL) was added, and the suspension was filtered, and
dried over MgSO0., the solvents were removed under reduced pressure, and the residue was
purified via flash chromatography (petroleum ether:EtOAc 1:1). Compound 21 was isolated as
a colourless oil (0.5025 g, 0.91 mmol, 61% yield).

'H NMR (400 MHz, CDCls, TMS) 6 5.60-5.44 (m, 2H, C1 and C3-carbohydrate), 5.27 (t, J = 9.6 Hz,
1H, C2-carbohydrate), 5.09 (t, J = 9.7 Hz, 1H, C4-carbohydrate), 4.96-4.83 (m, 1H, C5-
carbohydrate), 4.25 (dd, /= 16.3, 6.8 Hz, 1H a-carbon), 4.14 (t, J/=9.3 Hz, 2H, C6-carbohydrate),
3.78 (d, J=11.3 Hz, 3H, O-methyl), 3.54-3.43 (m, 2H, B-carbon), 2.18 — 1.93 (m, 12H, CH5-C=0,
carbohydrate), 1.56 (s, 9H, Boc), *C NMR (101 MHz, CDCl3) & 171.22 (C=0, serine), 170.73
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(C=0, sugar), 69.79 (CH, C3), 68.41 (CH, C2), 67.30 (CH, C4), 63.68 (CH, C5), 61.91 (CH,, C6),
55.62 (CH,, a-carbon), 52.70 (CHs, O-acetyl), 28.29 (CHs, Boc), 20.60 (CHs, acetyl of sugar),
FTMS ESI+p Ca3H3sNOw: 572.1950 [M+Na*], found 572.1948 [M+Na*].

2.5.16 General procedure for click reaction between azide (8 or 24) and 5.

Compound 5 (200 pL of a 1 mM in MeOH) was added to azide 8 or 24 (200 plL of a 1.0 mM in
MeOH) in the 1.5 mL tube. Click buffer (600 pL) was added to the reaction tube. The mixture
was incubated at 37°C for 24 hours. The click product from 8 was detected at the completion of
the reaction by TLC for optimisation of the reaction time. The click product from 24 was
transferred for enrichment with Amide SPE before HPLC analysis. The spe-ed2 Amide SPE
column was pre equilibrated with MeOH (2 ml). The sample was loaded and allowed to drip
through under gravity. The sample was then washed with 99% ACN (aq) (5 x 1 ml) followed by
97% ACN (aq) (5 x 1 ml). The purified sample was then eluted with HPLC water (800 pl). The
eluted solution from the enrichment method was dried and kept at -20°C until redissolved with
0.5 mL of HPLC water for HPLC analysis. The retention time of 25 is 5.3 minutes.

2.5.17 General labelling procedure between Lactose and 5.

Lactose solution (1 mM in MeOH), 100 pL, was applied to a 1.5 mL tube and mixed with the
100 pL of labelling buffer and 15 pl of sodium cyanoborohydride (15 pL). Compound 5 solution
(1 mM in MeOH) was added (100 puL). The reaction mixture was then vortexed for 10 seconds
before being heated at 65°C for 180 minutes. The reaction solution was quenched with the
addition of ACN (950 pL), producing a white precipitate. The quenched solution was transferred
for enrichment with Amide SPE. The spe-ed2 Amide SPE column was pre equilibrated with
MeOH (2 ml). The sample was loaded and allowed to drip through under gravity. The sample
was then washed with 99% ACN (aq) (5x1 ml) followed by 97% ACN (aq) (5x1 ml). The purified
sample was then eluted with HPLC water (800 uL). The eluted solution from the enrichment
method was dried and kept at -20°C until redissolved with 0.5 mL of HPLC water for HPLC
analysis. The retention time of 16 is 6.5 minutes.
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Chapter 3

Development of Protein hydrolysis methodology for
N- and O-glycan analysis

3.1 Introduction

Precise and accurate HPLC analytical methods are available for quantifying all types of N-
glycans in biological samples, for example, using HPLC-fluorescence [1-3] and HPLC-MS [1, 4,
5]. This contrasts with methods for quantifying all types of O-glycans, where more methods are
needed and hence research is ongoing. This is because the specific enzymes or chemicals
required for releasing the O-linked glycan from the core are unavailable. N-Glycan analysis
usually uses N-glycosidase or PNGase F enzymes to break the linkage between the sugar and
the amino acids [6-9]. However, O-glycan cores have no specific release enzymes, with only
cores 1, 2, and 3 being able to be analysed this way [10, 11]. Therefore, the usual method for
O-glycan release uses a chemical reaction; hydrazine, reductive B-elimination, and non-
reductive B-elimination [12-16]. However, the available chemical methods cannot release all O-
linked cores and have a peeling reaction producing by-products that decrease yields [15, 17].
Indeed, one of the most significant challenges in glycan analysis is using HPLC to accurately
quantify all core N- and O-linked glycans simultaneously in the same sample.

One approach for simultaneous N- and O-glycan analysis could be combining enzymes and
chemicals to cut and digest the proteins into single amino acids. Aminoglycans would then be
present in the digestion products. Figure 3.1 demonstrates a proposed workflow of N- and O-
glycan analysis using erythropoietin as the substrate of interest, as it contains amino acid
sequences, including aminoglycans, as shown in Figure 3.1 (A). N-Glycans are present in the
sequence at Asp residues 24, 38 and 83, and O-glycans are present at Ser residue 126. The
erythropoietin is digested into small peptide fragments using an enzyme or chemical reaction;
these smaller peptides are hydrolysed into single amino acids. All amino acids and glycoproteins
in the sample are labelled with a fluorophore and analysed with an HPLC-fluorescence
detector.
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Figure 3.1 The proposed N- and O-glycan analytical method by labelling at the amino acid’s
side chain. (A) The amino acid sequence of core Erythropoietin (EPO) shows the position of N-
linked (green) and O-linked (blue) glycans and disulphide bonds (red). (B) The aminoglycan
analysis workflow (1) digestion of the protein to small peptides, (2) digestion of the peptides to
single amino acids and aminoglycans, (3) labelling of the amino acids and aminoglycans with
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the fluorophore, (4) purification of the sample, and (5) HPLC analysis.
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3.1.1 Protein digestion and hydrolysis methods

In vitro, protein digestion to afford small peptide fragments has afforded information on the
protein’s structure and the total amount of specific amino acids present. The method of first
choice is to use enzymes such as trypsin, pepsin, chymotrypsin, and pronase [18-20]. The
second choice for the hydrolysis of proteins to small peptide fragments is using chemical
reagents [21-23] or combining enzymes and chemicals as simulated gastrointestinal reagents
[24-27]. Figure 3.2 illustrates the protein digestion and hydrolysis steps for the small peptide or
amino acids.

3.1.1.1 Enzyme digestion

In glycoprotein analysis, enzymes are used to digest the sample to afford small peptide
fragments before using specific enzymes or chemical reactions to release the glycan before
analysis. Trypsin is the most often-used enzyme [28, 29]. The natural structures of proteins
include folding, which affects the shapes of proteins and affords two main types of proteins.
The first type is the fibrous proteins that contain a structure fixed by the disulphide bond
between the amino acids in the sequence, as shown in Figure 3.1(A). The second type is the
globular proteins, such as albumin, which are spherical due to the polypeptides coiling around
themselves, as shown in Figure 3.2. These are usually soluble in water. Therefore, using
enzymes to denatured proteins and cut disulphide bonds before further digestion is important.
Protein denaturing and disulphide bond-cutting steps use high temperatures or chemicals
(such as HEPES, urea, guanidine, 0.1-10% SDS, 1% sodium deoxycholate or commercial
denaturing buffer) [28-31]. There are many kinds of enzymes that can affect in vitro protein
digestion. Examples of protein digestion with enzymes are shown in Table 3.1. The
disadvantages of using multiple enzymes for protein digestion are self-hydrolysis and hydrolysis
between enzymes. This phenomenon will produce the wrong results of the total percentage of
each amino acid. In order to stop the digestion reaction, heating (80-110°C) is applied for at
least 10 minutes [19, 32, 33], or the solution is acidified (pH<2.5) [24, 30, 31].

3.1.1.2 Chemical hydrolysis
Chemical reagents are an alternative method for protein digestion and can be used with or
without enzymes. A combination of enzymes (normally pepsin) and chemical reagents (usually
HCI) are used in simulated gastric fluid [25, 34]. When only acid is used, this is usually 1-6 M
HCl, 20% v/v trichloroacetic acid, 0.1-1.0 M acetic acid and 25% v/v TFA. The conditions for
chemical hydrolysis require the temperature to be between 25-110°C for between 0.5-24 hours
[19, 21, 22, 35, 36].
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Figure 3.2 The protein digestion and hydrolysis steps to afford small peptides or amino acids
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Table 3.1 Examples of enzymes used for protein hydrolysis.

Enzyme name

Source

Cleavage site

Working
concentration

Enzyme:Substrate
Ratio (w/w)

Optimum condition

pH Temperature
(W)

Time

(h)

Examples

References

Pepsin

Porcine
gastric
mucosa

At the C-terminal
site of
Phenylalanine,
Leucine, Tyrosine,
and Tryptophan.

0.05-0.5
mg/mL

1:100 to 1:20

1.0-30 37

1-18

To study the antioxidant
activity of proteins and
hydrolysate collected
from newborn pigs’
livers using pepsin,
papain, and trypsin in
digestion. The molecular
mass of the product
from the trypsin
hydrolysis has a higher
molecular weight (>3000
Da) than the products
from pepsin and papain
hydrolysis [33].

[19, 32,
33, 37-39]

Acalase

Bacillus
licheniformis

Broad enzyme
activity.

5000 U/g
protein

7.0-8.5 50-75

6-12

To study Harpa
ventricose (Gastropod)
hydrolysis by acalase,
pepsin and trypsin for
testing

the anti-inflammatory
activity of the peptide
fragments <10 kDa. The
results show that the
hydrolysis time increases
from pepsin to acalase
to trypsin [35].

[32, 35,
40]

Pancreatin

Porcine
pancreas

Broad spectrum
enzyme contains

2-14 U/mL

1:100 to 1:20

7.0-7.2 30-50

6-24

To study the angiotensin
I-converting enzyme

(33,37,
39, 40]
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Enzyme name Source Cleavage site Working Enzyme:Substrate Optimum condition Time Examples References
concentration Ratio (w/w) pH Temperature (h)
(M)}
trypsin, amylase (ACE) inhibition from the
and lipase, longan seed protein
ribonuclease, and used papain and
protease pancreatin. The results
show that the protein
fragment <3 kDa has the
highest activity.
[37].
Trypsin Porcine At the C-terminal 1 mg/mL 1:100to 1:20 | 7.0-9.0 25-65 2-24 | To study fibrin proteins [19, 32,
pancreas, site of lysine and from the plasma of 33, 38,
bovine arginine amino patients with venous 41, 42]
pancreatic acid residues thromboembolism using
endoproteinase (LysC),
trypsin and a-
chymotrypsin. The result
shows digestion yield
from trypsin> a-
chymotrypsin>LysC [41].
o- Bovine Selectively 0.5-1.0u 1:200to 1:20 | 7.0-9.0 25 2-18 | To study the antioxidant | [19, 32,
Chymotrypsin | pancreas hydrolyses peptide activity from the velvet 38]
bonds on the C- antler using pepsin,
terminal side of trypsin, a-chymotrypsin,
tyrosine, neutrase and acalase.
phenylalanine, The result shows the
tryptophan, and yield after hydrolysis a-
leucine. chymotrypsin>
Trypsin>acalase>neutras
e>pepsin [32].
Pronase/ Streptomyces | Non-specific 0.5-2 mg/mL 1:100to 1:20 | 7.0-8.0 40-60 6-24 | The study used enzymes | [31, 34,
proteases griseus protease contains to remove the 37]
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Enzyme name Source Cleavage site Working Enzyme:Substrate Optimum condition Time Examples References
concentration Ratio (w/w) pH Temperature (h)
(M)}
neutral protease, proteinaceous templates
chymotrypsin, in the development of
trypsin, molecularly imprinted
carboxypeptidase, polymers. Protease was
aminopeptidase chosen for optimisation
and neutral and in the template removal
alkaline step for creating
phosphatases. selective binding sites.
[31].
Leucine Burkholderia | At the N-terminal 0.01-0.1 1:100to 1:10 7.0-9.0 37-60 2-24h | To use LAP to detect | [43-45]
amino pseudomallei, | of leucine mg/mL Escherichia coli (E. coli)
peptidase Porcine residues. [43].
(LAP) kidney
Papain Carica Broad specificity, > 10 units/mg - 6.0-7.0 35-65 6-24 | To study the antioxidant | [46]
papaya cleaving peptide protein activity and iron ()

bonds of basic
amino acids,
leucine, or glycine

chelating activity from
milk using pepsin,
pancreatin, trypsin, a-
chymotrypsin, papain
and pronase. The result
shows the degree of
hydrolysis from pepsin
<papain< trypsin < a-
chymotrypsin<pancreati
n< pronase.

[46].
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3.1.2 Amino acid analysis methods

Proteomics is the large-scale study of proteins, particularly their functions and structures.
There are two methods used in proteomics, top-down and bottom-up workflows. Top-down
proteomics is used in the protein mixture that has a mass of less than 50 kDa. Bottom-up
proteomics is used in the protein mixture in the unspecific protein molecular mass. Bottom-up
proteomics is a widely used approach for studying proteins within complex biological samples.
The workflow starts from the protein digestion by enzymes, such as trypsin, into smaller
peptides, then separated by the specific LC column, and finally identified the peptides by MS or
MS/MS [47]. These spectra are then compared against online protein databases, such as
MASCOT and UniProt, to determine the identity of the proteins.

There are many analysis methods for proteins, peptides, and amino acids. The simplest peptide
and amino acid analysis methods include SDS-PAGE, Thin-layer Chromatography (TLC), High-
performance Thin-layer Chromatography (HPTLC), MS, GC, and HPLC. SDS-PAGE, TLC, and
HPTLC need to stain or derivatize the fragment for detection by the molecular mass of proteins.
MS is used for mapping amino acid sequences in the protein or peptide samples. This technique
does not require the protein structure to be derivatised. GC is the technique of choice for
analysing amino acids and fatty acids in biological samples with MS or MS/MS detectors. HPLC
is the other choice for protein separation and analysis with various types of detectors.

Although some amino acids include a chromophore in their structure, not all amino acids can
be detected under UV-Visible spectroscopy. Therefore, detection methods for amino acids
usually use labelling reagents to introduce colour, a chromophore, or a fluorophore, as shown
in Table 3.2. Most chromophore or fluorophore labelling reagents react with the amine group
(-NH3) within the amino acids’ structures. Examples of fluorescence labelling reagents for
amino acids in HPLC analysis are dansyl chloride (DNS), o-phthalaldehyde (OPA), and 9-
fluorenylmethyl chloroformate chloride (Fmoc-Cl). The reactions between a representative
amino acid (serine) and labelling reagents are shown in Scheme 3.1. DNS has more advantages
than OPA. OPA can only label primary amines, whereas DNS can react with primary and
secondary amines.
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Table 3.2 Examples of labelling reagents for amino acid analysis using various techniques.

Name of Labelling Structure Method of detection References
reagents TLC | SDS The The wavelength for fluorophore MS
wavelength for detection
UV-visible Excitation Emission
detection wavelength wavelength
(nm) (nm) (nm)

Ninhydrin v 440,570 [48, 49]
Coomassie Brilliant Vv [24, 39]
Blue G-250
Fluorescamine Max. 390 Max. 480 [25, 50]
4-Fluoro-7-nitro- N/O:T ?N? 470-490 535-550 [51, 52]
2,1,3- ]@/ o
benzoxadiazole F
(NBD-F)
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Name of Labelling Structure Method of detection References
reagents TLC | SDS The The wavelength for fluorophore MS
wavelength for detection
UV-visible Excitation Emission
detection wavelength wavelength
(nm) (nm) (nm)
DNS HaCs -1 Diode-array 310-350 500-550 v [53-57]
0=%=0
Cl
OPA ‘3 340-360 440-460 [25, 58-61]
~
L
C
(\)\
Fmoc-Cl O y Diode-array 220-270 300-320 v [25, 62, 63]
_0.__0
Ly
OF !
6-Aminoquinolyl-N- /©;Nj 245 395 [64]
hydroxysuccinimidyl- HN Z
carbamate o/&o
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+ COz + 4H,0
HO" OH

Ninhydrin L-serine

(8)

(0]
* HO OH
NH,
Fluorescamine L-serine
Fluorescent serine
(€) HqC.-CHa
o HyC.\-CHs
OO + oy O/\Hk OH
NH —_— O + HCI
O:§:O L-serine
Cl O:$:O
Dansyl Chloride NH

(DNS) HO\/‘\H/OH
Dansyl-serine derivative
o o
(A ®
. c’o\(o + HO OH Ho o
Ha ¢ NH, e . R e
Ho HN + HCI
OH
OH

9-Fluorenylmethyl chloroformate

Chloride Fmoc-serine derivative
(Fmoc-Cl)

Scheme 3.1 Examples of reactions between serine and labelling reagent: (A) Ninhydrin, (B)
Fluorescamine, (C) DNS, and (D) Fmoc-Cl.

3.1.2.1 Peptide/amino acid analytical instruments.
A summary of peptide fragments and amino acid analytical methods is presented in Table 3.3.
The details of each instrument are described below.

3.1.2.1.1 TLC/HPTLC

TLC is used to identify compounds by comparing their Rf with a standard. TLC's separation
potential depends on the polarity between the stationary and mobile phases. TLC must be
combined with other instruments (such as a densitometer) for quantitation. The peptide
fragments cannot be directly visualised without staining with a dye. Normally, ninhydrin
reagent is the first choice. This reagent reacts with the amine group in the amino acid’s
structure [65]. The product's colour will depend on the type of amino acids, but it is usually
dark purple. A combination of TLC with MS has been reported for the qualitative and
guantitative analysis of labelled amino acids [48].

3.1.2.1.2 SDS-PAGE/Gel electrophoresis
SDS-PAGE is another routine method for separating peptide fragments by molecular weight.
The molecular mass suitable for this method is between 5 — 250 kDa. The SDS-PAGE surfactant
charges the peptide/amino acids according to its mass. The peptide fragments cannot be
detected by visualisation. Staining reagents (or dyes), such as Coomassie Brilliant Blue G-250,
are necessary for detection. Western blot is a gel electrophoresis technique that separates
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molecules based on their molecular weight. It involves transferring peptides from a gel to a
membrane, where target proteins are detected using specific antibodies[39, 51]. The mass of
proteins is compared with specific mass makers that run at the same time.

3.1.2.1.3 MS
MS is used in amino acid analysis without connection to other instruments. Electrospray
ionisation (ESI) is the first amino acid MS detection choice. Stand-alone MS usually uses MS/MS
[66]. Some MS research uses a guard column for a short separation before the MS step using
the same instrument without modification [67].

3.1.2.1.4 GC

Amino acid analysis by GC requires derivatisation of the amino acids for the selected ion
monitoring reagents. Examples of derivatising strategies include ethoxycarbonylation (EOC),
methoximation (MO), and tert-butydimethylsilylation (TDMS) [68, 69]. GC's amino acid analysis
is usually combined with MS or MS/MS as the detector [68, 70].

3.1.2.1.5 HPLC

Reverse-phase HPLC is most commonly used to separate and analyse each amino acid. The
HPLC columns include ion-exchange (anion- or cation-exchange) [71], C8 [58], C18 [54-57, 61,
64, 67, 72], chiral column [73], and HILIC [53]. The detectors for amino acids include UV-Visible,
fluorescence and mass spectrometry, depending on the purpose of the research. However,
derivatisation for UV is necessary for amino acids that do not have a chromophore or
fluorescence label [64] in order for them to be used in association with a fluorescence detector,
as shown in Table 3.2. Another kind of detector used in amino acid analysis with HPLC is MS.
HPLC-MS, or MS/MS, is used for amino acid analysis in biological samples, such as plasma,
urine, or CSF [64, 67, 71, 72]
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Table 3.3 Summary of amino acid analysis technique

Technique Method/Detector Benefit Limitation References
TLC/HPTLC Visualised by using specific - This method is inexpensive, - This method needs coloured | [48, 65, 74]
reagents for amino acids or highly sensitive, and quick. reagents for the detection of
amine moieties (such as - Selection involves various types some amino acids.
ninhydrin) of stationary phases (NP, RP, or |- Quantitative analysis needs
size exclusion). extra instruments, such as a
densitometer.
SDS-PAGE, Visualised by using specific - This method can be combined - This method uses toxic [19, 22, 24, 34, 39,
Gel electrophoresis stains for proteins (such as with MS for genome reagents for the gel page 75, 76]
Coomassie brilliant blue R- sequencing. and staining reagents.
250)
MS MS (ESI, MALDI) - This method can be used for - Asparagine and methionine [35, 42, 66, 67, 69,
MS/MS amino acid sequencing. have less sensitivity to MS 76]
- The sample can be analysed than other amino acids.
without derivatisation. - This method destroys the
- MS can be used for qualitative samples.
and quantitative analysis of
enantiomers.
GC MS - This method can analyse - The amino acids need [68-70]
MS/MS essential biological substances derivatisation for selected
from the same sample, such as ion monitoring.
amino acids, fatty acids, and
volatile substances.
HPLC UV-Visible spectroscopy - This method can be used for - Some amino acids need to [19, 34, 53, 54, 57,
peptide purification on a small be derivatised with 62]
scale. chromophore increased
- This detector can be combined detection.
with MS to determine the
structure.
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Technique

Method/Detector

Benefit

Limitation

References

Fluorescence

The fluorescence labelling
reagents can detect all amino
acids without interference by
solvents or foreign substances.
A labelling range of labelling
reagents are available.

This detector can be combined
with MS to determine the
structure.

- This approach needs two
steps before analysis

(labelling and clean-up step).

- Some labelling reagents can
label only primary amines.

[25, 55, 58, 60]

MS (e.g., ESI, MALDI)
MS/MS (e.g., MS/MS,
MALDI-TOF)

The sample can be analysed
without derivatisation.

- This method needs a mobile
phase that is compatible
with MS.

[21, 22, 24, 30, 31,
38, 41, 67, 71-73]
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3.2 Aim and Objectives

This work aims to optimise methods to simultaneously analyse N- and O-linked glycans without
the need to release the glycans from the core. Hydrolysis of the protein portion of glycoproteins
to single amino acids will be achieved using various enzymes (pepsin, trypsin, LAP and pronase)
and chemical reactions. It is hypothesised that after breaking down the protein into single
amino acids, the sample will contain N- and O-linked glycans alongside the free amino acids.
Labelling of the released amine functional group within these single amino acids, and within
the N- and O-linked glycans, will then be achieved by reaction with DNS. Reverse-phase HPLC
can then be used for qualitative and quantitative analysis allowing for simultaneous analysis of
the N- and O-linked glycans without the need to release the glycans from the core.

The work in this chapter sets out to fulfil three main objectives. The first objective is to improve
the labelling of amino acid standards using DNS by determining the minimum concentration of
DNS and minimum reaction time that are required prior to HPLC-fluorescence analysis.

The second objective is to optimise the conditions required for hydrolysis of a simple protein
model (ribonuclease A, RNase A) into individual amino acids using a combination of different
enzymes and chemical reactions.

The final objective is to apply the optimised labelling and hydrolysis conditions established for
the simple protein model to a more complex glycoprotein, Bovine fibrinogen.

This research is summarised in Figure 3.3, which outlines the schemes of work carried out
within this chapter.

Use of the DNS labelling

method to prove the Optimisation of the
Opitisation of DNS labelling to hydrolysis results conditions for hydrolysis of
amino acids for HPLC- simple protein model
fluorescence analysis. (RNase A) by enzymes and
chemicals to single amino
acids

Apply the labelling and hydrolysis conditions to
the complex glycoprotein (Bovine fibrinogen) for
N- and O-glycoprotein analysis at the same time.

Figure 3.3 Working flow for optimization condition of DNS labelling and protein hydrolysis to a
single amino acid for N- and O-glycoproteins HPLC-fluorescence analysis.
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3.3 Results and Discussion
3.3.1 Optimisation of labelling condition between the amino acids and DNS

As not all amino acids have chromophores, commercial fluorophores are introduced to facilitate
their analysis. In this study, DNS was chosen as the labelling reagent as it produces products
that can be analysed by HPLC in conjunction with UV-visible, fluorescence and MS detectors.
Labelling of the amino acids using DNS was optimised based on the method from Si-Jin Liu et a/
[77] prior to HPLC analysis. Our study sought to optimise the number of equivalents, reaction
time, pH and temperature, using valine as a representative model amino acid, as shown in
Scheme 3.2 below. Valine was chosen as the amino acid model due to its lack of chromophore
and fluorophore.

