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Abstract
Glycosylation is a vital modification for many macro-biomolecules to obtain structural heterogene-
ity and functional diversity. In the immune system, nearly all engaged molecules are glycosylated, 
and their glycosylation status directly correlates with their functions. Therefore, structural studies 
of glycosylation are important and fundamental to allow understanding of the basic mechanisms 
underlying the immune system. In this thesis, comprehensive mass spectrometric based glycomic 
and glycoproteomic strategies were applied to investigate the glycosylation of the following immu-
nologically important glycoproteins and animal models: pregnancy specific glycoprotein 1 (PSG1), 
canine melanoma, fragment crystallisable (Fc) fusion protein and cryoglobulins. 

Glycomic and glycoproteomic studies of native PSG1 showed that four of the seven N-glycosylation 
sites on this protein were occupied by glycans, which were dominated by mono- and bi-antennary 
complex structures with sialylation and partial core-fucosylation. N-glycosylation of recombinant 
N-terminal domain of PSG1 from Chinese Hamster Ovary (CHO) systems differs from the native 
materials for universal core-fucosylation and extensive poly-LacNAc elongation. N-glycosylation 
of the new Expi-CHO system was characterised as abundant truncated multi-antennary complex 
structures.

Analysis of the glycoprotein and glycolipid glycans expressed by stage III canine melanoma cells 
indicates that the glycosylation of this animal model is highly consistent with that of human mela-
noma with an exception of species-specific expression of Gal-α-Gal epitopes. These results support 
the idea that canine melanoma should be an excellent animal model for the pre-clinical studies of 
melanoma. 

Glycomic studies of the Fc fusion protein with engineered additional N-glycosylation sites indi-
cated an improvement of sialylation and branching on N-glycans in a CHO cell system. Identical 
fusion proteins expressed in a HEK293 cell system exhibited more diverse epitopes and 
considerable antennary truncation.

Finally, analysis of the N-glycosylation of cryoglobulin indicated that glycosylation might not play 
a vital role in the formation of the cryoprecipitate of mixed-type cryoglobulins.
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Chapter 1 Introduction

1.1 Glycobiology

Glycobiology is a field in life sciences which studies the nature of carbohydrates in respect of their 
structure, biosynthesis, function and evolution in all living systems (Cummings and Pierce, 2014). 
The term carbohydrates was coined in the late 19th century since their compositions fit an empirical 
formula of Cn(H2O)n with possession of a carbonyl group as either an aldehyde or ketone (Seeberger, 
2015). Emil Fischer firstly synthesised a structure of glucose, a common monosaccharide, and estab-
lished the first classification and stereochemical projection of carbohydrates. However, such studies of 
carbohydrates were not immediately linked to their biological roles. 

A century later, the term glycobiology was introduced in 1988 to emphasise the return of carbohy-
drates, renamed as glycans, from studies of chemistry to biology (Blow, 2009). It unified the mod-
ern understandings of cell and molecular biology with principles of biochemistry and carbohydrate 
chemistry (Varki and Kornfeld, 2015). This step forward was associated with the great developments 
of biological and analytical technologies, including mass spectrometry, glycan microarrays and gene 
sequencing. These technologies enable more comprehensive investigations of glycans and their recep-
tors to elucidate their biological engagements. Due to the dramatic developments of glycobiology in 
the last few decades, glycans have been recognised as one of the four founding macromolecules of liv-
ing systems along with nucleic acids, proteins and lipids (Hart and Copeland, 2010).

Glycans are widely distributed in nature via covalently linking to the other macromolecules as sac-
charide-chain to form glycoconjugates. Glycoconjugates in cells can be linked with nucleic acids or 
cytoplasmic proteins and therefore be involved in cytoplasmic signalling and gene expression. Gly-
coconjugates on cell surface in the form of glycoproteins and lipids can form a dense array of glycans 
that cover the surface, the so-called glycocalyx (Varki, 2007). The divergent functions of glycocon-
jugates are not only from the linking macromolecules, but also from the glycans themselves. Glycan 
sequences are not predictable from a gene template since only 1% of the genome of most species are 
related to glycan processing (Coutinho et al., 2003). The stereochemistry of each monosaccharide can 
further contribute to the complexity of glycan structures. Thus, the heterogeneity of glycoconjugates 
generates enormous inherent biological complexities.

In this thesis, I focus on projects characterising protein derived N-, O-glycans and glycolipid derived 
glycans from different living systems to understand their structural significance correlating to their 
functionalities in relevant events.
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1.2 Monosaccharides

The simplest glycans are defined as monosaccharides which cannot be further hydrolysed to a smaller 
unit. The composition of all simple monosaccharides can be represented by the classic empirical for-
mula, Cn(H2O)n, and the n commonly ranges from 3-9 (Seeberger, 2015). Monosaccharides are gener-
ally named by the number of carbons that they possess, such as pentose for five carbons and hexose 
for six carbons. Pentose and hexose are also the most common monosaccharides that can be found in 
mammalian systems. 

Monosaccharides are a chain of hydroxymethylene units with a hydroxymethyl terminal at one end 
and a(n) aldehyde/ketone terminal at the other end (Seeberger, 2015). Due to the presence of a hy-
droxyl group, the carbon of hydroxymethylene is conferred with chirality. The chiral carbon can have 
two configurations, so that each monosaccharide can have 2k possible stereoisomers, k corresponds to 
the number of chiral carbons. For instance, a six carbon hexose has four internal hydroxylmethylene, 
so it can have 16(24) different isomeric forms (Seeberger, 2015).

Following the nomenclature of organic chemistry, carbon atoms on monosaccharides are numbered 
from the aldehyde carbon as C-1 and ketone carbon as C-2 (Seeberger, 2015). There are two overall 
configurations, D and L, on each monosaccharide determined by a chiral carbon (configurational 
carbon) which is the furtherest one to the aldehyde/ketone group. Using the Fisher projection, the two 
overall configurations can be represented by the positioning of the hydroxyl group on the right (D-) or 
the left (L-) to the configurational carbon. Epimers are termed as a pair of monosaccharides which are 
only different from the configuration at one chiral carbon. The interchange of configurations of two 
epimers is named epimerisation. For instance, epimerisation of D-Gal at C-4 results in D-Glc, and the 
C-2 epimer of D-Glc is the D-Man (Figure 1.1). 

Monosaccharides can be organised into two forms as acyclic and cyclic dependent on the reaction 
between the aldehyde/ketone group and one of the hydroxyl groups to form a cyclic hemiacetal or 
hemiketal. Generally, there are five or six-membered hemiacetals formed on monosaccharides named 
furanose and pyranose, respectively. The cyclic form of monosaccharide can be adopted into the Har-
worth Projection. Moreover, the formation of this cyclic hemiacetal introduces two more configura-
tions onto monosaccharides as the aldehyde/ketone carbon is amended to a chiral one, named ano-
meric carbon. The two anomeric configurations are determined by the chiral consistency between 
anomeric and configurational carbons as α and β anomers. Simple monosaccharides can be further 
modified to form divergent monosaccharide structures. For example, N-acetylhexosamine is derived 
from hexose by a replacement of its C-2 hydroxyl group to an acetylated amino group. The N-acetyl-
hexosamine can be further modified to larger structures named sialic acid by reacting with phospho-
enolpyruvate. There are enormous potential variants of monosaccharide structures, due to stereo-
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chemistry and modifications, whereas only eight monosaccharides are listed in this thesis which are 
commonly observed in mammalian systems (Table 1.1).