H3C\N,CH3
HyC. -CHs OO
CH; O
QO g e o
—_— NH + HCI
NHz 40-60°C HAC OH

0=8=0 5-180 min. 8

cl dark place CH; O

DNS L-valine Dansyl-valine derivative

Scheme 3.2 The reaction of DNS with L-valine.

The DNS labelling reaction requires basic conditions, and the reaction time correlates with the
reaction temperature. The reaction was conducted between 40-60°C, at a pH greater than 9.5,
and in the dark. Si-Jin Liu et al [77] methodology used 500 pL of 5 g/L in acetone of DNS (19
mM) and 300 pL of 20 g/L of sodium hydrogen carbonate (approximate pH 8.8-9.0) added to
100 pL of the mixed biogenic amine samples from various foods. The mixture was incubated at
45°C in a shaking box in the dark for 60 minutes. The reaction was stopped by adding 100 pL of
25% (w/v) ammonium hydroxide to remove the excess DNS. The conditions explored to
optimise the labelling of valine are shown in Tables 3.4, 3.5 and 3.6. The optimisation focuses
on the concentration of DNS, temperature and pH of the labelling conditions for amino acid,
using 1 mmol/mLin 0.1 M HCl of L-valine as the model. The progress of all of the reactions was
followed by TLC using either isopropyl alcohol:DCM:acetic acid (7:2:1) or isopropyl
alcohol:DCM:acetic acid (7:1:2) as the mobile phase, and detection was achieved using UV
irradiation (254 nm) and staining with ninhydrin solution. This allowed the endpoint of the
reaction to be determined as the point when no L-valine was detectable.

Table 3.4 Optimisation of the concentration of DNS with 20 g/L of sodium hydrogen carbonate
without adjusting pH at 60°C

Concentration of DNS (mM) Reaction time (hours)
20 >6.0
100 4.0
200 3.0

However, the 200 mM of DNS solution in acetone appeared slightly turbid due to approaching
the maximum solubility of DNS in acetone. 100 mM DNS in acetone was therefore used for
subsequent reactions.

71



Table 3.5 Optimisation of the reaction temperature using the 100 mM of DNS with 20 g/L of
sodium hydrogen carbonate without adjusting pH

Temperature (°C) Reaction time (hours)
40 3.0
50 2.5
60 2.0
70 1.5
80 <1.0

A reaction temperature of 60°C was chosen due to this being the shortest reaction time that
falls around the boiling point of acetone (58-59°C).

Table 3.6 Optimisation of the reaction pH using 100 mM of DNS at 60°C with 20 g/L of sodium
hydrogen carbonate

pH Reaction time (minutes)
9.4 60
9.5 60
9.6 45
9.7 45
9.8 45

The optimised labelling conditions between DNS and L-valine from Table 3.4-3.6 used 500 uL of
100 mM of DNS solution in acetone, 100 pL of 1 mmol/mL of L-valine in 0.1 M HCl, and 300 pL
of 20 g/L of sodium hydrogen carbonate (adjust pH to 9.6), incubated in a shaking box in the
dark at 60°C. The reaction was stopped by adding 500 uL of 25% (w/v) ammonium hydroxide.
This optimised condition was applied to the other 18 amino acids individually and a mixture of
0.02-1 mmol/mL in 0.1 M HCl 19 amino acids (alanine, arginine, asparagine, aspartic acid,
cysteine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
proline, serine, threonine, tryptophan, tyrosine, and valine), used as HPLC standards for the
next experiment, labelling with DNS. The mixture of amino acids labelled with DNS was
completed in 1.5 hours. Figure 3.4 illustrates the summary of DNS labelling condition
optimisation.
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100 L of 1 500 pL of 100 mM of DNS
mmol/mL of L-valine solution in acetone
in 0.1 M HCI

300 pL of 20 g/L of
sodium hydrogen
carbonate (adjust pH

t0 9.6)

Confirmed the labelling condition with 18
incubated in a shaking individual amino acids. The reaction was
box in the dark at 60°C completed between 45-90 minutes.

for 45 minutes
500 pL of 25% (w/v) The labelling condition was confirmed
ammonium hydroxide to with a mixture of 19 amino acids (0.02-1
remove the excessed DNS mmol/mLin 0.1 M HCl). The reaction was
completed after 90 minutes.

Optimisation of DNS labelling conditions

This labelling condition was used for
samples from protein hydrolysis before
analysis by HPLC fluorescence.

Figure 3.4 Summary of DNS labelling condition optimisation.

3.3.2 Optimisation of conditions for HPLC analysis of the amino acid standards labelled with
DNS

The HPLC analytical method was modified based on the procedure from lJiaxi Yao et al. [78].
The C18 and guard columns in this study were different from the literature hence the HPLC
analysis needed to be optimised with the other brand of the C18 column. The chromatogram
of all the labelled amino acid standards is shown in Figure 3.5. The retention time of each
labelled amino acid is presented in Table 3.7.
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Figure 3.5 HPLC Chromatogram of 19 labelled amino acids. (A) Comparison of DNS and mixed
amino acids retention time (B) Chromatogram of 19 amino acids in the mixed solution.
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Table 3.7 The retention times of the individual 19 DNS-labelled amino acids by HPLC analysis

Amino acid Retention time (minutes)
Histidine 7.3
Arginine 7.6
Asparagine 10.1
Aspartic acid 12.8
Serine 17.8
Glutamic acid 21.0
Tyrosine 22.3
Threonine 24.9
Glycine 26.4
Alanine 28.5
Proline 32.7
Valine 335
Methionine 33.7
Tryptophan 34.3
Phenylalanine 36.2
Isoleucine 36.5
Leucine 36.7
Cysteine 41.5
Lysine 43.0

3.3.3 Optimision of hydrolysis of a model protein, RNase A, using enzymes and chemical
hydrolysis

The bovine pancreatic RNase A was chosen as the model protein due to its relatively short and
uncomplex structure and lack of glycan. The advantage of the protein model without glycans is
that the HPLC results will not be complicated by N- and O-glycoproteins and small peptides.
The results can prove that the hydrolysis was completed by the optimisation method in the
study. This protein contains 124 amino acids and 4 disulphide bonds between cysteine residues
26 and 84, 40 and 95, 58 and 110, and 65 and 72, as shown in Figure 3.6. The theoretical
percentage of each amino acid that should be detected if complete hydrolysis of the protein is
shown in Figure 3.7. Figures 3.8 reflects that for trypsin, hydrolysis is predicted to occur at 13
cleavage sites at positions 1, 7, 10, 31, 33, 37, 39, 61, 66, 85, 91, 98, and 104 [79]. Predictions
also suggest that using trypsin alone will not affect the cleavage of the RNase A into single
amino acids. A combination of various enzymes that effect cleavage at other sites was used to
hydrolyse this protein to single amino acids.
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Figure 3.6 The amino acid sequence of RNase A, from bovine pancreas (EC 3.1.27.5 Transferred
entry; 4.6.1.18) showing the position of disulphide bonds (red line).
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Figure 3.7 The percentage of each amino acid in bovine pancreatic RNase A. The data was
generated from Figure 3.6
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Figure 3.8 The RNase A cleavage site prediction used trypsin. The prediction is from the website
web.expasy.org/peptide_cutter [80]

3.3.3.1 Enzymatic hydrolysis

The enzymes used in this study were pepsin, trypsin, LAP, and pronase. These enzymes were
chosen from the different cleavage sites, as shown in Table 3.1. Experiments sought to optimise
the pH, temperature, time, and sequence of enzymes added to effect cleavage of the proteins
into single amino acids. The hydrolysis reaction used enzymes:proteins at a ratio of 1:20 (by
concentration). RNase A was denatured by heating it at 95°C for 1 hour and cooling it down,
adding 1 M guanidine to denaturated the disulphide bond before digestion. This approach had
two stages. The first stage started with the optimisation of the digestion condition of each
enzyme (pH, temperature, and time). The second stage used the condition from the first stage
in combination with enzyme digestion. All hydrolysis stages are done in triplicate. The sequence
of the enzyme combination digestion starts from pepsin to break down the protein model into
smaller peptides. Trypsin (C-terminal of lysine and arginine residue) and LAP (N-terminal of
leucine residue) are used as specific site cleavage. Pronase was used last as a non-specific site
cleavage enzyme.

After collection, the digestion reaction of the samples was stopped by heating them at 95°C for
20 minutes. The peptide fragments and amino acids were detected by labelling them with DNS
and using HPLC-fluorescence for analysis under the condition outlined in section 3.3.2. The
completion of digestion was detected using the sample solution's HPLC retention time
compared with standard amino acids from Table 3.7. The peaks with retention times not
related to the amino acid standard were detected as peptide fragments. The Chemstation
detected the peaks for the LC 3D System and Agilent Technology. All enzyme condition tests
were collected in triplicate.

3.3.3.1.1 Optimisation of pepsin digestion time
Pepsin has the best activity under acidic conditions (pH<2.5), 37°C. This enzyme is deactivated
by pH <5 and temperature>40°C [81]. Pepsin was diluted from the stock using 1 mM HCl as a
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working solution. The sample solution added 0.1 M HCI until the concentration of HCl in the
sample was 0.04 M before adding the pepsin. The ratio between enzyme and substrate was
1:20. The duration of the digestion test was 1, 2, 4, 6, 18 and 24 hours. The number of peaks in
the chromatogram after digestion compared with the digestion time is shown in Table 3.8 (the
number of peaks’ detection by the program from Agilent) and Figure 3.9. Figure 3.10 shows the
chromatograms resulting from the various digestion times.

Table 3.8 The total HPLC peaks of RNase A digestion by pepsin. The condition of the reaction
was pH <2, 37°C, and all data were collected in triplicate.

Time (h) Total peaks found
1 13+2.08
2 11+4.16
4 12+3.51
6 12+1.73
18 10+1.53
24 14+3.06
20
18
- 16
S 14
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© 10
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0
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Figure 3.9 The total peaks found from RNase A digested by pepsin for 24 hours. The reaction
condition was 37°C in an acidic solution.
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Figure 3.10 HPLC chromatogram of RNase A digestion by pepsin at various times: (A) 1 hour, (B)
2 hours, (C) 4 hours, (D) 6 hours, (E) 18 hours, and (F) 24 hours at 37°C.
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The results show that most peaks are peptide fragments. The peaks at 24.9, 32.5, 33.9, 36.4,
and 36.7 minutes could be amino acids (threonine, proline, methionine, isoleucine, and
leucine, respectively). The largest peak between the retention time at 8-12 minutes decreased
when using longer digestion time. However, the peak height of the largest peak remains the
same after 18 hours of digestion. So, the condition of pepsin digestion from these results used
pH<2, 37°Cin 24 hours before adding the following enzymes.

3.3.3.1.2 Optimisation condition (temperature and pH) of Pronase, Trypsin and LAP

Pronase, trypsin, and LAP can be used in various pH and temperature conditions, as shown in
Table 3.1. The solution pH 7.5 was chosen to study temperature optimisation over 24 hours
using the ratio of enzyme: substate of 1:20. The results from temperature optimisation in each
enzyme were used to optimise pH in the next section. The experiment used 1 M Tris at pH 7.5,
8.0, and 8.5 to prepare the protein model solution to adjust the pH of the reaction condition.
The results of temperature optimisation are shown as the number of peaks in Table 3.9 and
Figure 3.11. The peak height of the highest peak (peak A) is illustrated in Figure 3.12, and the
average height of peak A is shown in Table 3.10.

Table 3.9 Effect of temperature on the activity of RNase A digestion, and all data were collected
in triplicate.

Temperature Total peaks found in chromatogram
Pronase Trypsin LAP
37°C 25+2.31 18+3.21 24+2.52
50°C 20+2.52 25+3.51 20+3.06
55°C 19+1.53 27+3.06 26+2.31
60°C 25+1.73 36+3.21 20+2.52
65°C 24+2.08 15+2.65 16+2.08
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Figure 3.11 The total peaks from RNase A digested by pronase, trypsin and LAP, (A) pronase,
the condition of the reaction is pH 7.5, over 24 hours compared to the temperature effect, (B)
trypsin, the condition of the reaction is pH 7.5, over 24 hours compared the temperature effect,
and (C) LAP, the condition of the reaction is pH 7.5, over 24 hours compared the temperature
effect.
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Table 3.10 The average peak height of the peak A after digestion by various pronase, trypsin,
and LAP vary temperatures at pH 7.5, and all data were collected in triplicate.

Temperature The average peak height of peak A
Pronase Trypsin LAP
37°C 47 +3.51 69 + 7.09 1065 +58.13
50°C 47 +6.03 53+5.69 897 + 23.16
55°C 48 +5.13 53+4.04 853 +22.72
60°C 41 +4.51 48 +3.51 898 + 23.26
65°C 45 +5.51 52+6.24 890 + 23.52
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Figure 3.12 HPLC chromatogram of RNase A digestion at various temperatures by (A) pronase,
(B) trypsin, and (C) LAP.

From the chromatogram in Figure 3.12, the peaks at 10.1, 12.5, 21.0, 22.3, and 24.9. 26.4, 28.5,
32.7,33.5, 36.2 36.5, 36.7, 41.5 and 43.0 minute are amino acids (asparagine, aspartic acid,
glutamic acid, tyrosine, threonine, glycine, alanine, proline, valine, methionine, tryptophan,
phenylalanine, isoleucine, leucine, cysteine, and lysine, respectively). The temperatures used in
the next step were 60, 60, and 55°C for pronase, trypsin, and LAP, respectively. The temperature
was selected from the total peaks found and the lowest peak height of peak A after digestion.
The data from Tables 3.9 and 3.10 show a correlation between the peak height of peak A and
the total peaks found. The data show the lowest peak height of peak A and the most total
peaks in the chromatogram. The selected temperature was used to optimise the pH of the
digestion condition over 24 hours in the following experiment. The results of pH optimisation
were shown as the number of peaks in Table 3.11 and Figure 3.13. The peak height of the
biggest peak (peak B) is illustrated in Figure 3.14, and the average height of peak B is in Table
3.12.

Table 3.11 Effect of pH on the enzyme’s activity for RNase A digestion at 60°C for pronase and
trypsin and 55°C for LAP, and all data were collected in triplicate.

pH Total peaks found in chromatogram

Pronase Trypsin LAP
7.5 25+1.73 36+3.21 26+2.31
8.0 30+2.08 27+2.00 19+42.52
8.5 31+2.52 36+3.61 25+3.51
9.0 25+3.06 29+3.51 20+1.53
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Figure 3.13 The total peaks from RNase A digested by (A) Pronase, the condition of the reaction
is 60°C, 24 hours compared to the pH effect; (B) Trypsin, the condition of the reaction is 60°C,
24 hours compared to the pH effect, and (C) LAP, the condition of the reaction is 55°C, 24 hours
compared the pH effect.
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Table 3.12 The average peak height of the peak B various pH on the activity of the enzyme for
RNase A digestion at 60°C for pronase and trypsin and 55°C for LAP, and all data were collected

in triplicate.
pH The average peak height of peak B
Pronase Trypsin LAP
75 41+4.51 48 +3.51 853 +22.72
8.0 29 +3.00 56+8.12 1416 + 137.88
85 15 +2.27 46 +6.26 837 + 61.34
9.0 19 + 2.80 69 +4.16 1402 + 102.21
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Figure 3.14 HPLC chromatogram of RNase A digestion at various pH by (A) Pronase at 60°C, 24
hours, (B) Trypsin at 60°C, 24 hours, and (C) LAP at 55°C, 24 hours.

From the chromatogram in Figure 3.14, the peak at 21.0, 22.3, 24.9, 26.4, 28.5, 32.7, 33.5, 33.7,
34.3, 36.2, 36.5, 36.7, and 43.0 minute are amino acids (glutamic acid, tyrosine, threonine,
glycine, alanine, proline, valine, methionine, tryptophan, phenylalanine, isoleucine, leucine,
and lysine, respectively). The pH data of digestion conditions found at pH 8.5 of all enzymes
have the lowest peak B. However, the average number of total peaks between pH 7.5 and 8.5
of trypsin and LAP are the same.

3.3.3.1.3 Optimisation of Pronase digestion time and protocol

Pronase is the non-specific cleavage site enzyme containing neutral protease, chymotrypsin,
trypsin, carboxypeptidase, aminopeptidase, and neutral and alkaline phosphatases. This
enzyme is active at pH between 7-8 and temperature between 40-60°C. Most of the studies of
protein digestion used pronase and added more enzymes every 24 hours until finished [31, 34,
37]. In this experiment, the study started with the digestion results of adding more enzymes
every 24 hours for 3 days compared to adding enzyme once and leaving the reaction for 3 days.
The result of the number of peaks in the chromatogram after digestion for 3 days is shown in
Table 3.13 and Figure 3.15.

Table 3.13 The total peaks of RNase A after digestion by pronase with and without adding more
enzyme. Hydrolysis was performed at pH 8.5, 60°C, and all data were collected in triplicate.

Time (h) Total peaks found
Pronase is only added at the Pronase is added every 24 hours for

beginning of the reaction 72 hours.
1 22+3.61 22+3.61
2 26+2.25 26+2.25
4 29+2.08 29+2.08
6 29+1.53 29+1.53
24 25+2.31 25+2.31
48 20+2.08 22+2.89
72 16+2.08 25+2.52
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Figure 3.15 Comparison of chromatogram RNase A digestion using pronase for 3 days. The
chromatogram shows that the peak height of the amino acid peaks in adding more enzymes
every 24 hours is higher than when not adding more enzymes in the same condition.

From the results in Figure 3.15, the chromatogram between 20.0-21.0 minutes shows that
adding more enzymes can digest the peptide at a retention time of 20.4 minutes to 2 peaks
(19.0 and 20.9 minutes, green circle). The peak at 20.4 minutes is not related to the amino acid
standard. It is defined as a peptide fragment. The peak at 20.9 minutes is related to glutamic
acid standard retention time.

The results show that adding the enzyme every 24 hours to digest the RNase A can increase the
hydrolysis more than adding the enzyme once at the start. Adding additional enzyme can
replace the inactivated enzyme.

The summary of each enzyme digestion condition is shown in Table 3.14.

Table 3.14 Summary of enzyme digestion conditions

Enzyme Digestion conditions
Temperature (°C) pH Time (hours)
Pepsin 37 <2 24
Trypsin 60 8.5 24
LAP 55 8.5 24
Pronase 60 8.5 72%*

* adding more enzyme every 24 hours.

3.3.3.1.4 Using a combination of enzymes

Each enzyme in the study has a specific cleavage site, as shown in Table 3.1. The data from
section 3.3.3.1.1-3.3.3.1.3 show that using a single enzyme cannot cleave the protein into
single amino acids, which is required to meet the aims of this work. It was, therefore,
hypothesized that a combination of enzymes could be used to effect cleavage to single amino
acid residues. Denaturing of the disulphide bond could also be affected chemically prior to
enzyme mediated hydrolysis. From the results described above, pepsin requires different
optimised conditions for the other enzymes. The study was divided into two groups, as shown
in Figure 3.16. The first group involves enzymes using the same pH condition, starting from
trypsin, LAP and pronase. The second group started with pepsin and then adjusted the pH of
the sample to 8.5 before adding trypsin, LAP and pronase.
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Incubated at 60°C,
pH 8.5 over 3 days, added more
enzyme every 24 hours
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Figure 3.16 The workflow of using the combination of enzymes in RNase A digestion.

The results from the two approaches show that neither approach was effective for cleaving the

protein sample to single amino acids, as presented in Figures 3.17 and 3.18.
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Figure 3.17 Comparison of the average total peaks found in the chromatogram of RNase A after
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digestion by 3 and 4 enzymes, and all experiments were done in triplicate.
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Figure 3.18 Comparison of chromatogram RNase A digestion by using the enzymes in sequence.
(A) Comparison between using 3 and 4 enzymes as the sequence. (B) The digestion solution
chromatogram results in the sequence starting from pepsin, trypsin, LAP and pronase after 3
days

The results from section 3.3.3.1.4 used the enzymes in a sequence that can cleave the protein
sample from the peptide to a smaller size better than using a single enzyme from the
optimisation steps (3.3.3.1.1 — 3.3.3.1.3). The peak height of peak C from using the enzymes in
the sequence is smaller than peaks A and B from using individual enzymes for cleavage of the
protein. This phenomenon can explain why pepsin (at the C-terminal site of phenylalanine,
leucine, tyrosine, and tryptophan) cleaved RNase A to peptide fragments and some amino
acids (threonine, proline, methionine, leucine, and isoleucine). Trypsin was used as the second
enzyme. Trypsin causes specific cleavage at the C-terminal site of lysine and arginine amino
acid residues: the third enzyme, LAP cleaved at the N-terminal of leucine residues. Pronase (a
mix of protease enzyme and non-specific site cleavage) is chosen to cleave the small peptides
to amino acids in the previous step. However, combination enzymes cannot digest RNase Ato a
single amino acid. The results from HPLC chromatograms (Figure 3.18 (B)) show a large peak C
at 9.0-10.0 minutes, defined as a peptide fragment, which decreased but was still found in the
sample. The results show that using four kinds of enzymes cannot cleave the protein model to
a single amino acid.
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3.3.3.1.5 Chemical hydrolysis

From the enzyme digestion results, the protein sample cannot be digested to a single amino
acid using enzymes alone. Chemical hydrolysis was therefore also studied in order to effect
complete hydrolysis of the peptide fragments that resulted from enzyme digestion. The
chemical reagents were selected with consideration for compatibility requirements when the
method is applied to more complex glycoprotein samples for future study. 1 M HCland 1 M
acetic acid were selected. The 100 pL of sample solution was added with 100 pL of each acid at
70°C. The sample was analysed at various time points between 1-24 hours. The reaction was
stopped by adding 1 M NaOH to basify the solution to pH 9.5 before analysis. The results
demonstrate that 1 M HCl produces a solution with more fragments than that from treatment
with 1 M acetic acid, as shown in Figures 3.19 and 3.20.
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Figure 3.19 Comparison of the total peaks of RNase A after hydrolysis with either 1 M HCl or
1 M acetic acid at 70°C after 24 hours, and all data were collected in triplicate.
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Figure 3.20 Comparison of chromatogram RNase A hydrolysis by 1 M HCl and 1 M acetic acid.

Figures 3.19 and 3.20 show that 1 M HCl is more effective in RNase A hydrolysis than 1 M acetic
acid. The biggest peak (peak D) is smaller when using 1 M HCl than 1 M acetic acid. The total
peaks found in the 1 M HCI hydrolysis sample were more than 1 M acetic acid. 1 M HCl was
chosen for hydrolysis of the sample after the enzyme digestion in the previous step. However, a
temperature of 70°C can damage the sugar in the glycan [82, 83]. The conditions were further
investigated to identify whether lower temperatures of 40-60°C would allow effective
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hydrolysis. This was again to identify conditions that would be compatible with more complex
glycoprotein samples.

The reaction was stopped by adding 1 M NaOH to basify the solution to pH 9.5 before labelling
with DNS. Using 1 M HCl at 60 and 70°C produces the most fragments in 90 minutes, as shown
in Figures 3.21 and 3.22. The average peak height of peak E in the various temperatures is
shown in Table 3.1. The temperature was chosen at 60°C.
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Figure 3.21 The total peaks found of RNase A after digestion by 1 M HCI with various
temperatures, and all data were collected in triplicate.
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Figure 3.22 HPLC chromatogram of RNase A digestion at various temperatures by 1 M HCI.
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Table 3.15 The average peak height of the peak E various temperatures for RNase A digestion
with 1 M HCl in 90 minutes, and all data were collected in triplicate.

Temperature (°C) The average peak height of the peak E
40 589 + 80.88
50 369 + 33.06
60 199 +23.90
70 354 +28.62

3.3.3.1.6 Combining enzyme digestion and acid hydrolysis
The next step was to combine the optimized enzyme digestion protocol from section 3.3.3.1
with optimized acid hydrolysis studies using 1 M HCI. The combined method did not break
down RNase A into individual amino acids even after exposure to four enzymes and 1 M HCl for
72 hours, as the HPLC chromatogram shown in Figure 3.23.
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Figure 3.23 HPLC chromatogram of RNase A digestion at various times by 1 M HCI after enzyme
digestion.