Glycosidic bonding is the main driving-force for monosaccharides to covalently connect with another 
monosaccharide and biomolecules. The bonding principally joints the hemiacetal group on the ano-
meric carbon of a monosaccharide to a hydroxyl group of another molecule via formation of an acetal 
glycosidic bond. The glycosidic bond is the fundamental linkage of all glycans between connected 
monosaccharide residues (Seeberger, 2015). An example of glycosidic bonding is shown in Figure 1.2 
as the formation of a disaccharide, Lactose. The C-1 anomeric carbon of a Gal and the C-4 carbon of a 
Glc are jointed together via a glycosidic bond to form the Lactose. The linkage of this glycosidic bond 
is defined by the anomeric configuration of the Gal and the carbon of the hydroxyl group involved 
on the Glc as β1,4. Thereby, the disaccharide can also be more accurately described as Galβ1,4Glc to 
reflect its composition and glycosidic linkage. The presenting orientation of the lactose sequence from 
left to right is defined by the reducing capability of the ends of the saccharides. As the Glc retains its 
hemiacetal group which still maintains its reducing power in reaction, this Glc is named the reducing-

Monosaccharide Abbreviation Symbol Structure

L-Fucose Fuc

D-Glucose Glc

D-Galactose Gal

D-Mannose Man

D-N-Acetyl-Glucosamine GlcNAc

D-N-Acetyl-Galactosamine GalNAc

N-acetylneuraminic acid NeuAc

N-Glycolylneuraminic acid NeuGc

Table 1.1 Common Mammalian Monosaccharides
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Table 1.2 Nucleotide Sugars for Common Mammalian Monosaccharide
Monosaccharide Nucleotide Sugar

Glc UDP-Glc
Man GDP-Man
Gal UDP-Gal
Fuc GDP-Fuc

GlcNAc UDP-GlcNAc
GalNAc UDP-GalNAc
NeuAc CMP-NeuAc
NeuGc CMP-NeuGc

end of the lactose. On the other side, the hemiacetal group of Gal is engaged in the glycosidic bond and 
subsequently it has lost its reducing power, so that this Gal is named the non-reducing end. As glycans 
are connected by glycosidic bonds, there is a maximum of one reducing end on a glycan sequence and 
at least one non-reducing end. For simplicity a symbolic representation is applied in the presentation 
of glycan structures normally without presenting the glycosidic linkage of each bond.

The formation of glycans via glycosidic bonds is not energetically spontaneous. The formation of 
glycosidic bonds between monosaccharides requires free energy and enzymatic catalysation. Trans-
formation of monosaccharide substrates to nucleotide sugars stores required energy on the conju-
gates (Table 1.2). Reactions for the formation of glycosidic bonds are catalysed by a group of enzymes 
named glycosyltransferases between targeted saccharide sequence and nucleotide sugars utilising the 
stored energy. As the example of Lactose formation (Figure 1.2), the Gal substrate is converted into 
UDP-Gal as a nucleotide sugar donor, and an enzyme, β-4 galactosyltransferase, specifically catalyses 
the assembly of the UDP-Gal donor onto the C-4 carbon of Glc acceptor. As specified in the name of 
the enzyme, glycosyltransferases generally have specificity for their donors and catalysing linkages for 
the products. There are exceptions for the linkage specificity, such as Fuc-T III, which can catalyse the 
addition of Fuc on to acceptors with either α 1,3 or 1,4 linkage.

Reversibly, monosaccharides can also be cleaved off from glycans, specifically or non-specifically, by 
a group of enzymes named glycosidases. For example, there is a pair of sialidases, sialidase A and S, 
which are able to remove sialic acids from glycans sequences. Sialidase S can specifically hydrolyse 
sialic acids with α2,3 linkage from glycan sequences. But sialidase A can unselectively release sialic 
acids with all known linkages as α2-3, 6, 8 and 9 from glycan sequences.

Due to the specificity and non-specificity of glycosyltransferases and glycosidases, the proliferation of 
glycan sequences does not strictly follow a template-based approach, and this could allow the struc-
tural diversity of glycan sequences to reach a higher level than the other template-based bioproducts 
as proteins, DNAs and RNAs.
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The formation of lactose requires a reaction between the hemi-acetal group of anomeric carbon of Galactose and 
C-4 hydroxyl group of Glucose. The monosaccharide substrates and di-saccharide lactose product are presented in 
stereochemical structures; the linkage of the formed glycosidic bond is indicated. Symbolic representation for the 
di-saccharide is shown, but normally the linkage information of glycosidic bond is not presented in the simplified 
presentation scheme.

1.3 Protein glycosylation

Protein glycosylation is a biosynthetic process in which glycan sequences are conjugated with protein 
sequences via glycosidic bonding between the reducing end monosaccharides and desirable amino 
acid side chains. Even though approximately 1% of genes encoded contribute to glycosylation related 
components, over 50% of proteins are estimated to be naturally glycosylated  (Apweiler et al., 1999, 
Coutinho et al., 2003). There are two major types of glycosylation on proteins which are group-named 
by the elements of amino acid side chain that the glycan sequences attached onto, N- and O-(linked) 
glycosylation.
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1.3.1 N-glycosylation

N-glycosylation is a process assembling a glycan sequence onto the amide nitrogen of selected Asn 
residues on a protein sequence via a β-N-glycosidic bond. N-glycosylation has a specificity for Asn 
residues with certain amino acid sequons. The required sequon must be in a tri-amino acid form as 
Asn-X-Ser/Thr in which the X amino acid residue cannot be proline. N-glycosylation is initiated at ER 
as the synthesis of an oligosaccharide precursor on a lipid dolichol. The entire precursor is then trans-
ferred onto a desired sequence and modified in the ER-Golgi complex to become a mature structure. 
Glycoproteins are finally expressed on the outer surface of the plasma membrane or secreted to the 
extracellular environment (Figure 1.3).

1.3.1.1 Precursor synthesis

The ER assembled N-glycan precursor consists of three types of monosaccharides, GlcNAc, Man and 
Glc forming a fourteen-residue sequence (Glc3Man9GlcNAc2). The biosynthesis of this precursor (Fig-
ure 1.4) is carried out in two stages on the ER membrane from its cytoplasmic side to lumenal (Burda 
and Aebi, 1999). 

The precursor commences to assemble by addition of a GlcNAc residue onto a dolichol via a pyroph-
osphate on the cytoplasmic side of the ER membrane. Another GlcNAc and five further mannose 
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Figure 1.3 Common types of N-glycans. 
There are three types of N-glycans which are widely observed on glycoproteins synthesised in mammalian systems 
named high mannose, hybrid and complex type. They all share a common core that is coloured by a square in grey.
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the lumen. Man and Glc substrates are anchored onto Dolichol-P at the cytosolic side of ER and flips into the lumen to 
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saccharide precursor is then transferred onto the N-X-S/T sequons of nascent proteins.

residues are sequentially added onto the glycan sequence of the saccharide-dolichol complex to be a 
seven-monosaccharide sequence. The seven-monosaccharide sequence is then flipped inside the ER 
lumen.

As the sequence moves inside the ER lumen, a further four mannose residues are successively added 
from the supply of GDP-Man-Dolichol flipping from the cytoplasmic environment. The final three 
Glc residues from cytoplasmic UDP-Glc-Dolichol are then assembled onto the glycan sequence to 
complete the biosynthesis process.

Once the synthesis is completed in the ER lumen, there is an en bloc transfer of the fourteen-monosac-
charide precursor onto the Asn site in a conserved tri-amino acid sequon of a translating and folding 
protein sequence. The en bloc transfer is carried out by an enzyme named oligosaccharidetransferase 
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(OST) in the ER. This enzyme contains eight subunits as a hetero-oligomeric complex (Kelleher and 
Gilmore, 2006) and the catalytic domain of this enzyme is in one of these subunits named STT3 
(Zufferey et al., 1995, Kelleher et al., 2003). There are two isoforms of this subunit that are found 
in mammalian systems, STT3A and STT3B. These two isoforms are differentiated by their catalys-
ing specificities and activities (Kelleher et al., 2003). The STT3A isoform is the primary enzyme that 
transfers the N-glycan precursor onto nascent protein sequence with stringent selection of oligosac-
charide precursors. STT3B mainly complements to glycosylate the remaining N-glycosylation sites 
after STT3A glycan-transfer (Ruiz-Canada et al., 2009). The other subunits may also be involved in 
this process as facilitating the presentation of protein substrates to the catalytic domain of this enzyme 
(Wilson et al., 2008).