The data of RNase A hydrolysis using the combination of four enzymes and 1 M HCl show that
the peak C from enzyme digestion decreased when adding 1 M HCI for 24 hours. Peak F
appeared in acid hydrolysis. This peak decrease is related to the duration of hydrolysis.
However, peak H appeared in the acid hydrolysis after enzyme digestion. This peak is related to
peak F. The more peak F decreases, the more peak H increases. The peak height of peak H after
hydrolysis for 48 and 72 h is not different, as shown in Table 3.16 below.

Table 3.16 The average peak height of the peak E at various times for RNase A digestion with
1 M HCl at 60°C after four enzyme digestion, and all data were collected in triplicate.

Time (h) The average peak height
Peak F Peak H
24 80+8.74 34 +9.45
48 25+6.11 100 + 11.14
72 16 +5.03 100 +11.24

The results from using 1 M HCI hydrolysis after digestion using four enzymes show no difference
in the largest peptide fragments (peak F and H) after 48 hours of the hydrolysis reaction. The
effect on hydrolysis of increasing HCl concentration between 2-5 M was also studied. In all
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cases, this was studied subsequent to the digestion using four enzymes, and the results are
shown in Figure 3.24, 3.25 and Table 3.17.
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Figure 3.24 The total peaks of RNase A were found after digestion by four enzymes and HCI
with various concentrations for 72 hours of acid hydrolysis, and all experiments were done in
triplicate.
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Figure 3.25 HPLC chromatogram of fragments RNase A digested by four enzymes and 1-5 M
HCI.

Table 3.17 The average peak height of the peak E at various times for RNase A digestion with
1 M HCI at 60°C, 72 hours after four enzymes digestion, and all experiments were done in
triplicate.

Concentration The average peak height
of HCI (M) Peak F Peak H
1 16 +5.03 100 +11.24
2 4+1.53 17 +3.00
4 4+1.00 13+4.04
5 4+1.53 10+4.04

The results of varied HCl concentration (1-5 M) for hydrolysis after using four enzymes for
digestion of RNase A show that with increased concentration of HCI, the peptide peaks (peak F
and H) decreased. However, increasing the concentration of HCl to 5 M cannot hydrolyse RNase
A into single amino acid fragments. Figure 3.4 shows RNase A should have histidine, arginine,
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asparagine, and aspartic acid (the retention time in chromatograms 7.3, 7.6, 10.1, and 12.8,
respectively). But the results in Figure 3.25 show peak F at 6.6-7.2 and 8.2-9.1 minutes. The
peaks related to histidine, arginine, asparagine, and aspartic acids do not appear in the
chromatograms. Peak H has a retention time of 24.0-24.5 minutes. This peak has a retention
time near threonine (24.9 minutes). When the acid concentration increases, the peak height of
peak H decreases, as shown in Table 3.17. However, the threonine peak does not appear.

The results show that all concentrations of hydrochloric acid studied cannot produce complete
hydrolysis of RNase A to single amino acid fragments.
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3.4 Conclusions and Future Work

N- and O-glycans are attached to amino acids in the peptide chain of protein sequences. An
ongoing challenge in glycome analysis is developing a method that effects the release of all
core O-glycans as well as the subsequent simultaneous analysis of N- and O-glycans in the same
HPLC sample. In this study, we hypothesized that if proteins within glycoproteins could be
digested into single amino acids, the amines of the released amino acids, and the N- and O-
linked amino acid glycans could be labelled with a fluorophore. These could then be analysed
and quantified by HPLC in conjunction with a fluorescence detector, with each N- and O-linked
amino acid glycan having a different retention time in the HPLC system. Using this approach, it
was hypothesized that the qualitative and quantitative HPLC analysis of all glycans could be
achieved in one injection.

DNS was chosen as a labelling reagent as it can label primary and secondary amines. Labelling
amino acids with DNS was optimized using valine by considering the concentration of DNS,
temperature and pH of the reaction condition. The labelling condition with valine was applied
to 18 amino acids individually and then confirmed in the 19 amino acids mixture solution. The
labelling condition was 500 pL of 100 mM of DNS solution in acetone, 100 pL of 19 amino acids
mixture solution (0.02-1 mmol/mL in 0.1 M HCI), and 300 pL of 20 g/L of sodium hydrogen
carbonate (adjust pH to 9.6), incubated in a shaking box in the dark at 60°C. The reaction was
stopped by adding 500 pL of 25% (w/v) ammonium hydroxide. The reaction was completed in
1.5 hours and reverse-phase HPLC was used to determine the retention times of the labelled
amino acids. Some labelled amino acids could not be completely separated (phenylalanine,
isoleucine and leucine). The retention time of labelled amino acid standards was compared to
the model protein sample hydrolysis experiment results.

Hydrolysis of a simple (non-glycoprotein) protein sample (RNase A) was studied as a model
system, using various enzymes and mild acids considered compatible with N- and O-glycans.
The optimisation of each enzyme’s digestion conditions was first studied with respect to the
temperature, pH, and reaction time. The benefit of the efficiency of the reaction of adding
additional enzymes throughout the reaction was also probed. Except for pronase, adding more
enzymes daily for at least 3 days caused more effective hydrolysis [31, 34, 37]. Using a single
enzyme proved ineffective for hydrolysing the protein to single amino acid residues. Hence,
sequential usage of a range of enzymes was used in an attempt to digest the model system
RNase A to smaller peptides and amino acids. The results show that four enzymes (pepsin,
trypsin, LAP, and pronase) cannot hydrolyse the RNase A to single amino acid fragments. Acid
hydrolysis (1-5 M HCI) was investigated after enzyme hydrolysis. The peak hight of the largest
peaks from the enzyme’s hydrolysis decreased, but not completely hydrolysis to the single
amino acid.

Future work will focus on improving the protein hydrolysis method from the biological mimic

to complete the protein digestion to single amino acids. This approach can then analyse the N-
and O-amino glycans in the protein sequences.
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3.5 Experimental
3.5.1 General experiment

All chemicals used were analytical or HPLC grade, purchased from commercial sources (Sigma-
Aldrich, Merk, Fisher Scientific, Alfa Aesar and Acros Organics), and used without further
purification. HPLC analytical column (Columbus, C18) was purchased from Phenomenex (UK).
The experiments were monitored by TLC using aluminium-backed 60 F254 silica plates (Sigma
Merk). Visualisation was then carried out under UV light (A= 254 nm) or via ninhydrin solution
with heating to effect staining.

3.5.2 Analytical Equipment

Thin-layer Chromatography

The progress of all the labelling reactions was followed by TLC using either
isopropanol:DCM:acetic acid (7:2:1) or isopropyl alcohol:DCM:acetic acid (7:1:2) as the mobile
phase, and detection was achieved using UV irradiation (254 nm) and staining with ninhydrin
solution. This allowed the end of the reaction to be determined as the point when no amino
acid standard was detectable.

High-performance liquid chromatography

Reverse phase mode HPLC was performed on an Agilent 1100 series HPLC system linked to an
Agilent G1321A FLD detector and a G1314A variable wavelength detector. A Columbus C18
column (250 x 4.6 mm, 5 uM particle size) with a C18 guard column (15 x 3.2 mm, 5 uM particle
size) was used for the separations. Solvent A was composed of 0.1% Formic acid in water, while
solvent B consisted of 0.1% Formic acid in ACN. The flow rate was set at 0.6 mL/ min, and the
column was maintained at 45°C for the duration of the run.

Separation of labelled amino acids took place over 60 minutes with a linear gradient beginning
with 20% phase B at 10 minutes, with a further gradient to 60% in 20 minutes, maintaining 60%
for 15 minutes before returning to injection condition of 20% B between 5 minutes, maintain
20% for 10 minutes before the next injection. The column was conditioned with 20% B, 5
minutes before the next injection. The injection volume was 2 uL per injection. The fluorescence
detection used the excitation wavelength of 330 nm and emission wavelength of 500 nm. The
Fluorescence absorptivity detection was reported as luminescence unit (LU) represent to the
Agilent system.

3.5.3 Solvents and Buffer

Working DNS solution
DNS stock solution was weighed and diluted in acetone to a final concentration of 100 mM. The
solution was stored in a dark container at -20°C.

Sodium hydrogen carbonate solution

Sodium hydrogen carbonate was weighed and diluted in water to a final concentration of 20
g/L, and pH was adjusted to 9.6 with 1 M NaOH solution. The solution was stored in a closed
container at room temperature.

Amino acid standard solution

The 19 amino acids standard solution mixture was prepared at concentrations between 0.02-
1.0 mmol/mLin 0.1 M HCI.
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RNase A solution

The RNase A solution was prepared at a 1 mg/mL concentration in 0.01 M Tris solution, pH 8.5.
The sample solution was heated to 100°C for 15 minutes and slowly cooled to room
temperature. The sample was stored in closed containers at -20°C.

Working LAP

The stock LAP was prepared in 10 mg/mL concentration in 0.1 M phosphate buffer pH 7.0. The
stock solution was kept at -20°C before use. The working LAP was prepared using 1 pL of stock
solution and adjusted volume to 100 pL with 5 mM of magnesium chloride solution in 5 mM of
Tris solution, pH 8.5. The working solution must be pretreated at 40°C for 30 minutes before
use.

Working Pepsin

The stock pepsin was prepared at 10 mg/mL in 1 mM hydrochloric acid (pH<2.0). The stock
solution was kept at -20°C before use. The working pepsin was prepared using 500 pL of stock
solution and adjusted volume to 1000 uL with water, as pepsin works at low pH conditions. This
experiment adjusted the sample solution by 1 M hydrochloric acid until the concentration of
hydrochloric acid in the sample was 0.04 M, for the temperature optimisation was 37°C.

Working Pronase

The stock pronase was prepared in water at a 10 mg/mL concentration. The stock solution was
kept at -20°C before use. The solution of working pronase was prepared using 100 uL of stock
solution, adding 100 pL of 100 mM calcium chloride solution in water and adjusting the volume
to 1000 pL with 0.1 M Tris solution, pH 8.5.

Working Trypsin

The stock trypsin was prepared in 1 mg/mL concentration in 1 mM hydrochloric acid. The stock
solution was kept at -20°C before use. The working trypsin was prepared using 100 pL of stock
solution, adding 100 pL of 100 mM calcium chloride solution in water and adjusting the volume
to 1000 plL with 0.1 M Tris solution, pH 8.5. The working solution must be pretreated at 57°C
for 15 minutes and then 37°C for 1 hour before use.

Denaturing disulphide bonds solution.
2-Mercaptoethanol was weighed and diluted in water to a final concentration of 5% (w/v).

3.5.4 General labelling procedure for amino acids/peptides with DNS

The amino acid or peptide samples (100 pL) were added to a 1.5 mL dark centrifuge tube and
mixed with the 300 plL sodium hydrogen carbonate solution pH 9.6. The DNS working solution
was added (500 pL) to the reaction tube. The sample was incubated at 60°C in a shaking box for
2 hours. The excess labelling reagent was removed with 500 pL of 25% ammonium hydroxide
solution. The reaction solution was dried and kept at -20°C until redissolved with 1% formic
acid in HPLC water before HPLC analysis. The retention time of amino acids is shown in Table
3.7.

3.5.6 General enzymes hydrolysis of RNase A

The RNase A solution 1 mL was added to the 1.5 mL centrifuged tube. The denaturing
disulphide solution (10 uL) was added. The hydrolysis reaction used enzymes to proteins at a
ratio of 1:20 (by concentration). The sample digestion by pepsin was addition of 0.1 M HCIl until
the concentration of HCl in the sample was 0.04 M and incubated at 37°C, pH<2 over 24 hours.
The sample digestion by trypsin, LAP and pronase has adjusted the pH to 8.5 before adding
enzymes. The sample with trypsin was incubated at 60°C, pH 8.5 over 24 hours. The sample
with LAP was incubated at 55°C, pH 8.5 over 24 hours. The sample with pronase was incubated
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at 60°C, pH 8.5 over 24 hours. Before collecting the sample, the sample tubes were heated to
stop the digestion reaction (95°C, 20 minutes for pepsin, 100°C, 5 minutes for trypsin and LAP,
and 85°C, 20 minutes for pronase). The sample solution (100 pL) was then labelled with DNS
before HPLC analysis.

3.5.7 General acid hydrolysis of RNase A

The RNase A solution (100 pL) was added to the 1.5 mL centrifuged tube. The denaturing
disulphide solution (10 pL) was added. 100 puL of 1 M HCl was added to the reaction tube and
incubated in the shaking box at 60°C for 72 hours. The reaction was stopped by adding 1 M
NaOH to adjust the pH to approximately 8.5. The solution from the hydrolysis tube (100 pL)
was taken to a 1.5 mL dark centrifuge tube and labelled with DNS before HPLC analysis.

3.5.8 General sequence enzyme hydrolysis of RNase A

The RNase A solution (100 pL) was added to the 1.5 mL centrifuged tube. The denaturing
disulphide solution (10 pL) was added. The pH of the sample solution was adjusted by the
addition of 0.1 M HCl until the concentration of HCl in the sample was 0.04 M. The first enzyme
was 5 puL of working pepsin. The tube was incubated at 37°C for 24 hours, and then 0.1 M of
NaOH was added to adjust the pH to approximately 8.5. The second enzyme was 50 pL of
working trypsin, and the sample was incubated at 60°C for 24 hours. The third enzymes was 8
uL of working LAP, incubated at 55°C for 24 hours. The last enzyme in the sequence was 5 pL of
working pronase by adding the working pronase every 24 hours for 3 days and incubated at
60°C. The hydrolysis reaction was stopped by heating at 100°C for 20 minutes after 3 days of
the pronase. The sample solution was taken 100 pL to a 1.5 mL dark centrifuge tube and
labelled with DNS before HPLC analysis.

3.5.9 General sequence enzyme and acid hydrolysis of RNase A

The RNase A solution (100 pL) was added to the 1.5 mL centrifuged tube. The denaturing
disulphide solution (10 pL) was added. The pH of the sample solution was adjusted by the
addition of 1 M HCI until the concentration of hydrochloric acid in the sample was 0.04 M. 5 pL
of working pepsin was added to the reaction tube. The tube was incubated at 37°C for 24
hours. 0.1 M of NaOH was added to adjust the pH to approximately 8.5. 50 uL of working
trypsin was then added, and the sample was incubated at 60°C for 24 hours. The reaction tube
was cooled to 55°C before adding 8 uL of working LAP. The tube was incubated at 55°C for 24
hours. 5 pL of working pronase was added to the reaction tube every 24 hours for 3 days and
incubated at 60°C. The reaction was stopped by heating at 100°C for 20 minutes. After cooling,
100 pL of 1-5 M HCI was added to the reaction tube and incubated in the shaking box at 60°C
for 72 hours. The reaction was stopped by adding 1 M NaOH to adjust the pH of approximately
8.5. The sample solution was taken 100 pL to a 1.5 mL dark centrifuge tube and labelled with
DNS before HPLC analysis.
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Chapter 4
Enrichment methods for labelled glycans

4.1 Introduction

Glycan profiles can be used as biomarkers in many diseases, such as neurodegenerative
diseases, cancers, cardiovascular disease, and metabolic syndrome [1-4]. Analysis of the
glycan's profile in the biological samples usually uses HPLC combined with various detectors.
The structures of the glycans lack chromophores or fluorophores and are often not amenable
for ionisation. The derivatisation of the structure of the glycans to facilitate detection must,
therefore, be developed. HPLC-MS or HPLC-MS/MS have been used for non-derivatised and
derivatised glycans. This method is usually used for glycan mapping and identification of the
unknown glycan samples in the biological samples [5-8]. HPLC-fluorescence is usually used for
the derivatised glycans. The most important part of the HPLC glycan analysis workflow is the
enrichment or purification of the sample before HPLC analysis. This step is necessary for both
unlabelled and labelled glycans. This step aims to remove any interference, impurities,
desalting, or excess labelling reagents from the sample. This removal of the interfering
substances increases the accuracy, and precision, of the analysis methods and also increases
the HPLC column lifetime.

4.1.1 Purification of glycans prior to HPLC analysis

Widely used methods for glycan purification include precipitation with acetone [4, 9], solid
phase extraction (SPE), and modified methods for example using cotton wool [10, 11], bacterial
cellulose [12], and magnetic capture microspheres [13-15].

4.1.1.1 Precipitation with acetone

The use of organic solvents for precipitation and extraction of glycans was developed for large-
scale sample purification. This method uses an organic solvent to precipitate the target
molecules from impurities. Cold acetone has been used as the organic solvent for precipitating
before centrifuging the glycans into pellets and discarding the organic solvent. This method can
be used for unlabelled and labelled glycans [9, 16-18]. The workflow of acetone precipitation is
shown in Figure 4.1. The study using this method reported recovery of the unlabelled and
labelled glycans in the acetone fraction. The percentage of the samples in the acetone extract
depends on the type of labelling reagents and the weight of the glycans. The high molecular
weight (such as high mannose), and longer peptide backbone (more than 15 amino acids)
glycans have recovery results from the acetone precipitation process that are lower than for
glycans of low molecular weight or containing short peptide backbones. However, the average
of hydrophobicity calculated from the amino acid composition of the peptide backbone does
not affect enrichment recovery.
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Figure 4.1 General approach for purification of glycans via precipitation with acetone.

4.1.1.2 Solid Phase Extraction (SPE)

SPE is commonly used in the glycans' analysis workflow and uses a solid absorbent in the
cartridge. The kind of absorbent selected is dependent on the target molecules. The separation
steps of SPE are equilibration, condition, loading, wash, and elute. The equilibration and
condition steps activate and prepare the absorbent in the cartridge for binding with the target
molecules. The target molecules are retained in the cartridge by binding with the absorbent,
whilst impurities pass through with the solvent in the washing step. The eluting step uses an
alternative solvent to break the bond between the target molecules and the absorbent. The
target molecules then pass through with the eluting solvent without the impurities. The types
of SPE absorbents are normal phase, reverse phase, HILIC, ion exchange, and porous graphite,
and they are specific for target molecules. In glycan analysis, various types of SPE are used,
such as PGC [14, 17, 19-22], C18 [17], HILIC [14, 17, 23-25], and Strong Anion Exchange (SAX)
[26]. Some studies use a mixed mode of SPE and C18 before PGC [21, 27] to remove the
residual peptides and lipids. HILIC SPE is usually used for fluorescence-labelled glycans. The
purification workflow of SPE is illustrated in Figure 4.2. The summary of purification methods
of glycans by various types of SPE is shown in Table 4.1.
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Condition/Equilibration Sample loading Wash Elute

Figure 4.2 General SPE purification of glycans workflow. (A) Condition and equilibration for
activating the absorbent, (B) Load the sample solution to the cartridge, (C) Wash the impurities
from the cartridge, and (D) Elute the target molecules by using the solvent to break the bond
with the absorbent.
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Table 4.1 The purification conditions for each type of SPE cartridge

SPE type | Condition Equilibration Load Wash Elute Application Enrichment | References
efficiency
PGC 80% ACN in water | Water or 0.1% | sample in the water 20% ACN in water The studies using PGC SPE 91-95% [14, 17, 19-
with 0.1% TFA or TFA in water buffer solution 40% ACN in water, reported unlabelled glycans. 22, 27]
80% ACN in water or water 10% ACN containing
acid, 40% ACN
containing acid or
0.1% TFA in 80%
ACN deepened on
the type of glycans
C18 80% ACN in water | Water or 0.1% | sample in the water 20% ACN in water The studies using the C18 74-100% [17, 25, 27,
with 0.1% TFA or TFA in water buffer solution 40% ACN in water, column reported unlabelled 28]
60-80% ACN in or water 10% ACN containing | and labelled O- and N-linked
water acid, 40% ACN glycans.
containing acid or
0.1% TFA in 80%
ACN deepened on
the type of glycans
HILIC 1% TFA in water, 80-96% ACN sample 90- 90-99% ACN | 0.1-1% TFA in water, | The studies using the HILIC 90-96% [14, 17, 23-
water, 70-100% 100% ACN or1% FA in ammonium acetate | SPE reported labelled 25, 29]
methanol, or 70% 90% ACN buffer, or water. glycans.
ethanol.
SAX ACN, 100nM 1% TFA in 95% | sample in the 1% TFA in 0.1% TFA in 50% The SAX SPE studies 75-93% [25]
triethylammonium | ACN buffer solution | 95% ACN ACN reported unlabelled and
acetate and water or water labelled N- and O-linked
glycans. Suitable for N-linked
glycans that O-linked glycans.
The sialic acid can ionisation
in the conditions of SAX SPE.
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4.1.1.3 Modified Methods
Today, glycan purification methods are developed to increase precision, accuracy, and decrease
cost and time. Natural or synthetic materials, such as cotton and bacterial cellulose, are
explored. The current trends in glycan purification are illustrated below.

a. Cotton wool

Cotton wool is one kind of natural hydrophilic cellulose. The cellulose structure is loose and
porous, with hydroxyl groups at the surface [30]. Studies have reported using the cotton wool
adsorbent via a HILIC mechanism. The preparation of cotton wool used 3-100 mg of cotton
wool packed into pipette tips (2-200 pL). The micropipettes passed the solvents through the
cotton wool in each step. The mobile phase in each step (condition, equilibration, load, wash,
and elute) was modified from HILIC SPE. Most cotton wool purification studies have been
developed for unlabelled N- and O-linked glycans. The study of labelled N-glycans with 2-AA
shows low recovery in high water content solvents [10]. For other labelling reagents, such as
PMP, cotton wool can remove the excess labelling reagent in N- and O-linked glycans [31].
There are reports of using cotton wool to purify glycans in biological sample analysis [30-32],
and this method can be used for low molecular weight glycans (less than 200 Da)[10, 33]. The
capacity of glycan purification with cotton depended on the hydroxyl and carboxyl groups on
the glycans. Han J. et al. [31] reported that acidic glycans have more absorbability with cotton
wool than neutral glycans with similar molecular weight. The variation of the results with
unlabelled glycans depended on the weight and the method of cotton wool preparation. The
absorption capacity of cotton wool for unlabelled glycans increases when the weight of cotton
wool increases [33].

Table 4.2 The purification conditions of the cotton wool study

Weight Type of Condition | Equilibration Load Wash Elute | References
of glycans
cotton
wool
500 ug- | Unlabelled water 80-85% ACN | Sample 0.1% TFA water |[10, 30,
100 mg | glycans in 80- in 80-85% 33-35]
100% ACN
ACN
Labelled
glycans
-2AA water 83%ACN samplein | 0.1% TFA water | [10]
90% ACN | in 90%
ACN
-PMP N/A N/A Glycans Gradient water | [31]
in water | elution
and dried | with 0.1%
ina TFA in
vacuum 100%
at 30°C ACN, 0.1%
for 30 TFA in
min. 90% ACN
in water
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b. Bacterial cellulose

Bacterial cellulose (BC) is a natural hydrophilic polymer from microorganisms. The BC structure
is like plant cellulose, in nano-size. BC can be used to purify glycans and glycoproteins in
biological samples [12]. The BC purification mechanism relies on bond formation between the
hydrophilic part of glycans/glycoproteins and the porous residues of BC. The BC imprint of
specific glycan/glycoprotein sites can separate the impurity from target glycans/glycoproteins.
The different buffers in the wash and elute steps purify the glycans and glycoproteins from the
samples. The desalting process before enrichment is necessary. However, only N-linked glycans
and N-linked glycopeptides were studied in BC enrichment.

c. Magnetic capture microspheres for glycans
Modified magnetic microspheres are synthesised to capture glycans or glycoproteins [14, 15].
The principle of this method is using the buffer and magnetic field to alter the
glycans/glycoproteins absorbed into the microsphere. A magnet captures the microspheres
with glycans, and the solvent with the impurities is discarded. Finally, an appropriate solvent
breaks the link between the glycans/glycoproteins and microspheres without the magnetic
fields; the purified glycans/glycoproteins dissolve in the solvents.