1.3.1.2 Initial processing in the ER

The trimming of the glycan precursor on glycoprotein sequences is not only salient for the maturation 
of glycans, but also functionally contributes to the folding quality control of glycoproteins in the ER 
(Figure 1.5). 

Terminal α1,2 Glc is immediately removed from the N-glycan precursor on a glycoprotein by ER 
glucosidase I after the en bloc transfer to prevent re-recruitment of the glycan sequence by OST. Gly-
coproteins with the remaining GlcMan9GlcNAc glycan sequence commence to enter protein fold-
ing process. Once misfolding occurred at this stage, the thirteen-monosaccharide glycan on the mis-
processed protein sequence can be preferably bound by malectin (Schallus et al., 2008) to prevent its 
further processing and induce ER-associated degradation (ERAD) (Chen et al., 2011, Galli et al., 2011) 

Once glycoproteins pass this control, ER Glucosidase II subsequently cleaves at least one Glc from 
their glycan sequence to continue the folding process. The folding process can be further assisted 
by a calnexin/calreticulin associated complex with accessory ERp57, a thioldisulfide oxidoreductase, 
and cyclophilin B, a peptidyl prolyl. With a Glc remains on the glycan sequence of the glycoprotein, 
the calnexin/calreticulin can associate with the glycoprotein via its affinity with this glycan sequence 
to rectify protein folding (Frickel et al., 2002, Kozlov et al., 2010). The remaining Glc is removed by 
ER Glucosidase II after this assistance and the glycoprotein enters the final folding check. The glyco-
protein subsequently binds to UDP-Glc: glycoprotein glucosyltransferase 1 (UGGT1) (Labriola et al., 
1995). During the association, the folding quality can be screened and a Glc is added onto the glycan 
sequence of misfolded glycoprotein to re-enter the calnexin/calreticulin folding mechanism. The mis-
folded glycoproteins can be subject to repeat the cyclic quality check until protein folding is corrected 
(Sousa and Parodi, 1995). 

Before the departure from the ER, the terminal α1, 2Man on the mid-arm of Man9GlcNAc2 glycan 
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engages in the process to assist protein folding, and the last Glc is cleaved after this assistance. UGGT1 then associates 
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was still mis-folded to re-enter the last process for correcting their folding. However, proteins unable to be correctly 
folded after this repeatable process are then led to ERAD degradation. The correctly folded proteins are then trans-
ported to the Golgi apparatus for further modifications on their glycan sequences. Adapted from (Stanley et al., 2015).

sequence is removed from most glycoproteins by α Mannosidase I (Stanley et al., 2015). The cor-
rectly folded glycoproteins subsequently pass for further modification in the Golgi complex. But still 
misfolded glycoproteins are recognised by ER-degradation-enhancing α-mannosidase-like proteins 
(EDEM) and guided to ERAD degradation (Olivari and Molinari, 2007). 

1.3.1.3 Further processing in Golgi complex

Figure 1.6 shows the processing of N-glycan sequence in the Golgi once passed the ER compartments. 
Trimming for the α1,2 Man residues on the glycan sequence is continued in the cis-Golgi apparatus. 
Three Golgi mannosidases as IA, IB and IC are responsible for the trimming, and it is not inevitable to 