The summarised advantages, disadvantages, and enrichment efficiency of the glycan
purification methods for analysis are shown in Table 4.3 below.
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Table 4.3 Comparison between purification methods for glycan analysis

Method Advantage Disadvantage Enrichment efficiency
Acetone - This method can beused |- Some glycans are also 5-100%
precipitation for both unlabelled and extracted into the
labelled glycans. acetone.
- Rapid - Low precision
- Acetone is a toxic
solvent.
SPE - High robustness and - The eluting solvents 90-96%
precision. have to be selected
- C18 SPE can remove based on the size and
peptides and lipids before charge of glycans.
the purification of glycans |- Some SPE types have
by PGC SPE. less recovery (less than
- There are various studies 90%)
about the development - PGCSPE is not suitable
of absorbent types, for glycopeptide
especially for glycans. enrichment.
Cotton wool |- Low cost. - Therecovery of some 53-96%
- Low usage of solvents labelled glycans is low.
- Quick - This method cannot be
- This method can be used used for glycans with a
for both N- and O-linked molecular weight of
glycans more than 2000 Da.
- Thereare no
commercial pre-
packed columns.
Bacterial - This method can be used |- Salts affect the 56-87%
cellulose for both glycans and purification property.
glycopeptides.
- Environmentally friendly
as it is biodegradable.
- Quick
Magnetic - Magnetic beads can be - These have not been 70-103%
beads prepared that are reported for use with
specific for glycans or O-linked glycans.
glycoproteins.
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4.2 Aims and Objectives.

This work aims to develop and optimise the enrichment of labelled glycans using various
brands of SPE (PGC, C8, C18, Polystyrene DVB, Amide, SAX, SCX, and Superco discovery glycans)
and compare the results with enrichment using cotton wool. The study focuses on lactose (14)
derivatised with a commercially available label (2AB, 26) and a synthetic alkyne labelling
reagent, 5. HPLC fluorescence is used for quantitative analysis.

The work in this chapter sets out to fulfil three main objectives. The first objective is to optimise
the enrichment methods and investigate the purification process of 27 from the excess labelling
reagent 26 to achieve high precision and accuracy.

The second objective is to optimise the enrichment conditions using cotton wool with standard
27. This work focuses on optimising cotton wool's condition and capacity for enrichment. The
best conditions will then be used to investigate the absorbance capacity and recovery using
three brands of cotton wool that are widely available.

The final objective is to confirm that the selected SPE and cotton wool conditions can be used
with different labelling reagent types and sugar units. Standard 16 is used in the optimised
conditions for SPE and cotton wool to confirm whether the results from standard 27 can be
repeated with other derivatives. Furthermore, 5 and 26 are used to label maltotriose, the
dextran ladder (mixture of linear glucose oligomers obtained by the partial hydrolysis of
dextran) will be used to test the applicability of the selected enrichment method of SPE and
cotton wool further.

These research objectives will therefore enable the development of an enrichment method for
labelled N-linked glycans within the broader analysis workflow. This is an important part of the
analysis of complex samples, as enrichment must be accurate and precise.

This research is summarised in Figure 4.3, which outlines the schemes of work carried out
within this chapter.

Optimisation of the Optimisation of the
enrichment of 27 from enrichment of 27 from
the labelling reagent by the labelling reagent by
various types, brands, cotton wool

and conditions of SPE

The best SPE system The best condition

Confirm the conditions Confirm the conditions
using 16 using 16

The optimized purification condition from SPE
and cotton wool is applied to the labelling
reaction of 5 and 26 with maltotriose and the
dextran ladder.

Figure 4.3 Workflow for optimisation condition enrichment by SPE and cotton wool.
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4.3 Results and Discussion

4.3.1 Synthesis of the fluorescence labelled N-glycan standards (compound 16 and 27) [29]
The fluorescence labelled N-glycan standards, compounds 16 and 27, were prepared using the
synthetic alkyne labelling reagent from Chapter 2 (5) and commercially available labelling
reagents 2AB (26) with lactose (14) by the labelling reaction from section 2.3.5. The labelling
reactions are presented in Scheme 4.1. The labelling reaction involved reductive amination of
the aromatic amine of the labelling reagents at the oligosaccharide reducing end of the glycan.
These standards were used to test the enrichment method by SPE and cotton wool in each
step.
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Scheme 4.1 The labelling reaction of 5 (A) and 26 (B) with lactose

4.3.2 The relative between the concentration and HPLC-fluorescence peak area of the
standards 16 and 27

Standards 16 and 27 were prepared to a concentration of between 2-250 nmol/ml and 0.5-250
nmol/ml, respectively, in HPLC-grade water. Samples were analysed using an Agilent 1100 HPLC
system applying an analytical method by fluorescence detector developed by Hancox [29].
Linearity plots of standard concentration against peak area were produced. Figure 4.4 shows
comparable levels of linearity between standards 16 and 27. The R? values are 0.9997 and
0.9992 for standards 16 and 27, respectively. From these plots, the response of HPLC's peak
area is relative to the concentration of standards 16 and 27 in the wide range of linearity.
Figure 4.5 shows the HPLC chromatogram of standards 16 and 27 in different concentrations (A
and B), retention times of 5, 16, 26 and 27 (C), and the different peak areas of standards 16 and
27 in the same concentration (D). However, the different labelling reagents show that different
lower concentrations are detectable.
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Figure 4.4 Linearity plots of standards 16 (A) and 27 (B) showing peak area versus concentration
for quantitative analysis.
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Figure 4.5 The HPLC chromatogram of 5, 16, 26, and 27. (A) standard 16, (B) standard 27 with
the concentration between 0.5-250 nmol/ml and 2-250 nmol/ml, respectively. (C) The
chromatogram compares of the retention time of 5, 16, 26, and 27, and (D) comparison
between 100 nmol/ml of standards 16 and 27.

The results show that the HILIC HPLC conditions can be used to separate the labelling reagent
from the labelled carbohydrate. However, from Figure 4.5 (D), the peak areas of standard 16
are lower by approximately 10 times than standard 27 in the same concentration.

4.3.3 Optimisation of the enrichment methods using various SPE types and brands for 27

In glycan analysis, the removal of the impurities or excess chemical reagents from the sample is
required before analysis. SPE is the most common method for achieving enrichment of glycans,
with various types of SPE being used to purify or enrich the unlabelled and labelled glycans, for
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example, C18, PGC, and HILIC SPE. This study was focused on the labelling of glycan enrichment
before HPLC analysis by SPE. In this study, the types and brands of SPE utilised were C18 (4
brands; A, B, C, and D), C8 (1 brand), Amide (2 brands; A and B), PGC (1 brand), Superco
Discovery glycan brand, Porous Polystyrene DVB (1 brand), SAX (1 brand), and Strong Cation-
exchange (SCX) (1 brand). The standards 27 and 16 were chosen to optimise the type and
condition of the SPE enrichment. The conditions of enrichment for each SPE are shown in Table
4.4. The study started by using 1 mL of 100 nmol/ml of standard 27 in every SPE condition. All
SPE purifications were performed at least in triplicate. The SPE enrichment methods that found
standard 27 only at the eluting step were chosen. The chosen SPE types and conditions were
repeated with the labelling reagents (5 and 26) for the enrichment. The labelling reagent
should not be found in the eluting step. To confirm the results, the SPE types and conditions
that can separate 5 and 26 before the eluting step were applied to standard 16. The selected
SPE enrichment condition was applied to the labelled complex glycans (maltotriose and dextran
ladder) after being labelled with 5 and 26 before HPLC analysis. Table 4.5 shows the results of
percentage recovery with a standard deviation of standard 27 in each type and brand of SPE in
this study.
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Table 4.4 Condition for each type of SPE investigated

Load: 1 mL of sample in
1%water in ACN

Wash: 3 mL of 1% water
in ACN

Elute: 1 mL of 20% ACN
in water

Reference: according to
the manufacturer’s
instruction

SPE Type Method 1 Method 2 Method 3

C8 and C18 | Condition: 1 mL of Condition: 1 mL of ACN Condition: 1 mL of 80%
Acetonitrile ACN with 0.1% TFA
Equilibration: 4 mL of Equilibration: 1 mL of water | Equilibration: 1 mL of
water water
Load: 1 ml of sample in Load: 1 ml of sample in Load: 1 ml of sample in
water water water
Wash: 2 mL of water Wash: 2 mL of water Wash: 2 mL of water
Elute: 1 mL of 25% v/v Elute: 1 mL of 4% ACN in Elute: 2 mL of 80% ACN in
ACN in water 0.1% TFA 0.1% TFA
Reference: [17] Reference: [21] Reference: [31]
*Method for Labelled
glycan

Amide Equilibration: 2 mL of - -

(HILIC) MeOH
Load: 1 mL of sample in
ACN
Wash1: 5 mL of 1% water
in ACN
Wash2: 5 mL of 3% water
in ACN
Elute: 0.8-1.0 mL of
water
Reference: [29]
*Method for Labelled
glycan

PGC Condition: 1 mL of 80% Condition: 1 mL of 80% Condition: 1 mL of 80%
ACN in water ACN in 0.1%TFA ACN in 0.1%TFA
Equilibration: 1 mL of Equilibration: 1 mL of water | Equilibration: 1 mL of
water and 1 mL of ACN in water
0.1% TFA
Load: 1 ml sample in Load: 1 ml sample in water | Load: 1 ml sample in
water water
Wash: 2 mL of water Wash: 2 mL of water Wash: 2 mL of water
Elute: 2 mL of 40% ACN Elute: 2 mL of 80% ACN in Elute: 2 mL of 20% ACN in
in water 0.1%TFA water
Reference: [17] Reference: [20] Reference: [22]

Superco Equilibration:1 mLof 1% | - -

Discovery water in ACN

glycan
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SPE Type

Method 1

Method 2

Method 3

Porous
polystyrene
DVB

Condition: 3 mL of
MeOH

Condition: 3 mL of MeOH

Equilibration: 3 mL of
water

Equilibration: 3 mL of water

Load: 1 mL of sample in
water

Load: 1 mL of sample in
water

Wash: 3 mL of 5% MeOH
in water

Wash: 3 mL of 5% MeOH in
water

Elute: 3 mL of MeOH

Elute: 3 mL of ACN

Reference: according to
the manufacturer’s

Reference: according to the
manufacturer’s instruction

instruction
SAX Condition: 3 mLof 0.1% | Condition: 3 mL of MeOH
TFA in water
Equilibration: 3 mL of Equilibration: 3 mL water
95% ACN in 0.1% TFA
Load: 1 mL of sample in Load: 1 mL of sample in
water water
Wash 1: 0.5 mL of 95% Wash 1: 1 mL of 50 mM
ACN in 0.1% TFA Sodium acetate pH 7
Wash 2: 6 mL of 95% Wash 2: 2 mL of MeOH
ACN in 0.1% TFA
Elute 1: 2 mL of 50% ACN | Elute: 2 mL of 2% FA in
in 0.1% TFA MeOH
Elute 2: 2 mL of 5% ACN
in 0.1% TFA
Reference: [36] Reference: according to the
manufacturer’s instruction
SCX Condition: 3 mL of ACN Condition: 3 mL of 0.1% FA

in MeOH

Equilibration: 3 mL
water, 3 mL of 100 mM
triethylammonium
acetate, and 3 mL of 95%
ACN in 0.1% TFA

Equilibration: 3 mL of 2%
FA in water

Load: 1 mL of sample in
1% FA

Load: 1 mL of sample in 1%
FA

Wash: 3 mL of 95% ACN
in 1% TFA

Wash 1: 1 mL of 2% FA in
water
Wash 2: 2 mL of MeOH

Elute: 800 piL of 50% ACN
in 1% TFA

Elute: 6 mL of 10%
ammonium hydroxide in
MeOH

Reference: [37]

Reference: according to the
manufacturer’s instruction
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Table 4.5 Percentage recovery with the various types of SPE using 100 nmol of 27, all data were collected in triplicate.

SPE Brand Method 1 Method 2 Method 3
Load Wash 1 Wash 2 Elute Total of Load Wash 1 Wash 2 Elute Total of Load Wash 1 Wash 2 Elute Total of
%Recovery %Recovery %Recovery

c18 A 0+0.00 | 34+0.72 ND 16+0.52 50 0+0.00 | 37+1.59 ND 10+0.23 47 0+0.00 | 34+4.78 ND 11+0.83 45

B 0+0.00 | 0+0.00 ND 4+0.16 4 0+0.00 | 0+0.00 ND 1+0.14 1 0+0.00 | 0+0.00 ND 2+0.27 2

C 0+0.00 | 0+0.00 ND 5+1.01 5 0+0.00 | 0+0.00 ND 1+0.05 1 0+0.00 | 0+0.00 ND 1+0.07 1

D 0+0.00 | 2+0.47 ND 5+ 0.70 7 0+0.00 | 2+0.13 ND 2+ 0.61 4 0+0.00 | 0+0.00 ND 2+0.30 2
c8 A 1+40.05 | 3+0.76 ND 1+0.04 5 0+0.00 | 2+0.68 ND 0+ 0.00 2 0+0.00 | 2+0.21 ND 0+ 0.00 2
Amide A 0+0.00 0+ 0.00 1+0.08 98+0.66 99 ND ND ND ND ND - - - - -

B 0+0.00 0+ 0.00 0+0.00 66+4.02 66 ND ND ND ND ND - - - - -
PGC A 0+0.00 | 0+0.00 ND 79+45.23 79 0+0.00 | 0+0.00 ND 70+3.84 70 0+0.00 | 0+0.00 ND 55+13.01 55
Superco A 5+0.44 22+1.14 ND 63+6.77 90 ND ND ND ND ND - - - - -
Discovery
glycan
Hypersep | A 1+0.11 | 43+1.01 ND 47+2.15 91 1+0.09 | 43+2.23 ND 44+0.92 88 - - - - -
Retain PEP
SAX A 54+1.91 | 45+2.71 | 0+0.00 | 0+0.00 99 45+2.71 | 45+4.76 | 3+1.90 | 0+0.00 93 - - - - -
SCX A 0+0.00 | 0+0.00 | 0+0.00 | 0+0.00 0.00 0+0.00 | 0+0.00 | 0+0.00 | 87+2.55 87 - - - - -

*ND = Not Detected.

~+Amide, Superco Discoversy glycans, Hypersep Retain PEP, SAX, and SCX were tested in 2 methods.
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The recovery results for each step are shown in Table 4.5 and Figure 4.6. The best method was
determined as the one that allows a maximum recovery of standard 27 at the eluting step.
From the results, Amide brand A, PGC-method 1 and SCX-method 2 were chosen for further
study as they allowed more than 90% recovery at the eluting step. On the other hand, in the
other types and conditions of SPE, the standard is found in the loading and washing steps, or
not in any steps for some of the SPE, which would be detrimental for enrichment and recovery.
The HPLC chromatograms from the eluting step for Amide SPE brand A, PGC SPE-method 1, and
SCX SPE-method 2 are shown in Figure 4.6. The results show differences in percentage recovery
in each step between brands in C18 and Amide SPE.
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Figure 4.6 The bar chart of percentage recovery of standard 27 in the various types and
conditions of SPE. (A) C18 SPE, 4 brands and C18, method 1, (B) C18 SPE, 4 brands and C18
method 2, (C) C18 SPE, 4 brands and C18 method 3, the results from C18 and C8 all brands and
C18 methods show most of the standard compound pass through in the wash steps. D) Amide
SPE brands A and B, the results show both brands can elute most of the standard in the elute
steps. However, Brand A has higher recovery than Brand B. (E) PGC SPE in 3 methods. The results
show that all methods can elute the standard in the elute steps. However, method 1 has higher
recovery than others. (F) Superco Discovery Glycan SPE, the results show that the standard
appeared in all steps (G) Hypersep Ratain PEP SPE, 2 methods, the results show that the standard
appeared in all steps (H) SAX SPE, 2 methods, the results show that the standard comes through
the cartridge in the load and wash step. (I) SCX SPE, 2 methods, the results show that only
method 2 allowed recovery of the standard in the eluting step.

4.3.4 Confirmation of the SPE condition for separating the excess labelling reagent from the
labelled glycan

The conditions selected from 4.3.3 section were then applied for analysis of 5 and 26 to
determine whether the selected conditions could remove excess labelling reagents from the
labelled glycans. If so, the conditions should afford the labelling reagent in the load or wash
steps rather than in the eluting step.

The results show that only Amide SPE can remove the excess labelling reagents in the load and
wash step, with no labelling reagents in the eluting fractions. The PGC and SCX methods
afforded the labelling reagents in the eluting fragments. The chromatograms for recovery of
the labelling reagents in each step for the Amide SPE, PGC SPE-method 1, and SCX SPE method
2 are shown in Figure 4.7.
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Figure 4.7 The chromatogram of each step of the chosen SPE method of the labelling reagents
(A) 5 with Amide SPE, (B) 5 with PGC SPE-method 1, (C) 5 with SCX SPE-method 2, (D) 26 with
Amide SPE, (E) 26 with PGC SPE-method 1, and (F) 26 with SCX SPE-method 2.

The results show only Amide SPE can separate the labelling reagents in the load and wash steps
before the eluting step. On the other hand, PGC SPE-method 1 and SCX SPE-method 2 found
the labelling reagents in the eluting step. According to the theory, the enrichment method
should separate the impurities before the eluting step. The Amide SPE was chosen for the
confirmation enrichment method of labelled glycans.

4.3.5 Confirmation of selected SPE condition using standard 16.

The Amide SPE brand A gave the same result using different labelling reagents. Standard 16
(100 nmol/ml) was selected to confirm the enrichment condition of standard 27. The results of
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standard 16 enrichment correspond to standard 27 using the amide SPE brand A. Changing the
labelling reagent does not affect the enrichment property of the selected SPE methods.
Standard 16 found in the eluting step has a yield greater than 90%, as shown in Figures 4.8 and
4.9.
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Figure 4.8 Percentage recovery of standard 16 in Amide SPE brand A, all data were collected in
triplicate
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Figure 4.9 The HPLC chromatogram of standard 16 of Amide SPE brand A.

The Amide SPE brand A shows the most effectiveness in enriching labelled glycan standards.
This condition is the only system that can remove the labelling reagents (5 and 26) from the
standards (16 and 27). However, the different brands give different results in the same
enrichment condition. The Amide SPE brand B has different results from brand A. The Amide
SPE brand A was chosen to compare the enrichment property to cotton wool SPE in the same
standard (16 and 27) and labelled complex glycans (maltotriose and dextran ladder) in the next
part of this chapter.

4.3.6 Optimisation of cotton wool (HILIC mode) enrichment methods.

As with the cotton wool in the previous study, unlabelled glycans are enriched by cotton wool
during HILIC SPE [10, 30, 31, 34]. A suitable system for labelled glycans using cotton wool is
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developed in this experiment. As for the HILIC SPE study, water was used for the activation and
elute steps in order to release the sample from the adsorbent. ACN or less than 10% water in
ACN was used in the equilibration, load, and wash steps in order to remove the other
components from the labelled-glycan samples. Absorbent cotton wool pads of three different
brands were purchased from the local store in Reading, UK. According to the manufacturers,
cotton wool consists of 100% pure cotton. The cotton wool was cut and weighed to afford 5+0.5
mg samples that were pushed into 200 uL pipette tips tightly by other pipette tips, as shown in
Figure 4.10. The tips were stored in a closed box until use. This section used 200 pL of 500
nmol/ml of 27 to optimise the methods at least in triplicate. The methods are illustrated in
Table 4.6.

Figure 4.10 The cotton wool tips for use in labelled sugar enrichment experiment.

Table 4.6 The conditions for the purification of standard 27, using 200 pL of 500 nmol/ml by
cotton wool SPE using cotton wool brand A

Method 1 Method 2 Method 3
Condition: 200 pL of Equilibration: 2x200 pL of Equilibration: 3x100 pL of
water MeOH 80% ACN in water
Equilibration: 200 pL of Load: 200 pL of sample in Load: 200 pL of sample in
80% ACN ACN by pipet up and down ACN by pipet up and down
Load: 200 pL of sample in | 20 times 20 times
ACN by pipet up and Wash1: 5x100 pL of 1% Wash1: 5x100 pL of 1%
down 20 times water in ACN water in ACN
Wash: 2x200 pL of 80% Wash2: 5x100 pl of 3% Wash2: 5x100 pl of 3%
ACN in 0.1% TFA in water | water in ACN water in ACN

Elute: 200 pL of water

Elute: 3x100 pL of water

Elute: 3x100 pL of water

Reference: [10, 30, 31,
34]

Reference: Modified from
Amide SPE method 1 [29]

Reference: Modified from
results of Method 1 and 2
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The recovery results in each step are shown in Table 4.7 and Figure 4.11. The best condition for
the enrichment of standard 27 is method 3, as this affords the highest percentage recovery in
the elute steps. The results correspond to the study from Selman, M.H.J., et al. [10] where it
was noted that the percentage of water affects the elution of the labelled glycan. Method 1
used more than 10% of water in the wash step. Most of standard 27 was eluted in the wash
step. Methods 2 and 3 used less water content in the wash step than method 1. Standard 27
was eluted with water in the elute step. A comparison of the activated cotton wool in the
condition and equilibration steps in methods 2 and 3 shows that method 3 presented a higher
percentage recovery at the elute steps than method 2. Table 4.7 shows the results of
percentage recovery in each step from the three methods. The comparison of the percentage
recovery of the three methods is shown in Figure 4.11 below. The chromatograms of each step
in the three methods are shown in Figure 4.12.

Table 4.7 Percentage recovery in the various conditions of cotton wool purification using 100
nmol of standard 27, all data were collected in triplicate.

Method %recovery Total of %
Load Wash 1 Wash 2 Elute recovery
Method 1 1+0.09 76 + 4.74 - 2+0.13 79
Method 2 3+0.37 4+0.38 2+0.27 89 +1.70 98
Method 3 2+1.73 3+0.99 2+0.53 92+2.21 99
100 g9 92
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Figure 4.11 Comparison of percentage recovery of standard 27 in three cotton wool (Brand A)
enrichment methods.
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Figure 4.12 The HPLC chromatogram of three methods from cotton wool enrichment in

standard 27; (A) method 1, (B) method 2 and (C) method 3.

The cotton wool enrichment method 3 was chosen. Separating the impurities from the labelled
glycans was next tested by using labelling reagents (5 and 26) in three different brands of
cotton wool. Figure 4.3 shows all brands of cotton wool afforded in the labelling reagents in the

load and wash step.
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Figure 4.13 The HPLC chromatogram of the labelling reagents (5 and 26) in the enrichment
process with various brands of cotton wool. (A) 5 with cotton wool brand A, (B) 5 with cotton
wool brand B, (C) 5 with cotton wool brand C, (D) 26 with cotton wool brand A, (E) 26 with
cotton wool brand B, (F) 26 with cotton wool brand C.

Figure 4.13 shows the effect of removing excess labelling reagents from the labelled
carbohydrate by cotton wool using method 3. The excess labelling reagents are removed in the
load and wash step. These results will be confirmed by using standard 16 in the next part of
this chapter.

4.3.7 Effect of water content in the activated cotton wool (HILIC) condition in the equilibration
step.

As shown in section 4.3.6, methods 2 and 3 can elute the standard 27. However, the standard's
percentage recovery differs more in the eluting step from method 3 than in method 2. The
difference between the two methods is in the activating cotton wool steps (condition and
equilibration). The study of the effect of activating cotton wool on the recovery during the elute
step was next developed. As in the previous study, the water content affects the elution
property of cotton wool. The study focuses on the variation of water content in the equilibration
step. The water content in the study was between 0-100%. The results are shown in Table 4.8
and Figure 4.14. The best condition for the equilibration step used 80% acetonitrile in water,
due to the maximum percentage of standard 27 in the elute step.
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Table 4.8 Effect of water content variation in the equilibration step of cotton wool purification
on percentage recovery, using 100 nmol of standard 27, all data were collected in triplicate.

Equilibration %recovery of 27 Total
solution Load Wash 1 Wash 2 Elute %recovery

100% ACN 1+0.10 7 +0.83 3+0.87 80 + 6.06 91
80% ACN in 2+1.73 2+0.99 2+0.53 92+2.21 98
water

60% ACN in 1+0.25 1+0.34 1+0.21 91+1.84 94
water

40% ACN in 1+1.54 1+0.13 1+0.18 84 +2.49 87
water

20% ACN in 3+1.54 1+0.12 1+0.34 89+2.19 94
water

100% Water 3+0.20 1+0.55 1+0.14 87 +4.02 92
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Figure 4.14 Comparison of water content to the percentage recovery of standard 27 in the
cotton wool (Brand A) enrichment.

4.3.7 Optimisation of maximum loading capacity of cotton wool (HILIC).

The results from section 4.3.6 showed that standard 27 is found in the loading step in all
conditions. Next, the maximum loading capacity of cotton wool was investigated using a
standard 27 concentration between 10-100 nmol in method 3 by equilibrating the cotton wool
(brand A) with 80% ACN in water. In theory, the cotton wool's maximum loading capacity
should be the maximum concentration of the standard that is not found in the other steps
except eluting. The results show that the standard was found in the loading step for all
concentrations, as shown in Table 4.9 and Figure 4.15.
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Table 4.9 Percentage recovery in the load and elute step of cotton wool purification between

10-100 nmol of standard 27, all data were collected in triplicate.