12

N N N N

NNNN

UDP-GDP-

N
GDP UDP

UDP-

N N
UDP

GMP-

N

N

GMP-GDP-

GDP- UDP-

From ER lumen

Cis-
Golgi

medial-
Golgi

trans-
Golgi

UDP-

UDP N

Figure 1.6 N-glycan processing in the Golgi apparatus. 
N-glycans are firstly transported from ER lumen into the Cis-Golgi, and Mannosidase IA, IB and IC can cleave man-
nose residues to form a glycan sequence with 5-9 Man. The glycan sequences without further processing are named 
high mannose type. The glycan sequence with 5 Man can be further processed in the medial-Golgi to initiate the 
first GlcNAc antenna by GlcNAc-T I. The glycan sequence with remaining Man on the 6-arm of trimannosyl core is 
named hybrid type. The 6-arm Man can be further trimmed by Mannosidase II, and subsequently more GlcNAc an-
tennae can be initiated on the trimannosyl core under the catalysation of GlcNAc T family transferases (I-VI). In the 
trans-Golgi, the formed antennae can be further extended by various antennary modifications such as galactosyla-
tion and sialylation. The well-decorated glycoproteins are then secreted from the Golgi network to be presented to 
the extracellular environment. Adapted from (Stanley et al., 2015).
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result in complete cleavage. Thereby, 5-9 Man residues can remain on the glycan sequence after cleav-
age, and these structures are also named high-mannose type once their glycoproteins pass the Golgi 
complex without further processing. In the medial Golgi apparatus, GlcNAc-transferase I (GlcNAc-T 
I) can assemble a GlcNAc onto the trimmed 3-arm of trimannosyl core on Man5GlcNAc2 structures. 
It initiates the assembly of hybrid and complex type structures. 

Hybrid structures possess both GlcNAc and Man residues on their trimannosyl core. The GlcNAc 
as an antenna can be extended by other monosaccharides, and there should retain at least one Man 
residue on the 6-arm of the trimannosyl core on a hybrid structure. In addition, there could be an 
early modification of the conserved core structure, which adds an α1,6 fucose onto the reducing end 
GlcNAc by α1,6 fucosyltransferase (Fuc-T VIII) which is active after the addition of the first GlcNAc 
antenna by GlcNAc-T I (Stanley et al., 2015). Following initiation of the first GlcNAc antenna on the 
3-arm, two Man residues on the 6-arm can also be cleaved by Mannosidase II to form complex type 
structures. Other antennae can be initiated on complex glycans by a series of GlcNAc-Ts which have 
their exclusive specificity to assemble GlcNAc residues onto the trimannosyl core with specific link-
ages (Figure 1.7). 

Mammalian systems can assemble no more than four extendable antennae onto their complex 
structures, whereas several vertebrates can assemble more antennae onto their complex structures 
(Yamashita et al., 1982, Taguchi et al., 1995). Moreover, a β1,4 GlcNAc can be added onto the central 

Figure 1.7 Branching and core-fucosylation of N-glycans. 
The GlcNAc antenna is initiated by GlcNAc-T I on the 3-arm of trimannosyl core. Fuc-T VIII becomes active for adding 
a fucose onto reducing end GlcNAc named core-fucosylation after the GlcNAc addition by GlcNAc-T I. GlcNAc-T II, IV, 
V and VI and sequentially add four GlcNAc antennae onto the two arms of trimannosyl core. GlcNAc-T III may also be 
active to sequentially assemble an unextendible GlcNAc antenna at the centre of tri-mannosyl core for Hybrid and 
Complex type structures.
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Man of  the trimannosyl core of hybrid and complex structures by GlcNAc-T III. This GlcNAc is 
named bisecting GlcNAc and it is unable to be extended by another monosaccharide due to steric con-
straints. Hybrid and complex structures can be further extended and modified by various monosac-
charides in the trans Golgi. The structural diversity and functional epitopes of N-glycans are largely 
contributed by the antennary modifications occurred in the trans Golgi (Figure 1.8).

1.3.2 O-glycosylation

In mammalian systems, O-glycosylation generally refers to the most common O-GalNAcosylation. 
Other O-linked glycosylations have also been identified such as O-Fucosylation, Mannosylation, 
Glucosylation and GlcNAcosylation in living systems (Wopereis et al., 2006, Gebauer et al., 2008).  