Standard 27 %recovery

content load Elute
10 nmol 5+2.53 65+ 1.77
20 nmol 3+2.01 67 +2.01
30 nmol 2+1.58 72+1.63
40 nmol 3+1.82 73+1.45
50 nmol 1+0.78 64 +0.99
60 nmol 1+0.88 76 +0.72
70 nmol 2+0.67 81+0.33
80 nmol 1+0.11 76 +2.73
90 nmol 1+0.03 94 +3.50
100 nmol 2+1.73 92+2.21
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Figure 4.15 Absorption activity of the cotton wool in the various concentrations of standard 27
in the cotton wool (Brand A) between the loading and eluting step.

4.3.8 Comparison of the various brands of cotton wool for enrichment of the labelled sugar.

The three brands of cotton wool from different crops areas and manufacturing countries (India,
Netherlands, and Bulgaria) were used for the enrichment of three different concentrations of
standard 27 (20, 60 and 100 nmol) with the conditions from method 3. The results show that
brands A and B provide a similar pattern and recovery in their load and elute steps. On the
other hand, cotton wool brand C shows lower recovery than brands A and B for all
concentrations, as shown in Figure 4.16.
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Figure 4.16 Comparison of percentage recovery of the content of standard 27 using different
brands of cotton wool, all data collected in triplicate.

4.3.9 Cotton wool enrichment activity using other labelling reagents

The cotton wool enrichment method results from standard 27 were confirmed by using
standard 16. The results from standard 16 at 20-100 nmol corresponded to standard 27. Brand
C demonstrated a lower recovery than brands A and B. The cotton wool brands A and B also
have similar results to 27, as shown in Figures 4.17 and 4.18. However, the higher the polarity,
the greater the recovery of standard 27 versus standard 16.
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Figure 4.17 Comparison of percentage recovery of the content of standard 16 using different
brands of cotton wool, all data were collected in triplicate.
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Figure 4.18 The chromatogram of standard 16 (A) and 27 (B) in elute step using three brands of

cotton wool.

The results for standards 16 and 27 show that different brands of cotton wool have different
capacities to enrich labelled carbohydrates. Brand C had less enrichment capacity than others.

4.3.10 Extension of SPE and cotton wool enrichment methods to other labelled glycans.

The successful methods (Amide SPE-brand A, cotton wool method 3) provided a proof of
concept for the enrichment of labelled glycans. This was then probed further using the
trisaccharide, Maltotriose (3GU), and the dextran ladder (mixture of linear glucose oligomers
obtained by the partial hydrolysis of dextran). Compounds 5 and 26 were again used as

labelling reagents.
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The results show that both methods can separate the labelling reagents from the labelled
Maltotriose and dextran ladder. A small amount of labelled maltotriose was found in the wash
solution using Amide SPE and in the load and wash solution using cotton wool. The results have
a similar pattern with Compounds 16 and 27. The structure and chromatograms of 5-
maltotriose (28) and 26-maltotriose (29) are shown in Figure 4.19, and the retention time is in
Table 4.10. The comparison of the labelled dextran ladder by 5 and 26 enrichment was shown
by the HPLC chromatogram in Figure 4.20. The results show that the enrichment property of
cotton wools has an enrichment efficiency similar to Amide SPE.
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Figure 4.19 Structure of 28 (A), 29 (B), and HPLC chromatograms demonstrating the retention
time of different labelling reagents and sugar: (C) chromatogram of 28, and (D) chromatogram
of 29.

Table 4.10 The retention time of the labelled maltotriose

Compound Retention time (min)
16 5.17
27 6.55
28 5.77
29 7.39
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Figure 4.20 The HPLC chromatogram demonstrating the retention times of different labelling
reagents and different glucose units of sugar in labelled dextran ladder by (A) 5 and (B) 26.
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4.4 Conclusions and Future Work

Methods for the enrichment of labelled carbohydrates have been developed to remove
impurities from the carbohydrate sample before analysis to facilitate analysis of the sample of
interest via HPLC. The main focus of enrichment is to remove impurities (such as proteins and
lipids) after glycan releasing steps, to accomplish desalting, and to remove excess labels after
the labelling step. This chapter aimed to determine enrichment methods suitable for labelled
glycans using SPE and cotton wool. Commercially available cotton wool pads are derived from
natural sources and are easy to prepare in the laboratory. This study used standards 16 and 27
as the labelling reagents. Various types and modes of SPE were used to find the best conditions.
The developed enrichment method from the cotton wool was included in the study to compare
the results with the commercial SPE.

It was demonstrated that three types of SPE resulted in the maximum recovery of the standard
during the eluting step. However, results using the labelling reagent found that PGC and SCX
elute the labelling reagent in the same step as the labelled carbohydrate. The Amide SPE was
the only medium that afforded the labelling reagent in the load and washing step. Therefore,
the Amide SPE was selected to enrich the labelled carbohydrate in the labelling reaction. The
results of the same condition with different brands of the Amide SPE found different recovery
in the eluting step. The selected Amide SPE brand and conditions were repeated in triplicate.
The results show high accuracy and precision, a percentage recovery of more than 95%, and a
standard deviation of less than 1.00. The benefit of the selected condition was confirmed using
different labelling reagents (16). Similar results between standards 16 and 27 were confirmed.

For the second objective, to optimise the cotton wool enrichment method for labelled glycans,
the Amide SPE condition was developed since this had demonstrated the highest percentage
recovery in the eluting step. Although the standard was found in fractions from all steps, the
highest concentration was found in the eluted fraction. Different conditions and equilibration
solvents were studied to optimise the conditions using cotton wool. 80% ACN in water in the
equilibration steps led to the best recovery of standard 27. The maximum absorbent capacity
of the cotton wool was studied using concentrations of the standard of 10-100 nmol/200 pL.
The optimum conditions for cotton wool were applied to standard 16 (20, 60,100 nmol/200
pL). This allowed for more than 90% recovery. The high precision in the method is demonstrated
in the standard deviation which is less than 5.0 for two brands of cotton wool.

In the third objective, the trisaccharide (maltotriose) and dextran ladder were labelled with 5
and 26 in the general fluorescence labelling reaction. The Amide SPE and cotton wool were
used to remove the excess labelling reagent from the reaction before analysis by HPLC. The
results show that Amide SPE and cotton wool can remove the excess labelling reagent from the
sample. The enriched labelled glycans HPLC chromatograms in the eluting step show small
amounts of the labelling reagents remain in the sample. One limitation of the study is the
different results from the different Amide SPE and cotton wool brands.

In conclusion, HILIC mode SPE is suitable for the enrichment of fluorescence-labelled
carbohydrates. Compared with the Amide SPE, the cotton wool method is cheaper and more
rapid. Going forward, this study will develop a precise, accurate, robust, and low-cost
enrichment method for labelled glycans before HPLC-fluorescence analysis. However, the
reliability of cotton wool SPE will require the development of a consistent method for preparing
cotton wool tips to ensure consistency of the results and increase the loading capacity.
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4.5 Experimental
4.5.1 General experiment

All chemicals used were analytical or HPLC grade, purchased from commercial sources (Sigma-
Aldrich, Merk, Fisher Scientific, Alfa Aesar and Acros Organics), and used without further
purification. HPLC analytical column (TSKgel Amide-80 HR column) was purchased from Tosoh
Bioscience GmbH (Germany). The experiments were monitored by TLC. The TLC plates were
aluminium backed 60 F254 silica (Sigma Merk). Visualisation was then carried out under UV
light (A= 254 nm) followed by staining with 5% sulfuric acid in MeOH with 0.3% N-1-
naphthylenediamine.

All SPE used were purchased from commercial sources (Telos, Applied Separation, Chromabond,
and Thermo).

The three brands of absorbent cotton wool pads were purchased from a local store in Reading,
UK (Boots, made in India (brand A); Co-op, made in the Netherlands (brand B); and Novon,
made in Bulgaria (brand C)).

4.5.2 Cotton wool tip preparation

The cotton wool was cut and weighed to afford 5+0.5 mg samples that were pushed into 200
uL pipette tips tightly by other pipette tips. The cotton wool tips were stored in a closed box
until used.

4.5.3 Analytical Equipment

Nuclear Magnetic Resonance
Both proton (&4) and carbon (6¢) nuclear magnetic resonance spectra were recorded according
to the methods in chapter 2.

Mass Spectrometry

Electrospray lonization Fourier Transform Mass Spectrometry (FTMS+p ESI) were
obtained by either LCMS or direct infusion on a Thermofisher Scientific Orbitrap XL
mass spectrometer in ESI+ mode. The scan range is full scan (mass 80.00-2000.00).

High performance liquid chromatography

HILIC mode HPLC was performed on an Agilent 1100 series HPLC system linked to both Agilent
G1321A FLD detector and an G1314A variable wavelength detector. Amide HILIC performed
the separation of labelled sugars on a TSKgel Amide-80 HR column (250 x 4.6 mm, 5 uM particle
size) filled with TSKgel Amide-80 guard column (15 x 3.2 mm, 5 uM particle size). Solvent A was
composed of ammonium formate buffer (50 mM pH 4.4), while solvent B consisted of ACN. The
flow rate was set at 0.8 mL/ min, and the column was maintained at 40°C for the duration of
the run.

Separation of labelled sugars took place over 35 minutes with a linear gradient beginning with
65% phase B at 10 minutes, with a further gradient to 50% in 10 minutes, to 45% in 5 minutes,
to 10% in 3 minutes, maintain 10% for 2 minutes before returning to injection condition of 65%
B between 31-35 minutes. The column was conditioned with 65% B, 5 minutes before the next
injection. The injection volume was 2 uL per injection. The fluorescence detection used the
excitation wavelength 240 nm and emission wavelength 420 nm. The Fluorescence absorptivity
detection was reported as luminescence unit (LU) represent to the Agilent system.
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4.5.4 Solvents and Buffer

2 M Ammonium formate buffer stock solution pH 4.4
Formic acid (184.12 g, 4 mol) was combined with water (1L) and cooled to 0°C in an ice bath.

25% Ammonium solution (200 mL) was then added in 50 mL increments. The pH was adjusted
to 4.4 by the 25% ammonium solution. The stock solution was then diluted to 2 L to a final
concentration 50 mM and used as a HILIC phase modifier.

Labelling agent stock solution
Labelling reagent (5 and 26) were weighed and diluted in methanol to a final concentration of
40 mmol/mL.

Labelling buffer solution
Boric acid (3 g, 0.04 mol) and sodium acetate trihydrate (6 g, 0.045 mol) were dissolved in
MeOH (100 mL).

Sodium cyanoborohydride solution
Sodium cyanoborohydride solution was prepared at 0.42 mM in labelling buffer solution.

4.5.5 Synthesis of GU2 labelled carbohydrate standard [29]

N-(Pent-4-yn-1-yl)-4-((2,3,5,6-tetrahydroxy-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)hexyl)amino)benzamide (16)

OH

OH oH o
HO o)
OH oH H HN

OH

AN

Compound 14 (20 mg, 0.058 mmol) was dissolved in water (200 pL), and sodium
cyanoborohydride (36.72 mg, 0.58 mmol, 10 eq) in borate acetate buffered MeOH was added.
The solution was heated to 50°C, and 5 (58.6 mg, 0.29 mmol, 5 eq) was added in MeOH (1 mL).
The solution was stirred overnight and monitored by TLC until completion. The reaction mixture
was dried under reduced pressure and dry loaded onto silica before being loaded onto a 10 cm
silica flash column run with a mobile phase consisting of water, isopropanol and EtOAc in the
ratio (1:2.5:6). Compound 16 was isolated as a pale yellow solid (24 mg, 0.045 mmol, 78% yield)

'H NMR (400 MHz, D,0) § 7.56 (d, J = 8.8 Hz, 2H Ar 2 X CH), 6.75 (d, J = 8.7 Hz, 2H Ar 2 X CH),
3.98-3.03 (m, 18H Carbohydrate), 2.72 (d, J = 7.0 Hz, 1H C=CH), 2.29-2.15 (m, 2H CH,), 1.73 (p, J
= 6.8 Hz, 2H CH3). **C NMR (101 MHa, D,0) & 219.36 (C-ONH), 196.25 (CH-CNH-CH Ar),
191.54(2CH Ar), 128.77 (C-CONH Ar), 113.61 (CH-C-20), 102.74 (CH-CO-CH), 84.62 (CH,-CH-
CH), 84.38 (CH-CHCH2-0), 75.88 (CH-CHOH-CH), 75.63 (CHO-CHOH-CH), 75.14 (CH-CHOH-CH,),
69.93 (CH-CHOH-CH), 68.53 (CH,-CH), 68.04 (CHOH-CHOH-CH), 65.26 (CHOH-CHOH-CH>), 62.91
(CHCH,-0OH), 57.95 (CH,0H-CH), 57.43 (CH,0OH-CH), 53.92 (NH-CH,-CH,), 53.43 (CH>-CH;-N),
48.46 (N-CH»-CHs), 44.94(CH,;0H-CH), 37.86 (CHOH-CH;-NH), 15.21 (CH;-CH,-CH,). FTMS:
ESl+ve Cy4H36N,011 expected: 529.2390[M+H] found: 529.2392 [M+H]. HPLC retention time was
6.5 minutes.
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2-((2,3,5,6-Tetrahydroxyl-4-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)oxy)hexyl)amino)benzoic acid (27)

OH
OH OH
O HO N
HO O OH H
OH

OH

Lactose (14) (20 mg, 0.058 mmol) was dissolved in water (200 pL) and sodium cyanoborohydride
(36.72 mg, 0.58 mmol, 10 eq) in borate acetate buffered MeOH was added. The solution was
heated to 50°C and 26 (40.0 mg, 0.29 mmol, 5 eq) was added in MeOH (1 mL). The solution was
stirred overnight and monitored by TLC until completion. The reaction mixture was dried under
reduced pressure and dry loaded onto silica before being loaded onto a 10 cm silica flash
column run with a mobile phase consisting of water, isopropanol and EtOAc in the ratio
(1:2.5:6). This afforded 27 as a white solid (19 mg, 0.041 mmol, 71% yield)

'H NMR (400 MHz, D,0) 6 7.48 (t, /= 9.0 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 6.85 (t, J = 87.1 Hz,
1H), 6.71 (q, J = 7.5 Hz, 1H), 4.28 (d, J = 4.3 Hz, 1H), 4.14-3.49 (m, 15H). **C NMR (101 MHz,
D,0) 6181.50 (C-ONH;), 140.48 (C-NHC Ar), 133.55 (CH Ar), 129.10 (CH Ar), 113.15 (CH Ar),
110.53 (C-CONH; Ar), 101.11 (O-CH-CH), 79.23 (CH-CO-OH), 74.80 (CH-CHCH,-0), 71.10 (CH-
CHOH-CH), 70.61 (CH-CHOH-CH),68.87 (CH-CHOH-CH), 64.24 (CH-CHCH,-OH), 61.99 (CHOH-
CH,-NH), 60.61 (CH20H-CH), 45.46 (CHOH-CH,-NH)) FTMS: ESI+ve C19H30N201; expected:
463.1922 [M+H] found: 463.1922 [M+H]. HPLC retention time was 7.3 minutes.

4.5.6 General labelling procedure for glycans (Maltotriose and dextran ladder)

Glycan solution (1 mM in MeOH for maltotriose and 0.1 mg/mL of dextran ladder), 100
uL, was applied to a 1.5 mL centrifuge tube and mixed with 100 uL of labelling buffer
and 15 pL of sodium cyanoborohydride solution. The labelling solution (40 mmol/mL in
MeOH) was added (100 pL). The reaction mixture was then vortexed and centrifuged for 10
seconds before being heated at 65°C for 180 minutes. The reaction solution was quenched with
the addition of ACN (950 puL), producing a white precipitate. The quenched solution was
transferred for enrichment with the selective method for comparison (Amide SPE and cotton
wool). The elute solution from the enrichment method was dried and reconstituted with 500
pL of HPLC water before injection into HPLC. The retention time of 28 (maltotriose-5) and 29
(maltotriose-26) is 5.7 and 7.4 minutes, respectively.

4.5.7 General enrichment of labelled glycan with Amide SPE

The Amide SPE was equilibrated with 1 mL of MeOH twice. The labelled glycan sample from the
labelling reaction (1 mL in MeOH) was loaded after equilibrating. Let the solvent dripped
through the cartridge. The first wash was 1 mL of 99% ACN (aq), 5 times. The second wash was
1 mL of 97% ACN (aq), 5 times. In the last wash, let the cartridge dry before eluting the labelled
glycans with 800 uL of HPLC water. The eluted solution from the enrichment method was dried
and kept at -20°C until redissolved with 0.5 mL of HPLC water for HPLC analysis.

4.5.8 General enrichment of labelled glycan with C8 and C18 SPE

Method-1: The C8 and C18 SPE were conditioned with 1 mL of ACN and equilibrated with 1 mL
of water, 4 times. The labelled glycan sample from the labelling reaction (1 mL in water) was
loaded after equilibrating. Let the solvent dripped through the cartridge. The cartridge was
washed with 1 mL of water twice. In the last wash, let the cartridge dry before eluting the
labelled glycans with 1 mL of 25% v/v ACN (aq).
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Method-2: The C8 and C18 SPE were conditioned with 1 mL of ACN and equilibrated with 1 mL
of water, 4 times. The labelled glycan sample from the labelling reaction (1 mL in water) was
loaded after equilibrating. Let the solvent dripped through the cartridge. The cartridge was
washed with 1 mL of water twice. In the last wash, let the cartridge dry before eluting the
labelled glycans with 1 mL of 4% ACN in 0.1% TFA.

Method-3: The C8 and C18 SPE were conditioned with 1 mL of 80% ACN in 0.1% TFA and
equilibrated with 1 mL of water. After equilibrating, the labelled glycan sample from the
labelling reaction (1 mL in water) was loaded. The solvent dripped through the cartridge. The
cartridge was washed with 1 mL of water twice. In the last wash, the cartridge dried before
eluting the labelled glycans with 2 mL of 80% ACN in 0.1% TFA twice.

The eluted solution from all enrichment methods was dried and kept at -20°C until redissolved
with 0.5 mL of HPLC water for HPLC analysis.

4.5.9 General enrichment of labelled glycan with PGC SPE

Method-1: The PGC SPE was conditioned with 1 mL of 80% ACN (aq) and equilibrated with 1
mL of water, then 1 mL of ACN in 0.1% TFA. The labelled glycan sample from the labelling
reaction (1 mL in water) was loaded after equilibrating. Let the solvent dripped through the
cartridge. The cartridge was washed with 1 mL of water twice. In the last wash, let the cartridge
dry before eluting the labelled glycans with 2 mL of 40% ACN (aq).

Method-2: The PGC SPE was conditioned with 1 mL of 80% ACN in 0.1%TFA and equilibrated
with 1 mL of water. The labelled glycan sample from the labelling reaction (1 mL in water) was
loaded after equilibrating. Let the solvent dripped through the cartridge. The cartridge was
washed with 1 mL of water twice. In the last wash, let the cartridge dry before eluting the
labelled glycans with 2 mL of 80% ACN in 0.1%TFA.

Method-3: The PGC SPE was conditioned with 1 mL of 80% ACN in 0.1%TFA and equilibrated
with 1 mL of water. The labelled glycan sample from the labelling reaction (1 mL in water) was
loaded after equilibrating. Let the solvent dripped through the cartridge. The cartridge was
washed with 1 mL of water twice. In the last wash, let the cartridge dry before eluting the
labelled glycans with 2 mL of 20% ACN (aq).

The eluted solution from all enrichment methods was dried and kept at -20°C until redissolved
with 0.5 mL of HPLC water for HPLC analysis.

4.5.10 General enrichment of labelled glycan with Superco Discovery glycan SPE

The Superco Discovery glycan SPE was equilibrated with 1 mL of 99%ACN (aq). The labelled
glycan sample from the labelling reaction (1 mL in 99%ACN (aq)) was loaded after equilibrating.
Let the solvent dripped through the cartridge. The cartridge was washed with 1 mL of 99%ACN
(aq). In the last wash, let the cartridge dry before eluting the labelled glycans with 1 mL of 20%
ACN (aq). The eluted solution from the enrichment method was dried and kept at -20°C until
redissolved with 0.5 mL of HPLC water for HPLC analysis.

4.5.11 General enrichment of labelled glycan with Porous polystyrene DVB SPE

Method-1: The Porous polystyrene DVB SPE was conditioned with 1 mL of MeOH, 3 times and
equilibrated with 1 mL of water, 3 times. The labelled glycan sample from the labelling reaction
(1 mL in water) was loaded after equilibrating. Let the solvent dripped through the cartridge.
The cartridge was washed with 1 mL of 5% MeOH (aq), 3 times. In the last wash, let the
cartridge dry before eluting the labelled glycans with 3 mL of MeOH.
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Method-2: The Porous polystyrene DVB SPE was conditioned with 1 mL of MeOH, 3 times and
equilibrated with 1 mL of water, 3 times. The labelled glycan sample from the labelling reaction
(1 mL in water) was loaded after equilibrating. Let the solvent dripped through the cartridge.
The cartridge was washed with 1 mL of 5% MeOH (aq), 3 times. In the last wash, let the
cartridge dry before eluting the labelled glycans with 3 mL of ACN.

The eluted solution from all enrichment methods was dried and kept at -20°C until redissolved
with 0.5 mL of HPLC water for HPLC analysis.

4.5.12 General enrichment of labelled glycan with SAX SPE

Method-1: The SAX SPE was conditioned with 1 mL of 0.1% TFA in water, 3 times and
equilibrated with 1 mL of 95% ACN in 0.1% TFA, 3 times. The labelled glycan sample from the
labelling reaction (1 mL in water) was loaded after equilibrating. Let the solvent dripped
through the cartridge. The first wash was 0.5 mL of 95% ACN in 0.1% TFA. The second wash was
1 mL of 95% ACN in 0.1%TFA, 6 times. In the last wash, let the cartridge dry before eluting the
labelled glycans with 2 mL of 95% ACN in 0.1% TFA, and 2 mL of 5% ACN in 0.1% TFA.

Method-2: The SAX SPE was conditioned with 1 mL of MeOH, 3 times and equilibrated with 1
mL of water, 3 times. The labelled glycan sample from the labelling reaction (1 mL in water) was
loaded after equilibrating. Let the solvent dripped through the cartridge. The first wash was 1
mL of 50 mM Sodium acetate pH 7. The second wash was 1 mL of MeOH twice. In the last
wash, let the cartridge dry before eluting the labelled glycans with 2 mL of 2% FA in MeOH.

The eluted solution from all enrichment methods was dried and kept at -20°C until redissolved
with 0.5 mL of HPLC water for HPLC analysis.

4.5.13 General enrichment of labelled glycan with SCX SPE

Method-1: The SCX SPE was conditioned with 1 mL of ACN, 3 times and equilibrated with 1 mL
of water (3 times), 1 mL of 100mM triethylammonium acetate (3 times), and 1 mL of 95% ACN
in 0.1% TFA (3 times). The labelled glycan sample from the labelling reaction (1 mLin 1% FA
(aq)) was loaded after equilibrating. Let the solvent dripped through the cartridge. The
cartridge was washed with 1 mL of 95% ACN in 1% TFA, 3 times. In the last wash, let the
cartridge dry before eluting the labelled glycans with 0.8 mL of 50% ACN in 1% TFA.

Method-2: The SCX SPE was conditioned with 1 mL of 0.1%FA in MeOH, 3 times and equilibrated
with 1 mL of 2% FA (aqg), 3 times. The labelled glycan sample from the labelling reaction (1 mL
in 1% FA (aqg)) was loaded after equilibrating. Let the solvent dripped through the cartridge. The
first wash was 1 mL of % FA (aq). The second wash was 1 mL of MeOH twice. In the last wash,
let the cartridge dry before eluting the labelled glycans with 6 mL of 10% ammonium hydroxide
in MeOH.

The eluted solution from all enrichment methods was dried and kept at -20°C until
redissolved with 0.5 mL of HPLC water for HPLC analysis.