β 4 β 3
α2α2

α4α3
β 4 β 3

α3

 β 4
α3 α4 α4

β 3 

β 4
α3

α3

α4

β 3 
α3

α3

β 4

α3

α3

β 4

α3

α3

β 4

α3

SulphoLexLewisy (Ley) SulphoLeaLewisb(Leb) Lewisa (Lea)Lewisx (Lex)

SO4
3 SO4

3

SO4
6 SO4

6

SO4 6SO4 6

Sialyl-Lewisx (SLex) Sialyl-Lewisa (SLea) 6’SulphoSLex 6 SulphoSLex 6’6’bi-SulphoSLex

Lewis Blood Groups

α2 α2 α2α3 α3

R R R
A antigenB antigenO(H) antigen

ABO Blood Groups

β 4 β 4

α3/6

β 4

Fucosylated
LacdiNAc

α3
Sialylated
LacdiNAc LacdiNAc

β 4

α3

GalαGal

β 4
β 4α3

Sda epitope

β 4/3 β 4
α3/6 α3

α8

α8
n

Sialylated
LacNAc

Polysialic
acid

β 4β 4

β 4 β 4

SO4
6

SO4
6

SO4
3

SO4
4

GalNAc-4-O-
sulphate

Gal-6-O-
sulphate

Gal-3-O-
sulphate

GlcNAc-6-O-
sulphate

Sulphation

Sialylation

β 4

β 4
β 3

β 6

β 3

R

β 4

β 4
β 3

R

nn

I-antigen i-antigen

β 3 β 4

Type I
LacNAc

Type II
LacNAc

β 4

α3 α6

β 4

β 2 β 2

β 4 β 4

Figure 1.8 Major antennary modifications on N-glycans expressed in mammalian system. 
The presented modifications mostly occur on the non-reducing ends of N-glycan antennae as terminal moieties. 
Sialylation generally terminates the potential for further elongation of antennae with the exception of polysialic acid, 
which can extend the antenna by a repeated assembly of sialic acids. ABO blood groups and GalαGal are also un-
extendible moieties. LacNAc can be either a terminal or internal moiety on a N-glycan depending on status of their 
self-repeated elongation to be branched “I” or linear “i”-type poly-LacNAc sequence on an antenna. Sulphation can 
be found on Lewis group antigens, LacNAc and LacdiNAc moieties.
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Figure 1.9 Core structures of O-glycans. 
There are eight core structures that differ by the linkage and composition of their branching monosaccharides after 
the GalNAc residue. GalNAc and its sialylated form can be directly expressed onto glycoproteins in certain physiologi-
cal conditions in a mammalian system. Sialylation on core 1 structure is commonly observed with a maximal of two 
sialic acid residues assembled on both monosaccharides of this di-saccharide sequence. 
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O-glycosylation assembles a glycan sequence that is initiated by adding a name referred monosac-
charide residue onto the oxygen of the hydroxyl group of Ser or Thr residues via an α-O-glycosidic 
linkage. The initial monosaccharide for GalNAc O-glycosylation is assembled in the Golgi complex 
on targeted residues without requirement for a consensus sequence. Extending monosaccharides are 
sequentially assembled onto the glycan sequence without a pre-synthesised precursor.

For the O-GalNAcylation, the first GalNAc is assembled onto folded proteins via the catalysis by a 
group of glycosyltransferases named polypeptide GalNAc transferases (ppGalNAcT) to initiate the 
biosynthesis (Ten Hagen et al., 2003). Humans possess 20 ppGalNAcTs (Bennett et al., 2012) and 
they target Ser/Thr substrates with differentiated O-glycosylation status. For instance, pre-exisiting 
O-GalNAc on the sequence is required for some ppGalNAcT to be active to catalyse O-glycosylation 
on remaining unoccupied sites (Ten Hagen et al., 2003, Lira-Navarrete et al., 2015). This reflects that 
O-glycosylation should be a highly regulated procedure with a hierarchical processing sequence.

The initial GalNAc can be extended by Gal and/or HexNAc residues on its C-3 and C-6 hydroxyl 
groups to form eight di- or tri-saccharide core structures, named core 1-8 (Figure 1.9). Core 1 and 2 
are commonly found in mammalian systems but core 3-8 have relatively restricted expressions to be 
tissue-specific and/or protein-specific (Brockhausen, 1999, Chai et al., 1992, Wopereis et al., 2006). 
Extension of these core structures are identical to that of N-glycans as they pass through the remain-
ing Golgi compartments concurrently.