4.5.14 General enrichment of labelled glycan with Cotton wool.

The cotton wool tip was equilibrated with 3 times 100 pL of 0-100% ACN in water. The sample
solution 200 uL was loaded after equilibration by pipet up and down 20 times. The first wash
was 100 uL of 99% ACN (aq), 5 times. The second wash was 100 pL of 97% ACN (aq), 5 times.
Eluting the labelled glycans used 100 pL of HPLC water 3 times. The combination of eluted
solution from the enrichment method was dried and kept at -20°C until redissolved with
0.5 mL of HPLC water for HPLC analysis.
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4.5.15 Calculation of percentage recovery of standard from SPE and cotton wool enrichment

The percentage recovery from SPE and cotton wool was calculated by comparing the peak area
from the solution in the enrichment of each step obtained from HPLC analysis with the
standard curve in the concentration. The dilution factor was then used to calculate the amount
of standard, which was compared to the starting concentration used before being added to SPE
and cotton wool.
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Chapter 5
Analysis of the Glycan profile for human neurological cells
(SH-SY5Y)

5.1 Introduction

Neurodegenerative diseases are characterised by progressive loss of cognitive function,
behavioural impairment (e.g., mood change), problems with communication, loss of thinking
skill, brain imaging scans (computed tomography scan (CT scan), or magnetic resonance
imaging (MRI)), and markers from brain pathology. Diagnosis of diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), Amyotrophic Lateral Sclerosis
(ALS), frontotemporal dementia, and multiple sclerosis all measure the progressive loss of
neurons in the central nervous system (CNS). However, neurodegenerative biomarkers are
investigated using invasive methods from the brain and CSF, which leads to low patient
compliance [1-10]. Therefore, a reliable, non-invasive method of diagnosis is required.

5.1.1 Glycans in neurodegenerative diseases

Glycosylation is an important modification that regulates cell function. Importantly, glycans are
also associated with neuron development, migration, and regeneration. The study of glycans as
a neurodegenerative disorder biomarker focuses on CSF glycan levels. However, there is great
interest in using serum samples to detect biomarkers, as this method should increase patient
compliance in the diagnostic process. Studies have shown that glycan levels in healthy
populations differ from those with neurodegenerative diseases [11-13], as shown in Table 5.1.

Most commonly studied glycans as biomarkers are the glycans in the lipocalin-type
prostaglandin D2 synthase (L-PGDS), transferrin (Tf), N-acetylglucosamine- terminated glycans
(GIcNACc-Tf), and Serum Tf carries sialic acid-terminated glycans (Sia-Tf) [11, 12]. N- and O-
glycan profiles are studied and compared with the normal biomarkers of neurodegenerative
disease, such as AP or tau protein. The results show the patients' glycans levels related to A
and tau protein levels compared to normal groups [10, 14]. The hypothesis is that the activity
of neuron function in neurodegenerative cells is higher than that of normal neurons. The
protein biomarkers generated are related to glycan levels. The expression of different glycan
types is an altered pattern in neurodegenerative disease. The different types of glycan levels
studied in CSF and blood samples compared between normal biomarkers (AB, tau, and
inflammatory factors) in neurodegenerative patients and healthy people are in Table 5.1.

Glycan analysis in neurodegenerative diseases used lectin blotting [15-17], glycan-specific lectin
[12], glycan fluorescence array [13], NMR for tau and cell-surface glycan heparin sulphate (HS)
[18, 19], HPLC-fluorescence [20-22], LC-MS or LC-MS/MS [11, 12, 14, 15, 21-29], and MS/MS
[30], as shown in Table 5.1.
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Table 5.1 The relationship between neurodegenerative diseases and glycan levels

fucose,
Gal/GlcNAc, Man-
Tf, and sialylation)
- O-glycan (O-
GalNAc core 1-3)

cortex from patient
and control brain.

- CSF

3 O-glycans.

-Increase: N-glycan
complex type,
Gal/GlcNAc,2,6
sialylation level, core 1
and 2 of O-glycans.

in the patient’s cells.

- N-glycan and high
mannose were reduced
in patients' cells as the
Golgi had more activity
in the
neurodegenerative
state.

- Core 2, O-glycan level
related to AP levels
from the protein
processing of synapse
development and
processing of the Golgi
fragments.

- Changing the tau and
cell-surface glycan
heparin sulphate (HS)
binding site.

- The Man-Tf levels in CSF

are related to the p-tau
level.

surface glycan
heparin sulphate
(HS)

Disease Glycan types Sample specimen Difference in the glycan Relation between diseases Glycan analysis References
profile for the disease and glycan levels method
group compared with the
control group
AD - N-Glycan (high - Cell lines from the -Decrease: high mannose | The N- and O-glycan - LC-MS/MS [12, 14, 18,
mannose, hybrid patient. hybrid, antenna fucose, | results are related to the - NMR between 19, 23, 24,
complex, antenna | - Hippocampus and 2,3 sialylation, and core | Golgi activity of AP levels tau and cell- 28]
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Disease Glycan types Sample specimen Difference in the glycan Relation between diseases Glycan analysis References
profile for the disease and glycan levels method
group compared with the
control group
PD - O-Glycans in - Striatum and The level of O-sialylation | The peripheral nervous LC-fluorescence [21, 30, 31]
sialylated, GalNAc substantia nigra glycans is significantly system's abnormal LC-MS
and mannose tissue increased. myelination and axonal MS/MS
core degeneration increase the
- N-Glycan - Plasma The level of glycans sialylation O-glycans
containing core fucose, generated. For N-glycans,
sialic acid and bisecting the peripheral
N-acetyl glucosamine inflammation induces the
increased compared to glycosylation change.
the control group.
- Urine The total abundance of
N-glycans (containing
core fucose, sialic acid,
and bisecting GIcNAc) in
the urine of patients
were significantly
decreased.
HD Brain-ganglioside Plasma The glycans level in HD The glycan levels of the Specific glycan [13]
glycans patients is higher thanin | pre-HD group are higher array kits
the control group. than those of the HD
group. The control group
has the lowest glycan
levels.

Dementia/MCI | 1gG N-glycans Blood In patient groups, there The N-glycan levels HPLC- [20, 25]
(sialylation, was a decrease in correlate to inflammation | fluorescence
fucosylation and sialylation and core factors. In MCl patients, LC-MS or LC-

GIcNACc) fucosylation and the anti-inflammatory (IL-4 | MS/MS
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Disease Glycan types Sample specimen Difference in the glycan Relation between diseases Glycan analysis References
profile for the disease and glycan levels method
group compared with the
control group
increased bisecting and IL-100) and
GlcNAc. proinflammation (CRP,
TNF-a and IFN-y)
increased, correlated to N-
glycan levels.
Multiple Plasma N-glycan Plasma The patient's group found | Multiple sclerosis has the HPLC- [22]
sclerosis and increasing high-branched | inflammation of neuron fluorescence-
IgG N-glycans structures bearing cells. The increasing MS/MS
(fucosylation and multiple galactose and immune cells in the CNS
high mannose) sialic acid residues of the | increased the N-glycans in
plasma N-glycome. The the blood through the
fucosylation and high Blood-Brain Barrier (BBB)
mannose N-glycan in IgG | system.
have significantly
increased in the patients
compared to the control
group.
Spontaneous | Man-Tf CSF All glycan markers in the | All glycan markers in this Glycan-specific [12]
Intracranial GIcNACc-Tf patient group are higher | study are produced inthe | Lectin
hypotension | L-PGDS than those in the control | choroid plexus and then
(SIH) Sia-Tf group. secreted to CSF. SIH is

caused by CSF leakage.
This is why this glycan
level is higher than in
healthy people in CSF.
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Disease

Glycan types

Sample specimen

Difference in the glycan
profile for the disease
group compared with the
control group

Relation between diseases
and glycan levels

Glycan analysis
method

References

Idiopathic
normal
pressure
hydrocephalus
(iNPH)

Man-Tf
GIcNACc-Tf
L-PGDS
Sia-Tf

CSF

The GIcNAc-Tf and L-
PGDS levels of the
patients' group were
significantly higher than
those of the control

group.

In iNPH, patients have a

reduced absorption of CSF.

This is related to the high
level of GIcNAc-Tf and L-
PGDS in CSF.

Glycan-specific
Lectin

(12]
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5.1.2 SH-SY5Y Cell culture in neurodegenerative studies

Human neuroblastoma cell lines are used to replace samples from patients in the in vitro model
of neurodegenerative diseases. An example of cell culture in neurodegenerative disorder is
human cells such as primary neurons, organoids and human dermal fibroblasts [14, 32-34] or
subclones of neurodegenerative human cells (such as SH-SY5Y, human keratinocyte cells,
human-induced pluripotent stem cells, human embryonic kidney (HEK) 293 FT cells, and human
microglial cells (HMC3)) [27, 35-42].

The SH-SY5Y (ATCC® CRL-2266™) cell line is the third subclone of the neuroblastoma cell line
SK-N-SH (ATCC® HTB-11™), which was established in 1970 from the metastatic bone marrow of
4 years old cancer patient. SK-N-SH cells were subcloned thrice from SH-SY to SH-SY5 and
finally to SH-SY5Y [43]. As the third subclone, these cells do not require human ethics. SH-SY5Y
can differentiated from neuroblastoma to mature neuronal types by using all-trans retinoic acid
(ATRA), phorbol ester, and specific neurotrophins, such as brain-derived neurotrophic factor
(BDNF) [43-46]. Depending on the media conditions, these cells can be differentiated towards a
cholinergic, dopaminergic, or adrenergic phenotype; for example, using only ATRA is
differentiated to a primary cholinergic neuronal phenotype [45, 47]. Using ATRA in combination
with growth factors (B-27 and dibutyryl cyclic AMP (db-cAMP)) can promote the complete
differentiation of the SH-SY5Y to neuron type [44, 48-50].

The difference between undifferentiated and differentiated states of SH-SY5Y is shown in Figure
5.1. Undifferentiated SH-SY5Y cells exhibit an epithelial-like morphology or “S” type. The cells
grow in clusters and form clumps of flat cells with short neurites. In contrast, differentiated
cells exhibit a neuron-like morphology or “N” type. The cells become similar to primary
neurons, expressing the neuronal projections and promoting networking between the cells [43,
44, 49].

ATRA, db-cAMP, BDNF

Undifferentiated
SH-SY5Y cells

Differentiated
SH-SY5Y to neuron cells

Figure 5.1 The differentiated process of SH-SY5Y from “S” type to “N” type. The undifferentiated
SH-SY5Y cells grow in clusters and form clumps of flat phenotype with short neurites (S type).
The differentiated cells become more neuronal-like with elongated neurotic projections
between the cells (N type).

SH-SY5Y cells have been selected for in vitro studies on neurodegenerative diseases such as AD
and PD due to their ability to differentiate into the cholinergic phenotype [49-61]. In these
studies, biomarkers like tau protein [37, 49, 54, 62-64], B tubulin [65-67], amyloid beta (AB)
[50, 53, 56, 58, 59, 61, 63], and inflammatory factors (IL-6, IL-1B, TNFa and IL-8) [52] have been
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utilized for screening SH-SY5Y cells. However, there is limited research on the glycan profiles
produced by SH-SY5Y cells.

5.1.3 Glycan levels in SH-SY5Y studies and analysis methods

Table 5.1 illustrates the types of glycans used as biomarkers in neurodegenerative disease
studies from human specimens. The glycan levels generated by SH-SY5Y cells were developed
in the study as the biomarker of the in vitro neurodegenerative state [68-70]. Examples of
glycan levels studied in SH-SY5Y cells include terminal and total monosaccharide profiles of
reeling glycoproteins (extracellular matrix glycoprotein for brain formation, cell aggregation,
and dendrite formation) [68], extracellular N-linked glycans [69], and total N-linked glycan
profiles [70]. Examples of analytical methods for detecting glycans from SH-SY5Y are lectin or
blotting [68], capillary liquid chromatography-ESI-MS/MS [68], and HPLC-MS/MS [70]. Most
studies focused on the qualitative analysis of carbohydrates from the SH-SY5Y. The molecular
mass of glycans generated from SH-SY5Y was reported. However, the number of glycans in
guantitative studies is limited. Studying different glycan levels between undifferentiated and
differentiated states of SH-SY5Y as a biomarker will benefit the pre-clinical phase of
neurodegenerative medicine development by following the cha glycan levels of the cells
generated during drug treatment.
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5.2 Aims and Objective

This work aims to apply the developed glycan analysis workflow from Chapters 2-4 to analyse
the glycan profile from a complex biological sample, namely the undifferentiated and
differentiated SH-SY5Y cell line. PNGase F was chosen to release the total N-glycan content
from undifferentiated and differentiated SH-SY5Y cell lysates. Compound 26 was chosen as the
glycan labelling reagent. The results from Chapter 4 show that the Amide SPE enrichment
method was used prior to HPLC-fluorescence analysis. The dextran ladder labelled with 26 is
used as the standard for quantitative and qualitative analysis of the glycan profile.

This research is summarised in Figure 5.2, which outlines the schemes of work carried out
within this chapter.

;8

Cells n
lysis PNGase F H
g — —

SH-SY5Y cells in Released N-glycans
undifferentiated and

differentiate state
(day 7, 14 and 21)

Purification by
PGC SPE

Purified N-glycans

2-AB labelling

Enrichment

HPLC-fluorescence

——-
by Amide SPE .
analysis

Labelled N-glycans

Figure 5.2 Workflow for glycan analysis by HPLC-fluorescence in vitro neurodegenerative cells.
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5.3 Results and Discussion
5.3.1 Testing the activity of PNGase F

PNGase F was expressed from the bacterial cells, and its activity was checked before being used
for the release of N-glycans from the SH-SY5Y cells. Figure 5.3 presents the activity testing
results from 5 samples. Two samples were demonstrated to have good activity for use in SH-
SY5Y cell lines.

RNase B

PNGaseF + + -

PNGase F

glycosyl
RNase B
deglycosyl

11

Figure 5.3 SDS-PAGE analysis of PNGase F activity using RNase B as substrate. RNase alone or
RNase B with two different aliquots of in-house produced PNGase F were incubated at 37°C for
120 minutes and then analysed by SDS-PAGE. Both aliquots PNGase F showed activity and
deglycosylated (deglycosyl) RNase B. In the absence of PNGase F, RNase B remained
glycosylated (glycosyl), confirming the specificity of activity.

5.3.2 SH-SY5Y differentiation

The differentiation protocol from Mackenzie M. Shipley et al. [44] was used, and this is
summarised in Table 5.2 and Figure 5.4. The differentiation media included ATRA, BDNF, and
db-cAMP to promote differentiation, and a reduced concentration of foetal bovine serum (FBS).
The cell culture media formulations are shown in Table 5.8. Undifferentiated and differentiated
cells were grown under the same conditions (37°C, 5% CO,). The neuronal characteristics of
fully differentiated SH-SY5Y cells are apparent by the change in the morphology of the cell and
by the detection of a specific protein using immunofluorescence. The cells were stained every
7 days with an antibody to 3-I1l tubulin.
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Table 5.2 SH-SY5Y differentiation protocol

Day Activity
0 Plate two 100 mm cell culture dishes (6x10° cells/plate) and one 6-
well plate with two coated coverslips per well (1x10° cells/well). All
plates and wells use basic growth media.
1 Change the media to differentiation media #1.
2
3 Change media (differentiation media #1).
4
5 Change media (differentiation media #1).
6
7 1. Collect the cells from one 100 mm dish for glycan profile analysis.
2. Passage the other 100 mm dish at a ratio of 1:1.
3. Perform bright field imaging and immunocytochemistry using cells
in the 6-well plate. Stain for 3-1Il tubulin.
8 Change the media to differentiation media #2.
9
10 1. Passage the cells in the 100 mm dish at a ratio of 1:4 into two 100
mm petri dishes (coated with extracellular matrix (ECM) solution
(1:100) with MEM/F12 (1:1) in differentiation media #2.
2. Plate remaining cells into two 6-well plates (1x10° cells/well) with
two coated coverslips (with poly-D-lysine and ECM) in differentiation
media #2.
11 Change the media to differentiation media #3.
12
13
14 1. Collect the cells from one 100 mm dish for glycan profile analysis.
2. Perform bright field imaging and immunocytochemistry using cells
in one 6-well plate. Stain for B-11I tubulin.
15 Change media (differentiation media #3).
16
17
18 Change media (differentiation media #3).
19
20
21 1. Collect the cells from one 100 mm dish for glycan profile analysis.
2. Perform bright field imaging and immunocytochemistry using cells
in one 6-well plate. Stain for B-1ll tubulin.
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Figure 5.4 SH-SY5Y differentiation workflow over 21 days.
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The morphological progression of SH-SY5Y differentiation over 21 days is depicted in Figure
5.5. Initially, on day 0, SH-SY5Y cells exhibit an undifferentiated state resembling an epithelial-
like or neuroblastoma morphology, cells grow in clusters with numerous short processes
extending (indicated by arrows). By days 7 and 14, cells assume a more pyramidal shape
(marked by stars) and become more rounded (marked by circles) with extended neuronal
projections (indicated by arrowheads). By day 21, complete neuronal differentiation is evident,
with cells displaying long interconnecting neurites (arrowheads) and adopting a round shape.

The proteins generated from the SH-SY5Y neuron types were reported as tau, neurofilament,
and B-1Il tubulin [48, 71-74]. Staining with B-11l tubulin antibodies of the SH-SY5Y differentiated
process (days 0, 7, 14, and 21) show more protein generation during the time. Figure 5.6
presents the immunofluorescence staining of the production of B-11I tubulin. The fluorescence
of B-1ll tubulin-producing staining is increasing intensity from the undifferentiated (day 0) to 21
days. The neuron projection (arrow) can be detected by the staining between the differentiation
processes. The results from morphology and B-11l tubulin production prove that the SH-SY5Y
cells completely differentiated to neuron type in 21 days using this differentiation protocol [44].
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(A) (B)
Undifferentiated Day 7 Undifferentiated Day 7

Day 14 Day 21 Day 14 Day 21

Figure 5.5 Morphology of SHSY-5Y cells during differentiation. SHSY-5Y cells were imaged with a bright field microscope and a 10x objective (A) and a 40x
objective (B) prior to and during differentiation. At day 0 (undifferentiated) SHSY-5Y cells were observed to have an epithelial-like cell morphology with
short projections (arrows). At day 7, cells started to exhibit longer projections, but still maintained an epithelial-like cell body with the pyramidal shape
(star). At, say, 14, the projections are clearly seen between different cells, and by day 21, a network of projections (arrowhead) with round neuron-like cell
bodies (circle) is apparent. Scale bar, 100 um.
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Undifferentiated Day 7

Day 14 Day 21

Figure 5.6 3-1ll tubulin staining of SH-SY5Y cells during differentiation. SHSY-5Y cells were fixed,
permeabilized, incubated with an antibody to -1ll tubulin followed by incubation with a
fluorescently labelled secondary antibody and imaged by epifluorescent microscopy with a 20x
objective. The intensity of the staining for B-IIl tubulin increased from the undifferentiated (day
0) to differentiated (day 21) cells. In addition, neuron-like projections (arrows) can clearly be
detected following initiation of the differentiation processes. Scale bar, 100 um.

5.3.3 Glycan analysis from SH-SY5Y cell lysates

After the collection of SH-SY5Y cells from the plate, cells were lysed by freeze-thaw in three
cycles and heated at 80°C for 1 hour before being kept at -20°C until further use. After the N-
glycans releasing step, the cell lysates were centrifuged at 10,000 g, 5 min at 4°C and then 100
pL of the supernatant was moved to a 1.5 mL tube. The denaturing buffer (40 mM DTT in 0.5%
SDS, 30 pL) was added to the reaction tube and heated at 95°C for 10 minutes. The mixture
was cooled before adding 20 pL of PNGase F. The sample was then incubated at 37°C for 12
hours. The reaction was stopped by heating at 90°C for 10 minutes and was kept at -20°C until
enrichment by PGC SPE before labelling and analysis.

5.3.3.1 Optimisation of enrichment method after N-glycan release

After releasing the N-glycans from the core using PNGase F, the lipids, proteins, salts, and other
substances must be removed before labelling with a fluorophore, as these substances interfere
with the labelling reaction. SPE (C18 and PGC) and acetone precipitation were chosen to
optimise the enrichment of the unlabelled glycans before the labelling step to remove
interferences. Table 5.3 illustrates the selected enrichment conditions.
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The first set of differentiated SH-SYS5Y lysis cells on day 7 was chosen as the model sample for
the removal of impurities from glycans before labelling.

Table 5.3 Enrichment condition for unlabelled glycans

water

Condition:3 mL of water

Load: 20 pL of sample diluted to 1 mL
with water

Wash: 5 mL of water

Elute:1 mL of 40% ACN in water

without the acid
in the solvent is
neutral and
suitable for
neutral or basic
glycan types.

Method Conditions Remarks Reference

Acetone precipitation | 1. The sample from the released - This method can | [75]
glycan step was taken, 20 uL, then 100 be used for in
uL of cold Acetone (-20°C) and kept at all types of
-20°C for 18 hours. glycans.
2. The cold sample was centrifuged at | - This method has
18,000xg, 4°C for 10 minutes. low precision.
3. The aqueous layer was collected for | The glycans can
analysis of glycans. be found in all

fragments.

SPE (C18) Equilibration: 5 mL of 80% ACN in The method [76]
0.1% TFA included acid in
Condition: 5 mL of water the system which
Load: 20 pL of sample diluted to 1 mL | was suitable for
with water acidic glycans,
Wash: 5 mL of water such as sialic acid
Elute: 5 mL of 80% ACN in 0.1% TFA glycans.

SPE (PGC) method 1 Equilibration: 5 mL of 80% ACN in The method [76]
0.1% TFA included acid in
Condition: 5 mL of water the system which
Load: 20 pL of sample diluted to 1 mL | was suitable for
with water acidic glycans,
Wash: 5 mL of water such as sialic acid
Elute: 5 mL of 80% ACN in 0.1% TFA glycans.

SPE (PGC) method 2 Equilibration: 3 mL of 80% ACN in The method [77]

The solutions in each step were collected for labelling with 26, and the excess labelling reagent

was removed by the developed method (Amide SPE) in Chapter 4.

Figure 5.7 illustrates the HPLC chromatograms of all enrichment methods. The results from the
acetone precipitate found the glycans in all fragments. C18-SPE did not afford any glycan peaks
in any steps. PGC SPE found the glycans only in the eluting step. PGC SPE-method 1 is suitable
for acidic glycans, and method 2 is suitable for basic and neutral glycans. The glycans peak from
PGC SPE-method 1 appeared less than for method 2. PGC SPE-method 2 was chosen for the
enrichment of the released neutral N-glycans sample before labelling with 26 for analysis of the
glycan profile pattern between differentiated SH-SY5Y cells.
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Figure 5.7 HPLC chromatograms of enriched released glycans before labelling (A) acetone
precipitate, (B) C18 SPE, (C) PGC SPE-method 1, and (D) PGC SPE-method 2.

5.3.2.1 The relationship between the glucose units (GU) and retention time by dextran ladder
HPLC-fluorescence analysis

Dextran ladder is the term used for the products from partial hydrolysis of dextran to glucose
homopolymer and is often used as the external standard glycan for HPLC analysis [78-81]. The
200 pL of dextran ladder standard solution (0.1 mg/mL) was taken and labelled with 26 before
HPLC analysis using the protocols from Chapter 4. The HPLC chromatogram of the labelled
dextran ladder is shown in Figure 5.8. The relationship between the GU and retention time is
shown in Table 5.4 and Figure 5.9. The calculated amount of each GU per injection is shown in
Table 5.4. The final amount of total dextran is 40 ng from the labelling procedure. The equation
and coefficient of determination (r?) in Figure 5.9 show the linear relationship between the
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retention time and GU length. The retention time of glucose unit homopolymer was used for
qualitative analysis. The percentage of peak area in Table 5.4 was used for quantifying the
percentage of the GU of glycans generated from SH-SY5Y between differentiation on Days O, 7,

14, and 21.

20~
16U
154
10 106U
56U
26U l 15GU
54 l 206U
|
0 1 1 1 1
0 10 20 30 40

Time (minutes)

Figure 5.8 The chromatogram of labelled dextran ladder with 26.

Table 5.4 The relationship between GU from the labelled dextran ladder's retention time and
the calculated amount of each GU homopolymer per injection, and all data were collected in

triplicate.
Homopolymer Retention time Average peak Peak area Calculated of
length (min) area (%) amount of GU
(ng)
1GU 5.35+0.01 210.22 +6.70 11.78 4.71
2GU 6.79 + 0.01 75.32 + 2.65 4.22 1.69
3GU 8.39+0.02 64.51 +0.33 3.61 1.45
4GU 9.96 + 0.01 64.86 +2.42 3.63 1.45
5GU 11.43+0.01 70.84 +5.84 4.39 1.76
6GU 12.73 +0.01 87.38+9.36 4.90 1.96
7GU 13.89 + 0.02 98.64 + 13.38 5.53 2.21
8GU 14.89 + 0.02 105.19 + 16.58 5.89 2.36
9GU 15.84 + 0.03 106.75 + 17.52 5.98 2.39
10GU 16.80 + 0.02 106.14 + 17.53 5.95 2.38
11GU 17.76 + 0.03 113.93 + 16.16 6.38 2.55
12GU 18.73 +0.03 106.00 + 13.48 5.94 2.38
13GU 19.71 +0.02 95.69 + 11.98 5.36 2.14
14GU 20.70 + 0.02 84.01+9.26 4.71 1.88
15GU 21.70+ 0.02 73.18 +9.07 4.10 1.64
16GU 22.71+0.02 65.35 + 8.44 3.55 1.42
17GU 23.71+0.02 55.04 +7.31 3.08 1.23
18GU 24.72 +0.03 47.57 +4.82 2.67 1.07
19GU 25.70+0.01 41.50 + 4.26 2.33 0.93
20GU 26.67 + 0.04 35.40 + 3.63 1.98 0.79
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Homopolymer Retention time Average peak Peak area Calculated of
length (min) area (%) amount of GU
(ng)
21GU 27.66 +0.03 30.04 +4.11 1.68 0.67
22GU 28.64 + 0.04 25.69 + 2.65 1.44 0.58
23GU 29.62 + 0.07 15.71+1.20 0.88 0.35
35.00
30.00
— 25.00
@
5 20.00
£
£ 1500
= y = 1.0594x + 5.7273
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Figure 5.9 The retention linearity of a dextran-derived glucose homopolymer labelled with 26,

Homopolymer length (GU)

separated by HILIC mode LC over a 35-minute runtime following a 2 pL sample injection.

5.3.3.3 Glycan profile analysis from SH-SY5Y over 3 weeks

The HPLC analysis of glycan profiles from SH-SY5Y cells differentiated over 21 days is shown in
Figure 5.10 and Table 5.5. The data from the triplicate sets of differentiated cells each show the
same pattern. In undifferentiated cells, only two glycan peaks were detected without the
glucose homopolymer unit. Following the differentiation processes, there was a decrease in
the levels of unknown glycans (highlighted by the red square in Figure 5.10), while an increase
in the generation of glucose homopolymers was observed. In order to make sure this was not
simply due to an increase in the amount of sample loaded onto the column, the protein
concentration from cell lysate samples was determined using a bicinchoninic acid (BCA) and
Micro BCA assay. Representative standard curves from each of the protein assays are
illustrated in Figure 5.11, while the total protein content for each of the cell lysate samples is

detailed in Table 5.6.
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Figure 5.10 HPLC chromatogram comparing the glycan in SH-SY5Y differentiated between 21
days. (A) set 1 (B) set 2, and (C) set 3.
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Table 5.5 The glucose homopolymer unit from the SH-SY5Y generated during the differentiation process, all data were collected in triplicate.

Cells collection Set 1 Set 2 Set 3
days RT (min) | Homopolymer | Average peak RT Homopolymer Average RT (min) | Homopolymer Average
length area (min) length peak area length peak area
Day 0 7.622 Unknown 2.47 +0.59 7.583 Unknown 1.97 +0.43 7.631 Unknown 4.14+0.94
glycan 1 glycan 1 glycan 1
8.913 Unknown 1.76 +0.35 8.839 Unknown 1.61+0.27 8.934 Unknown 2.10+0.43
glycan 2 glycan 2 glycan 2
Day 7 5.361 1GU 74.09 +0.14 5.352 1GU 29.18 + 0.80 5.335 1GU 25.58 + 1.06
6.801 2GU 26.42 +0.13 6.813 2GU 111.43+0.21 6.809 2GU 9.92 +0.25
7.629 Unknown 3.39+0.74 7.650 Unknown 14.59 +0.12 7.651 Unknown 3.32+0.19
glycan 1 glycan 1 glycan 1
8.386 3GU 25.66 +0.40 8.421 3GU 10.35+0.16 8.435 3GU 8.87+0.23
8.911 Unknown 1.38 +0.07 8.938 Unknown 12.21+0.11 8.961 Unknown 1.19+0.03
glycan 2 glycan 2 glycan 2
9.975 4GU 27.34 +0.51 10.002 4GU 10.50+0.20 10.047 4GU 9.09 +0.28
11.442 5GU 32.24+0.54 11.462 5GU 12.09 +0.17 11.525 5GU 10.41 +0.37
12.731 6GU 32.21+0.51 12.763 6GU 11.49+0.18 12.843 6GU 10.01 +0.29
13.838 7GU 31.27+0.31 13.917 7GU 11.3+0.21 13.994 7GU 9.69 +0.26
14.796 8GU 28.64 + 0.25 14.939 8GU 10.44 + 0.57 15.004 8GU 8.77+0.21
15.688 9GU 25.81+0.39 15.917 9GU 9.30+0.35 15.962 9GU 7.88 +0.27
16.570 10GU 23.50 + 1.06 16.897 10GU 8.69 +0.84 16.928 10GU 7.08 +0.39
17.699 11GU 20.76 + 1.96 17.882 11GU 7.53+0.57 17.902 11GU 6.26 +0.30
18.584 12GU 17.94 +2.05 18.858 12GU 7.21+0.19 18.896 12GU 6.01+0.31
19.721 13GU 14.74 +3.19 19.821 13GU 6.46 +0.46 19.885 13GU 5.35+0.19
20.618 14GU 12.74 +2.81 20.818 14GU 5.58 +0.18 20.883 14GU 4.73 +0.09
21.827 15GU 10.56 +2.21 21.781 15GU 488 +0.31 21.882 15GU 4.06 +0.09
22.974 16GU 8.87+2.51 22.813 16GU 438 +0.31 22.858 16GU 3.58+0.13
23.880 17GU 7.77+2.24 23.824 17GU 3.88+0.18 23.823 17GU 3.24 +0.17
24.796 18GU 6.70+1.99 24.863 18GU 3.50+0.16 24.842 18GU 2.87 +0.07
25.672 19GU 6.02+1.76 25.829 19GU 3.04 +0.22 25.855 19GU 2.36+0.30
26.787 20GU 5.08+2.01 26.823 20GU 2.80+0.10 26.832 20GU 2.16 +0.32
27.696 21GU 442 +1.68 27.527 21GU 2.57+0.12 27.819 21GU 2.08 +0.10
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Cells collection Set 1 Set 2 Set 3
days RT (min) | Homopolymer | Average peak RT Homopolymer Average RT (min) | Homopolymer Average
length area (min) length peak area length peak area
28.563 22GU 3.77+1.48 28.809 22GU 2.08 +0.08 28.785 22GU 1.71+0.11
29.613 23GU 2.65+1.19 29.815 23GU 1.44 +0.13 29.719 23GU 1.34+0.22
Day 14 5.364 1GU 42.49 +1.23 5.340 1GU 14.75 +0.99 5.352 1GU 15.76 + 0.57
6.825 2GU 14.84 +0.42 6.818 2GU 5.75+0.41 6.817 2GU 5.92+0.28
7.551 Unknown 0.23+0.01 7.659 Unknown 1.91+0.11 7.655 Unknown 3.92+0.29
glycan 1 glycan 1 glycan 1
8.434 3GU 14.75 +0.42 8.448 3GU 5.50+0.43 8.426 3GU 5.32+0.22
8.962 Unknown 0.16 + 0.06 8.975 Unknown 0.77 +0.05 8.951 Unknown 2.01+0.09
glycan 2 glycan 2 glycan 2
10.013 4GU 15.21 +0.46 10.055 4GU 5.33+0.39 10.023 4GU 5.55+0.26
11.433 5GU 17.67 + 0.50 11.518 5GU 5.94 +0.51 11.491 5GU 6.38+0.16
12.674 6GU 17.79 + 0.46 12.783 6GU 5.61+0.32 12.803 6GU 5.98 +0.26
13.750 7GU 17.10+0.59 13.888 7GU 5.53+0.28 13.953 7GU 5.66 +0.23
14.693 8GU 15.56 + 0.62 14.855 8GU 494 +014 14.943 8GU 5.18 +0.25
15.584 9GU 14.29 + 0.38 15.771 9GU 455 +0.04 15.893 9GU 4.73+0.31
16.495 10GU 13.71+0.99 16.690 10GU 4.06+0.34 16.834 10GU 4.25+0.28
17.410 11GU 12.54 +0.18 17.637 11GU 3.87+0.43 17.771 11GU 3.99 +0.27
18.372 12GU 10.86 +0.13 18.598 12GU 3.46 +0.12 18.776 12GU 3.46 +0.22
19.348 13GU 9.22 +0.25 19.589 13GU 3.06 +0.08 19.757 13GU 3.37+0.26
20.328 14GU 7.97 +0.26 20.567 14GU 2.85+0.15 20.767 14GU 2.85+0.09
21.588 15GU 6.60 + 0.52 21.558 15GU 2.51+0.07 21.767 15GU 2.55+0.21
22.572 16GU 5.83+0.69 22.547 16GU 2.25+0.17 22.736 16GU 2.47 +0.35
23.545 17GU 5.13+0.73 23.564 17GU 1.63+0.44 23.712 17GU 2.01+0.26
24.557 18GU 4.47 +0.76 24.625 18GU 1.80+0.29 24.703 18GU 1.86 + 0.02
25.752 19GU 3.65+1.08 25.564 19GU 1.63+0.44 25.710 19GU 1.41+0.27
26.768 20GU 3.28 +0.98 26.579 20GU 1.49+0.42 26.585 20GU 1.33+0.03
27.838 21GU 2.86 +0.99 27.467 21GU 1.23+0.09 27.624 21GU 1.22+0.14
28.783 22GU 2.45+0.75 28.529 22GU 1.35+0.28 28.649 22GU 1.23+0.18
29.581 23GU 1.73+0.37 29.713 23GU 1.40+0.07 29.514 23GU 1.26+0.14
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Cells collection Set 1 Set 2 Set 3
days RT (min) | Homopolymer | Average peak RT Homopolymer Average RT (min) | Homopolymer Average
length area (min) length peak area length peak area
Day 21 5.347 1GU 58.00 + 0.27 5.352 1GU 23.38 + 0.62 5.350 1GU 13.09 + 0.67
6.786 2GU 20.59 +0.12 6.807 2GU 8.18 +0.22 6.806 2GU 4.77 +0.30
7.595 Unknown 0.05+0.01 7.616 Unknown 0.39+0.14 7.529 Unknown 0.18 +0.08
glycan 1 glycan 1 glycan 1
3GU 20.25+0.11 8.412 3GU 7.96 +0.18 8.419 3GU 445 +0.33
8.865 Unknown 0.03+0.01 8.944 Unknown 0.15+0.01 8.880 Unknown 0.17 +0.02
glycan 2 glycan 2 glycan 2
9.960 4GU 21.17 +0.06 10.002 4GU 8.36+0.23 10.008 4GU 4.46 +0.18
11.421 5GU 24.93 + 0.06 11.467 5GU 9.94 +0.19 11.468 5GU 498 +0.37
12.711 6GU 25.07 +0.04 12.768 6GU 9.86 +0.19 12.760 6GU 5.03+0.34
13.853 7GU 2445 +0.11 13.911 7GU 9.60+0.23 13.893 7GU 4.71 +0.28
14.850 8GU 22.54 +0.14 14.912 8GU 8.67+0.13 14.881 8GU 4.17 +0.35
15.795 9GU 20.13 +0.27 15.865 9GU 7.89+0.22 15.819 9GU 3.96 +0.19
16.734 10GU 18.08 + 0.37 16.823 10GU 7.00+0.14 16.777 10GU 3.59+0.14
17.692 11GU 17.41 +0.32 17.791 11GU 6.73+0.51 17.735 11GU 3.47 +0.50
18.657 12GU 15.18 +0.31 18.758 12GU 6.08 +0.10 18.778 12GU 3.22+0.29
19.625 13GU 13.17+0.14 19.736 13GU 5.34+0.18 19.802 13GU 2.72+0.26
20.623 14GU 11.31+0.18 20.722 14GU 4.74 +0.25 20.775 14GU 2.56+0.18
21.612 15GU 9.77 + 0.15 21.710 15GU 4.27 +0.32 21.788 15GU 2.45+0.19
22.631 16GU 8.58 + 0.09 22.721 16GU 3.63+0.21 22.816 16GU 1.79 + 0.60
23.631 17GU 7.73+0.11 23.687 17GU 3.38+0.13 23.816 17GU 1.69 +0.29
24.640 18GU 6.84 + 0.06 24.686 18GU 2.98+0.21 24.896 18GU 1.30+0.33
25.688 19GU 5.96 +0.15 25.670 19GU 2.53 +0.08 25.888 19GU 1.33+0.13
26.729 20GU 5.13+0.22 26.681 20GU 1.90+0.30 26.702 20GU 1.11+0.36
27.774 21GU 452 +0.22 27.615 21GU 1.92+0.42 27.577 21GU 1.24 +0.07
28.897 22GU 3.66+0.34 28.603 22GU 1.56 +0.42 28.673 22GU 1.06 +0.30
29.720 23GU 2.64 +0.07 29.540 23GU 1.47 +0.25 29.547 23GU 1.00 +0.08
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Figure 5.11 Standard curve between the concentration of protein standard in BCA (A) and
Micro BCA (B) assay and absorbance at 562 nm.

Table 5.6 The total protein assay from the SH-SY5Y generated during the differentiation process

Collection days Total protein (ug/mL)
Set 1 Set 2 Set 3
Day 0O 6527.000 170.594 191.957
Day 7 4193.000 131.069 82.626
Day 14 154.784 48.948 66.522
Day 21 4021.000 115.03 73.893

The protein assay results show the correlation between the protein level in the SH-SY5Y
differentiated triplicate set between 21 days. The protein level data was used to adjust the
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glycan levels in each sample before comparing the glycan levels of SH-SY5Y produced between
the differentiated processes.

The adjusted N-glycan profile levels between 1-23GU and unknown glycans 1 and 2 from the
triplicate SH-SY5Y differentiated are shown in Table 5.7, and Figure 5.12 presents the N-glycan
profile level changing over 21 days of SH-SY5Y differentiation.

Table 5.7 The percentage of each GU in the glycans profile generated between the
differentiated over 21 days after adjusting with the total protein levels

Cells Set 1 Set 2 Set 3
collection | Homopolymer | Adjusted | Homopolymer | Adjust | Homopolymer | Adjusted
days length glycans length glycans length glycans
level amount level
(ng) (ng) (ng)
Day 7 1GU 0.0792 1GU 0.9979 1GU 1.3876
2GU 0.0282 2GU 0.3911 2GU 0.5382
3GU 0.0274 3GU 0.3540 3GU 0.4813
4GU 0.0292 4GU 0.3590 4GU 0.4935
5GU 0.0345 5GU 0.4134 5GU 0.5647
6GU 0.0344 6GU 0.3929 6GU 0.5431
7GU 0.0334 7GU 0.3806 7GU 0.5258
8GU 0.0306 8GU 0.3571 8GU 0.4760
9GU 0.0276 9GU 0.3179 9GU 0.4275
10GU 0.0251 10GU 0.2972 10GU 0.3839
11GU 0.0222 11GU 0.2575 11GU 0.3396
12GU 0.0192 12GU 0.2466 12GU 0.3260
13GU 0.0158 13GU 0.2210 13GU 0.2905
14GU 0.0136 14GU 0.1910 14GU 0.2569
15GU 0.0113 15GU 0.1668 15GU 0.2204
16GU 0.0095 16GU 0.1499 16GU 0.1941
17GU 0.0083 17GU 0.1328 17GU 0.1755
18GU 0.0072 18GU 0.1196 18GU 0.1559
19GU 0.0064 19GU 0.1041 19GU 0.1282
20GU 0.0054 20GU 0.0957 20GU 0.1172
21GU 0.0047 21GU 0.0880 21GU 0.1127
22GU 0.0040 22GU 0.0712 22GU 0.0930
23GU 0.0028 23GU 0.0492 23GU 0.0725
Total glycans 0.4802 Total glycans 6.1546 Total glycans 8.3042
Day 14 1GU 1.2307 1GU 1.3507 1GU 1.0619
2GU 0.4300 2GU 0.5269 2GU 0.3990
3GU 0.4271 3GU 0.5038 3GU 0.3584
4GU 0.4406 4GU 0.4880 4GU 0.3739
5GU 0.5118 5GU 0.5440 5GU 0.4296
6GU 0.5152 6GU 0.5139 6GU 0.4029
7GU 0.4952 7GU 0.5065 7GU 0.3814
8GU 0.4505 8GU 0.4523 8GU 0.3494
9GU 0.4138 9GU 0.4164 9GU 0.3190
10GU 0.3972 10GU 0.3721 10GU 0.2864
11GU 0.3633 11GU 0.3540 11GU 0.2686
12GU 0.3146 12GU 0.3164 12GU 0.2335
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Cells Set 1 Set 2 Set 3
collection | Homopolymer | Adjusted | Homopolymer | Adjust | Homopolymer | Adjusted
days length glycans length glycans length glycans
level amount level
(ng) (ng) (ng)
13GU 0.2669 13GU 0.2802 13GU 0.2272
14GU 0.2310 14GU 0.2606 14GU 0.1923
15GU 0.1911 15GU 0.2303 15GU 0.1720
16GU 0.1688 16GU 0.2061 16GU 0.1663
17GU 0.1486 17GU 0.1493 17GU 0.1352
18GU 0.1294 18GU 0.1650 18GU 0.1250
19GU 0.1057 19GU 0.1387 19GU 0.0954
20GU 0.0951 20GU 0.1363 20GU 0.0899
21GU 0.0829 21GU 0.1125 21GU 0.0825
22GU 0.0708 22GU 0.1232 22GU 0.0829
23GU 0.0501 23GU 0.1286 23GU 0.0849
Total glycans 7.5305 Total glycans 8.2759 Total glycans 6.3177
Day 21 1GU 0.0647 1GU 0.9113 1GU 0.7940
2GU 0.0230 2GU 0.3187 2GU 0.2895
3GU 0.0226 3GU 0.3104 3GU 0.2702
4GU 0.0236 4GU 0.3257 4GU 0.2706
5GU 0.0278 5GU 0.3875 5GU 0.3020
6GU 0.0280 6GU 0.3841 6GU 0.3052
7GU 0.0273 7GU 0.3741 7GU 0.2856
8GU 0.0251 8GU 0.3380 8GU 0.2528
9GU 0.0224 9GU 0.3073 9GU 0.2403
10GU 0.0202 10GU 0.2727 10GU 0.2180
11GU 0.0194 11GU 0.2624 11GU 0.2107
12GU 0.0169 12GU 0.2368 12GU 0.1956
13GU 0.0147 13GU 0.2083 13GU 0.1648
14GU 0.0126 14GU 0.1846 14GU 0.1554
15GU 0.0109 15GU 0.1663 15GU 0.1486
16GU 0.0096 16GU 0.1412 16GU 0.1089
17GU 0.0086 17GU 0.1317 17GU 0.1026
18GU 0.0076 18GU 0.1163 18GU 0.0787
19GU 0.0066 19GU 0.0984 19GU 0.0808
20GU 0.0057 20GU 0.0740 20GU 0.0672
21GU 0.0050 21GU 0.0748 21GU 0.0752
22GU 0.0041 22GU 0.0609 22GU 0.0646
23GU 0.0029 23GU 0.0573 23GU 0.0608
Total glycans 0.4093 Total glycans 5.7427 Total glycans 4.7422
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Figure 5.12 The changing of glycans profile generated during the triplicate set differentiation of
SH-SY5Y over 21 days. (A) the total glycans contains 1-23GU, (B) the unknown glycan 1, and (C)
the unknown glycan 1.

The data show the similarity of total glycan levels in the set 1 and 2 cell differentiated
experiment. The N-glycan profile levels were increased from day 7 to day 14 and then
decreased on day 21, while on the third set, the total glycan levels continued decreasing. The
unknown glycans 1 and 2 show a similar pattern during differentiation. The levels of unknown
glycans increased until day 14 and then suddenly dropped to a very low level on day 21
compared to the undifferentiated state.
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5.4 Conclusions and Future Work

Cell cultures are used for study in the pre-clinical phase of the drug development process to
avoid using animal testing. SH-SY5Y cell lines are a commonly used model for neurodegenerative
disease studies. Most of the biomarkers in neurodegenerative diseases in SH-SY5Y studies are
specific proteins expressed as the cells transition from an undifferentiated to a differentiated
(neuron-like) state. This chapter aimed to determine the qualitative and quantitative glycans
profile for SH-SY5Y cells in undifferentiated and differentiated states. Protein concentration
levels were chosen to normalise all glycan levels in three sets of differentiated cells to the same
level before comparing the level of glycans in the differentiated state. All homopolymer glycans
were produced in the differentiated process compared to the undifferentiated state. The N-
glycans profile in sets 1 and 2 increased to the highest level on day 14, and the level dropped
on day 21 to near the levels on day 7. The third set is different; the glycans level is highest on
day 7 and continues to decrease until day 21. The interesting point is the levels of unknown
glycan 1 and 2. These glycans were found in the undifferentiated cells and continued to
increase until day 14, then dramatically dropped to nearly zero on day 21.

In conclusion, the protocol developed in this thesis determined that differentiated SH-SY5Y
cells produced a radically different glycans profile compared to undifferentiated states-SY5Y
cells. The workflow of labelled glycan enrichment in Chapter 4 can be used to remove other
components from the labelled glycans before HPLC-fluorescence analysis. Future work will
continue studying the glycan profile level as cells differentiate into neuron-like cells. Also worth
further study is the significant decrease in the unknown glycans 1 and 2 as the cells progressed
from undifferentiated to differentiated cells. It will be of great interest to identify the structures
of these glycans. These glycans could be developed as glycan biomarkers for neurodegenerative
disease in the future.
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5.5 Experimental
5.5.1 General experiment

All chemicals used were analytical or HPLC grade, purchased from commercial sources (Sigma-
Aldrich, Merk, Fisher Scientific, Alfa Aesar and Acros Organics), and used without further
purification.

All sterile cell culture media and supplements used were purchased from commercial sources
(Corning, Fisher Scientific, Sigma-Aldrich, REF, Peprotech, and Gibco). The SH-SY5Y cell was
purchased from the European Collection of Authenticated Cell Cultures (ECACC).

5.5.2 Analytical Equipment

High performance liquid chromatography

HILIC mode HPLC was performed on an Agilent 1100 series HPLC system linked to both Agilent
G1321A FLD detector and an G1314A variable wavelength detector. Amide HILIC performed
the separation of labelled sugars on a TSKgel Amide-80 HR column (250 x 4.6 mm, 5 uM particle
size) filled with TSKgel Amide-80 guard column (15 bufferx 3.2 mm, 5 uM particle size). Solvent
A was composed of ammonium formate buffer (50 mM pH 4.4), while solvent B consisted of
ACN. The flow rate was set at 0.8 mL/ min, and the column was maintained at 40°C for the
duration of the run.

Separation of labelled sugars took place over 35 minutes with a linear gradient beginning with
65% phase B at 10 minutes, with a further gradient to 50% in 10 minutes, to 45% in 5 minutes,
to 10% in 3 minutes, maintain 10% for 2 minutes before returning to injection condition of 65%
B between 31-35 minutes. The column was conditioned with 65% B, 5 minutes before the next
injection. The injection volume was 2 uL per injection. The fluorescence detection used the
excitation wavelength 240 nm and emission wavelength 420 nm. The Fluorescence absorptivity
detection was reported as luminescence unit (LU) represent to the Agilent system.

5.5.3 Solvents and Buffer

4% Paraformaldehyde (PFA) solution

Distilled deionised water (DDW, 70 mL) was warmed in a microwave for approximately 30
seconds. 10x PBS (10 mL), paraformaldehyde (PFA, 4 g) and 10 M NaOH (2-3 drops) were added
and the solution stirred until the PFA dissolved. The solution was then allowed to cool to room
temperature and the pH adjusted to 7.4 using 1 M HCI. The solution was adjusted to a volume
of 100 mL with DDW. Finally, the solution was filtered through a 0.2 um bottle top filter.

Immunocytochemistry Blocking Buffer

A 5x stock (500 mL) of blocking buffer was made as follows: Normal horse serum (NHS, 50 mL),
10x PBS (250 mL), Saponin (2.5 g). The solution was stirred until the saponin dissolved, filtered
through a 0.2 um bottle top filter and stored at -20°C in 10 mL aliquots. For 1x blocking buffer,
a single 10 mL aliquot of 5x stock was diluted to 50 mL using DDW.

5 mM all-trans retinoic acid (ATRA)
ATRA (5 mg, 0.0167 mmol) was dissolved in ethanol (3.33 mL). This solution is sensitive to heat,
light, and air and was stored in a dark tube at 4°C for a maximum of 6 weeks.
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1 M Potassium chloride solution
Potassium chloride (18.6 g, 0.25 mol) was dissolved in water (250 mL). The solution was
sterilised by autoclaving and stored at 4°C until used.

5.5.4 Media formulation

The formulation of basic growth media, differentiation media #1, #2, and #3 is shown in Table
5.8. Table 5.9 illustrates the concentration of each component in the formulation [44].

Table 5.8 The volume of each component in the SH-SY5Y growth media

Component

Basic Growth
Media
(Total volume
50 mL)

Differentiation
Media #1
(Total volume 50
mL)

Differentiation
Media #2
(Total volume 50
mL)

Differentiation
Media #3
(Total volume 50
mL)

Minimum
Essential
Medium (MEM)

22.25 mL

24 mL

24.45 mL

Nutrient
Mixture F-12
Ham

22.5mL

24 mL

24.45 mL

Foetal bovine
serum (FBS)

5mL

1.3 mL

500 uL

Glutamine
(100x)

500 uL

500 uL

500 uL

500 uL

ATRA stock
solution (5 mM)

100 pL

100 pL

100 pL

Neurobasal
medium (NB)

46.15 mL

B-27
supplement
(50x)

1mL

BDNF (10
ug/mL)

250 uL

db-cAMP (100
mmol/mL)

1mL

1 M Potassium
chloride

1mL
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Table 5.9 The final concentration of each component in the SH-SY5Y growth media (50 mL)

Component

Basic Growth
Media

Differentiation
Media #1

Differentiation
Media #2

Differentiation
Media #3

Minimum 44.5% v/v 48% v/v 48.9% v/v -
Essential
Medium (MEM)
Nutrient
Mixture F-12
Ham

Foetal Bovine
Serum (FBS)
Glutamine
(100x)

ATRA stock -
solution (5 mM)
Neurobasal - - -
medium (NB)
B-27 - - - 1x
supplement
(50x)

BDNF (10 - - -
ug/mL)
db-cAMP (100 - - -
mmol/mL)
1 M Potassium - - -

chloride

44.5% v/v 48% v/v 48.9% v/v -

15% v/v 2.5% v/v 1% v/v -

N

2 mM (1x) mM (1x) 2 mM (1x) 2 mM (1x)

10 um 10 um 10 um

92.3% v/v

50 ng/mL

2 mmol

20 mM

2 M Ammonium formate buffer stock solution pH 4.4

Formic acid (184.12 g, 4 mol) was combined with water (1L) and cooled to 0°C in an ice bath.
25% Ammonium solution (200 mL) was then added in 50 mL increments. The pH was adjusted
to 4.4 by the 25% ammonium solution. The stock solution was then diluted to 2 L to a final
concentration 50 mM and used as a HILIC phase modifier.

Labelling agent stock solution
Compound 26 was weighed and diluted in MeOH to a final concentration of 40 mmol/mL.

Labelling buffer solution
Boric acid (3 g, 0.04 mol) and sodium acetate trihydrate (6 g, 0.045 mol) were dissolved in
MeOH (100 mL).

Sodium cyanoborohydride solution
Sodium cyanoborohydride solution was prepared at 0.42 mM in the labelling buffer solution.

5.5.5 General Cell Culture Condition

5.5.5.1 Reviving cells from long-term liquid nitrogen storage

The basic growth media was prepared under aseptic conditions and warmed at 37°C before
thawing the vial frozen cells in a 37°C waterbath. Once thawed, the cells were added to basic
growth media (9 mL) in a 15 mL conical tube and centrifuged (100 g, 5 minutes). The
supernatant was discarded, the cell pellet was resuspended basic growth media (10 mL) and
the cells transferred to a T-75 culture flask. The cells were cultivated in a humidified incubator
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at 37°C with 5% CO.. The basic growth media was replaced every 2-3 days, and cells were
monitored for confluence. Cells were sub-cultured when they reached 80-90% confluency.

5.5.5.2 Sub-culture Conditions for Maintenance Cultures

Cells were passaged upon reaching 80-90% confluency (every 3-5 days). The old media was
removed from the flask and then rinsed once with approximately 10 mL of PBS (without
magnesium chloride and calcium chloride). After aspirating PBS, the warm (37°C) of 0.05%
trypsin-EDTA (1x), 5 mL was added into the flask. The cells were incubated with the trypsin
solution at 37°C for 2-3 minutes until the cells were all detached. 5 mL of basic growth media
was added to stop the trypsin activity, and the cell suspension was transferred to a 15 mL tube.
The solution was centrifuged at 1,00 g for 5 minutes, and then the supernatant was aspirated.
The cell pellet was resuspended with 10 mL of basic growth media, and cells were subcultured
at a ratio of 1:5 in a T75 flask before being incubated at 37°C, 5% CO..

5.5.5.3 Preparation of cells for storage in liquid nitrogen.

Following sub-culturing, cells were collected by centrifugation (100 g, 5 min) and then
resuspended in basic growth media (1 mL per 2 mL of original solution) containing DMSO (10%
v/v) in a 1.5 mL cryovial. Cells were transferred to a Mr. Frosty container and placed at -80°C
for ~24 h before transferring the vial to liquid nitrogen for long-term storage.

5.5.5.4 Cell lysis

The cell culture dish (100 mm) was placed on the ice before removing the media. The cells
were washed with ice-cold PBS (containing calcium and magnesium chloride, 5 mL). Cells were
then collected into ice-cold PBS (1 mL) using a cell scraper and transferred toa 1.5 mL
microcentrifuge tube. The cells were lysed by several repeated freeze-thaw cycles, and
denatured at 80°C for 1 hour. The cell lysate solution was kept at -20°C until required.

5.5.6 Immunocytochemistry

SHSY-5Y cells were grown on glass coverslips (13 mm round, German glass, #1) coated with
high molecular mass poly-d-lysine (20 pg/mL) for 15 minutes at room temperature and then
rinsed with sterile DDW. SH-SY5Y cells were seeded 1x10° cells/well (6-well plate) on the
coated coverslips.

At the appropriate time point, the media from the cells was removed, the cells were carefully
washed with PBS containing calcium and magnesium chloride and then cells were fixed by
incubating in 4% PFA (4°C, 20 min, room temperature). After that, the cells were washed with
blocking buffer (3 times for 5 mins). Coverslips were transferred to a humidified tray with
parafilm, primary antibody in blocking buffer (40-50 uL) added to the cells and incubated
overnight at 4°C. To remove excess primary antibody the coverslips were washed with blocking
buffer (3 times for 5 mins), before adding secondary antibody in blocking buffer (2 h, room
temperature) on the parafilm-coated tray. The coverslips were then washed 3 times for 5
minutes with blocking buffer and then rinsed 3 times with 1x PBS. Finally, excess PBS from the
underside of the coverslip was removed using a soft tissue and the coverslip was mounted in a
glass microscope slide using mounting media containing the nuclear stain, DAPI.

5.5.7 Activity testing PNGase F

All PNGase F enzymes were tested for the deglycosylation activity of RNase B before use. A
sample solution of RNase B (20 ug, 9 ulL) in water was added to denaturing buffer (1 uL 40 mM
DTT in 0.5% SDS) and held at 95°C for 10 minutes. The mixture was cooled, and PNGase F was
added to the sodium phosphate buffer solution (50 mM, pH 7) to a final volume of 20 uL. The
sample was incubated at 37°C for 120 minutes. The digestion was stopped by adding 4x loading
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dye (4 pL) before samples were analysed by SDS-PAGE (15%) at 150V. The gel was then stained
with Coomassie stain (2 hours) before being rinsed and destained for 6 hours, revealing a >1
kDa mass change.

5.5.8 Preparation of glycans standard and sample

5.5.8.1 Dextran ladder

Dextran from Leuconostoc mesenteroides (Mr ~ 200,000, 1 g) was dissolved in a solution of 0.1
M HCI (10 mL) and heated to 100°C under reflux conditions. The conditions were maintained
for 4 hours while stirring. The solution was then cooled on ice to room temperature, and pH
was neutralised using Amberlite IRA 157 (1.5 g). The solution containing ion exchange resin was
stirred until neutrality was achieved, pH 7. The solution was then filtrated and collected before
being diluted to 0.1 mg/mL in water.

5.5.8.2 Release of N-linked glycans of SH-SY5Y lysates

A cell lysate of SH-SY5Y (200 pL), the lysate protocol from 5.5.5.4, was added to denaturing
buffer (40 mM DTT in 0.5% SDS, 30 pL) and was held at 95°C for 10 minutes. The mixture was
cooled, and PNGase F (100 pg) and PBS (300 plL) were added. The sample was then incubated
at 37°C for 12 hours. The solution was then made up to 1 mL with an 18Q H,0 centrifuge at
10,000 rpm for 10 minutes. The supernatant was loaded to PGC SPE to enrich glycans before
being labelled with Compound 26.

5.5.8.3 General enrichment of released N-glycans before labelling with PGC SPE

The PGC SPE was conditioned with 1 mL of 80% ACN in water 3 times and then equilibrated
with 1 mL of water 3 times. The released N-glycan sample from the PNGase F released reaction
1 mL was loaded after equilibrating. Let the solvent drip through the cartridge. The wash step
was 1 mL of water, 5 times. In the last wash, let the cartridge dry before eluting the unlabelled
glycans with 1 mL of 40% ACN in water. The solution from the eluting step was dried with a
speed vac and kept at -20°C until redissolved with 100 pL of MeOH for labelling with 26.

5.5.8.4 General labelling procedure of glycans

Released glycan from SH-SY5Y cells after enrichment by PGC SPE was redissolved with 100 pL
of MeOH in the centrifuge tube and mixed with the 100 uL of labelling buffer and 15 pL of
sodium cyanoborohydride solution. The labelling solution (26, 40 mmol/mL in MeOH) was
added (100 pL). The reaction mixture was then vortexed and centrifuged for 10 seconds before
being heated at 65°C for 180 minutes. The reaction solution was quenched with the addition of
ACN (950 pL), producing a white precipitate. The quenched solution was transferred for
enrichment with Amide SPE. The elute solution from the enrichment method was dried and
kept at 20°C until redissolved with 500 uL of HPLC water before injection into HPLC.

5.5.8.5 General enrichment of labelled glycan with Amide SPE

The Amide SPE was equilibrated with 1 mL of methanol twice. The labelled glycan sample from
the labelling reaction (1 mL) was loaded after equilibrating. Let the solvent dripped through the
cartridge. The first wash was 1 mL of 99% ACN (aq), 5 times. The second wash was 1 mL of 97%
ACN (aqg), 5 times. In the last wash, let the cartridge dry before eluting the labelled glycans with
800 pL of HPLC water. The eluted solution from the enrichment method was dried and kept at
-20°C until redissolved with 0.5 mL of HPLC water for HPLC analysis.
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5.5.9 Quantification of protein from SH-SY5Y cell lysates

5.5.9.1 BCA assay

Reagents for the assay were purchased from Thermo Scientific. The BCA standards were
prepared in the concentration between 2-10 mg/mL by DDW and used DDW as blank and then
pipet all concentrations 10 plL duplicated per concentration to the 96 well-plate. The sample
was prepared and diluted with DDW before adding 10 pL triplicate to the 96 well-plate. The
mixture of BCA and 4% copper sulphate in the ratio of 50:1 was prepared before adding 200 uL
per well. The 96 well-plate was incubated at 37°C for 30 minutes before reading the absorbance
at 562 nm with a microplate reader.

5.5.9.2 Micro BCA assay

Reagents for the assay were purchased from Thermo Scientific. The BSA standards were
prepared in a concentration between 40-200 pg/mL from the stock solution (2.0 mg/mL) with
DDW and used DDW as blank. 100 pL of all concentrations (duplicate) of standards and samples
(triplicate) were pipetted to the 96 well-plate. The Micro BCA working reagent (Reagent
MA:MB:MC 25:24:1) 100 uL was added per well. The 96 well-plate was incubated at 60°C for
60 minutes before reading the absorbance at 562 nm with a microplate reader.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

A glycan analysis workflow using HPLC-fluorescence for investigating the N- and O-linked
glycans in neurodegenerative diseases was developed in this thesis. Chapter 2 used the
synthetic labelling reagent (5) to label N- and O-linked glycans by a reductive amination and a
CuAAc reaction, respectively. Chapter 3 optimised the protein cleavage method for labelling
the amino glycans in the amino acids’ sidechain. Chapter 4 compared the SPE enrichment of
the labelled glycans method with alternative methods (using cotton wool as the sorbent base).
Finally, Chapter 5 implemented all processes to develop the analysis workflow for the glycan
profile levels generated from SH-SY5Y cells (human neurological cell lines) during differentiation
to the complete neuron types.

Chapter 2 aimed to determine that the synthetic alkyne labelling reagent (5) can label the N-
and O-linked glycans for HPLC-fluorescence analysis. The O-linked glycans required conversion
of the amino acid side chain to amino azide before being labelled by the CuAAc reaction, as
shown in Figure 6.1 (A). The N-linked glycans can be labelled with 5 by reductive amination
(Figure 6.1 (B)) or CuAAc reaction at the amino azide side chain. The HPLC chromatogram using
5 as the labelling reagent in N- and O-linked glycan models (16 and 25) in different reactions is
shown in Figure 6.1 (C). The HPLC chromatogram showed different retention times of 1 and 2
GU (5.3 and 6.5 minutes, respectively) of different linkage types of glycans. This result means 5
can be used as the labelling reagent for different linkage types for HPLC-fluorescence analysis
in different labelling reactions for the general form of glycans and the amino azide form of
glycans. However, most of the CuAAc reaction studies of glycans in living cells focus on
introducing the azide functional group to the sugar moieties. The monosaccharide that attaches
with amino acids is GIcNAc for N-linked and GalNAc for O-linked glycans. Using the CuAAc
reaction to label the fluorophore at the azide sugar side chain still needs to release glycan from
the cores as labelled by reductive amination reaction. The problems with the O-linked glycans,
which have no specific enzymes for all cores releasing and peeling by-products, continue to
exist. Modifying the amino azide side chain labelled by CuAAc was developed in this Chapter as
the alternative method. Labelling the fluorophore at the amino acids side chain can analyse all
core N- and O-linked glycans simultaneously without releasing the glycan from the cores.
However, this method needs to hydrolyse the protein to a single amino acid and glycoprotein
before labelling and enriching the labelled glycoprotein from the labelled amino acids for HPLC
analysis. The protein hydrolysis and enrichment methods were studied in Chapters 3 and 4 of
this thesis, respectively.

Chapter 3 aimed to optimise methods to analyse N- and O-linked glycans simultaneously
without releasing the glycans from the core by cleavage from the peptide to a single amino
acid. RNase A was used as the simple protein model for investigation and does not contain
glycans in its structure. A combination of enzymes (pepsin, trypsin, LAP, and pronase) and acid
concentrations (1-5 M HCI) were chosen for the cleavage of the protein to single amino acids.
DNS, which is a fluorescence labelling reagent for the amine group, was selected to label the
amino acids’ side chains to prove the cleavage results. However, the results in this section did
not complete the objective. The four enzymes and 5 M HCl were unable to cleave the simple
protein model to single amino acids completely. The peptide peaks were still found in the
chromatogram.
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Chapter 4 aimed to develop and optimise the enrichment of labelled glycans using SPE and
compare the results with cotton wool enrichment using 5 and 26 as the labelling reagents.
Lactose was used as the model substrate. The high concentration of the excess labelling
reagents interfered with the sample peaks in the HPLC chromatogram by decreasing the
resolution between the labelling reagent and nearby sample peaks. The high intensity of
labelling reagent can decrease the appearance of the sample peaks, especially with a low
concentration of samples.

The first objective is optimaisation the type of SPE for enrichment the labelled glycans.
Standard 16 and 27 (100 nmol/ml) as the labelled N-glycan model and 5 and 26 as the labelling
reagents were used for optimising the types and conditions of SPE enrichment. The various
types and brands of SPE (C8, C18, Amide, PGC, Specific SPE for glycans analysis (Superco
Discovery glycans), porous polystyrene DVB, SAX, and SCX) were studied for selecting the
optimum method for enriching the labelled glycans. In theory, the best SPE condition for
enriching labelled glycans can remove all the excess labelling reagents in the loading and
washing steps. Moreover, the labelled glycans should be found in the eluting step with more
than 95% recovery. Amide SPE brand A was chosen to enrich labelled glycans. The results
showed that only Amide SPE brand A could remove the labelling reagents (5 and 26) during the
loading and washing steps. Standards 16 and 27 were found in the eluting steps in more than
95% yield. Figure 6.1 (F and G) shows the standards 16 and 27 chromatograms from the Amide-
SPE enrichment results in each step. This phenomenon represents the theory that only the
target molecule can make the bond with the absorbent of the SPE and break that bond by the
eluting solvent. However, the interfered molecules cannot make the bond with the absorbent
and are removed from the SPE cartridge before the eluting step. Some standards 16 and 27
(less than 5%) were found in the washing step from the water content (1-3%) in the washing
step solvent system. However, the two brands of the Amide SPE afforded different recovery
percentages.

The second objective in this Chapter is developing the alternative enrichment labelled glycans
by using the cotton wool as the sorbent base. This method was developed and compared to
the commercial Amide SPE for the enrichment of the labelled glycans. The results showed that
the efficiency of cotton wool (brand A) enrichment of the labelled glycan standards (16 and 27)
from the excess labelling reagents (5 and 26) in the studied condition was equivalent to Amide
SPE (brand A), as shown in Figure 6.1 (H and 1). However, the results showed that the water
content in the loading and washing step affected the bond between the labelled glycans and
cotton wool. The cotton wool was defined as the HILIC SPE system [1-4]. The differences in
enrichment efficiency between the three cotton wool brands showed the different results in
brand C from brands A and B. The cotton wool brand C had lower recovery percentages of
standards in the eluting step than brands A and B.

The enrichment results from Amide SPE and cotton wool were confirmed using more complex
glycans (maltotriose and dextran ladder) that had been labelled using 5 and 26, as shown in
Figures 6.1 (J and K for maltotriose, and L and M for dextran ladder). The results showed that
enrichment from the cotton wool brand A could enrich the labelled glycans in the different
labelling reagents and glucose units equivalent to the Amide SPE for the same amount of
labelled glycans. Cotton wool can be developed as the alternative cheap, accurate and precise
enrichment protocol for labelled glycans to replace SPE. However, the absorption and
enrichment capacity of cotton wool depended on the weight and brand of cotton wool. As in
this study, the weight of cotton wool 5+0.5 mg per tip can enrich the labelled glycan between
10-100 nmol.

Chapter 5 aimed to apply the developed glycan analysis workflow from Chapters 2-4 to analyse
the glycan profile from a complex biological sample. The N-glycan profile levels were chosen as
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a potential biomarker in neurodegenerative disorders. The SH-SY5Y cell line was chosen as the
neurodegenerative model. In this study, SH-SY5Y cells were stimulated from the epithelial-like
morphology (S type) to the neuron-like morphology (N type) by adding ATRA, B-27, db-cAMP,
and BDNF in the differentiation media over 21 days, as shown in Figure 6.1 (N). The neuronal
characteristics of fully differentiated SH-SY5Y cells are apparent by the change in the
morphology of the cell and by the detection of a specific protein using immunofluorescence.
The cells were stained every 7 days with an antibody to B-IIl tubulin. The glycan profiles were
analysed every 7 days by HPLC-fluorescence. The glycan profiles between the differentiated
and undifferentiated states of SH-SY5Y were studied using 26 as the labelling reagent and the
enrichment method using SPE, as reported in Chapter 4. The results showed SH-SY5Y generated
the glycans between 1-23 GU in the differentiated and undifferentiated states, as shown in
Figures 6.1 (0). The glycan between 1-23 GU was not found in the undifferentiated state. All
homopolymer glycans were produced in the differentiated process. The two unknown glycans
were found in the undifferentiated state and decreasing levels when differentiated to neuron-
like morphology on day 21.

In conclusion, carbohydrate analysis for biomedical workflow for neurodegenerative disorders
was developed using HPLC-fluorescence to analyse the total N-glycans produced during
differentiation of neuron cell lines. The results show the different levels of N-glycans between
the undifferentiated and differentiated states. The calculation of the total N-glycans
demonstrated that there are increases of 1-23 GU and decreases of unknown glycans 1 and 2
between the cells differentiated to the neuron type. This thesis’s outcomes are summarised in
Figure 6.5, which summarises the main findings from each chapter.
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accurate, and precise enrichment
protocol for labelled glycans.
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to analysis of glycan profile during the
differentiation process.

result
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6.2 Future work

Figure 6.3 summarizes the future work and suggestions for this thesis. Chapter 2 studied using
the synthetic alkyne labelling reagent (5) to label the glycans for HPLC analysis. Compound 5
can be labelled glycan by reductive amination reaction for normal glycan and CuAAc reaction
for azido-glycans. There are researches on using azido-modified monosaccharides, such as
azido-sialic acid or azido-mannose [5, 6], or introducing the alkyne functional group to the
sugar structure [7] to label the fluorescence of the glycan by CuAAc reaction for HPLC analysis.
These methods were developed for cell activity tracking in living cells in vitro. The CuAAc
reaction for glycan labelling should be developed workflow for future work by introducing the
azide to the amino acids, cleaving the protein to single amino acids, labelling the azido-
glycoproteins by CuAAc reaction for adding the fluorophore and enriching the labelled azido-
glycoproteins before HPLC analysis. This developed workflow can analyse the N- and O-linked
glycans simultaneously. However, the limitation of 5 was lower fluorescence absorptivity than
the commercial labelling reagent (26), shown in Figure 6.1 (F). Improving the 5 structure to
increase the fluorescence absorption is needed to increase the sensitivity and lower the limit
of detection for quantitative analysis of the labelled glycans.

For Chapter 3, the protein hydrolysis method needs improvement to complete the protein
digestion to single amino acids. This approach can then analyse the N- and O-amino glycans in
the protein sequences. In theory, cleavage of the protein to single amino acids and labelled
fluorophore at the amino acid side chain can analyse the amino glycans without releasing the
glycan from the cores. However, the studies of protein hydrolysis used strong conditions, such
as high temperatures (> 100 °C) with strong acids, such as 4-12 M HCI, 88% FA [8-14] or a
combination of simulated human digestive fluid (including amylase, pepsin, pancreatin, trypsin,
bile or commercial simulated digestive fluid) [15-17]. For stabilising the glycans, simulated
human digestion juices should be selected as the first choice of complete protein digestion to
complete the purpose of this Chapter in future research.

Chapter 4, the alternative enrichment of labelled carbohydrates by cotton wool tips, requires
the development of a consistent method for preparing cotton wool tips to ensure consistency
of the results and increase the loading capacity. Moreover, the different SPE and cotton wool
brands gave different results. The standard preparation of the SPE absorbent materials should
be developed to ensure consistency between the brands. For the cotton wool SPE, studying the
physical and chemical properties of the different brands can define the different enrichment
properties. The results can be used to select the cotton wool to prepare as the SPE tip to avoid
the different enrichment properties.

From Chapter 5, the unknown glycans 1 and 2 were interesting glycans as biomarkers in
neurodegenerative disease, as the levels decrease during the SH-SY5Y differentiation, as shown
in Figures 6.1 (0). The study should be repeated to confirm the increase of total N-glycans and
decrease of unknown glycans 1 and 2.

The purification and elucidation of unknown glycans 1 and 2 structures are required. After
clarifying the two unknown glycan structures, the levels of N- glycan profile and these two
unknown glycans should be investigated by comparing the neurodegenerative patients and
healthy people's biological samples (for example, blood, serum, or CSF) to be the potential
biomarkers. If the results are correlated between the in vitro and in vivo about the N-glycan
and two unknown glycan levels. The SH-SY5Y cell line can be used in the pre-clinical phase
study of the neurodegenerative medicines development process by following the changing of
glycan levels.
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Figure 6.3 Schematic representation of the future work and suggestions.
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