1.4 Glycosphingolipid 

The major glycolipids found in mammalian systems are glycosphingolipids (GSL). The GSL is a con-
jugate of a glycan sequence with a lipid moiety, named ceramide (Figure 1.10), via a β-glycosidic bond 
on the C-1 hydroxyl group of the ceramide. The ceramide constitutes an amino alcohol base, sphin-

HN

O

OH

O

O

OHHO
O

OH

Glc Residue

Sphingosine

Ceramide

Fatty Acid

Figure 1.10 The GSL conjugate of a glucose and ceramide. 
The sphingosine is coloured in red and the fatty acid is highlighted in purple. The conjugating glycosidic bond is in a 
β configuration.
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gosine, joined with a fatty acid via amide linkage at C-2. The ceramide structures can vary by the 
length of the fatty acid (C14-C30), saturation and α-hydroxylation status (Schnaar and Kinoshita, 
2015, Karlsson, 1970, Degroote et al., 2004). The glycosphingolipids are further sub-grouped by the 
first monosaccharide attached to the ceramide base such as galacto-(GalCer) and gluco-sphingolipids 
(GlcCer). Although the glycan sequence and ceramide base have their structural diversity respectively, 
the nomenclature of glycolipid structures is generally based on the glycans.

The ceramide is synthesised on the cytosolic surface of the ER to initiate the biosynthesis of GSLs (De-
groote et al., 2004, Hirschberg et al., 1993). GalCer is synthesised in the ER by the addition of an initial 
Gal onto the ceramide that is catalysed by ceramide galactosyltransferase (CerGalT) after it flips into 
the lumen of the ER. The GalCer can be further modified in the Golgi as GM4 or sulfatide by sialyla-
tion or sulphation, respectively. 

The initial Glc residue of GlcCer is assembled onto ceramide by ceramide glucosyltransferase (Cer-
GlcT) at the cytosolic side of the Golgi after the transportation of ceramide from the ER. GlcCer is 
further maturated in the lumen of the Golgi. In mammalian system, there are four common neutral 
core structures of GlcCer, Ganglio-, Globo-, Lacto- and neoLacto- series (Figure 1.11, Chester, 1998). 
The distribution and extension of these core structures exhibited a tissue-specific and development-
related manner (Iwamori et al., 1984).

Sialylated GlcCer is collectively termed as ganglioside regardless of the class of core structures (Figure 
1.12). The term, ganglioside, refers to the original discovery of sialylated GlcCer from ganglion cells 
in the brain (Kolter, 2012). In addition, the widely used Svennerholm nomenclature (Svennerholm, 
1963) simplifies the representation of sialylated GlcCer structures to primarily two capital letters plus 
a number. The first letter “G” refers to ganglioside, the second letter indicates the level of sialylation as 
“a-, mono-, di- and tri-”, and the number reflects the migration order of gangliosides in the original 
examination on a thin-layer chromatography.

Cer

Cer

Cer

Cer

4 43

43

3

3

4 43

44

Globo

Neolacto

Lacto

Ganglio

Figure 1.11 Common mammalian core structures of GlcCer. 
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1.5  Mass spectrometry

Mass spectrometry is a technology which records the spectra of mass to charge ratio (m/z) of ionised 
molecules. 

There are three fundamental modules of a mass spectrometer: 1) an ion source, 2) a mass analyser and 
3) a detector. The ion source is a module to facilitate the ionisation of molecules to form charged ions 
in gas-phase. The charged ions traverse a mass analyser which separate charged ions based on their 
mass to charge ratios. The ions separated by their m/z are recorded by the detector to form a spectrum 
presenting their signals with relative abundance. 

1.5.1 Ion source

The initial step of a mass spectrometric experiment is to ionise the sample molecules to generate 
cations or anions. The ion source is the module of a mass spectrometer where the ionisation occurs. 
Currently, there are various techniques being applied for molecule ionisation in mass spectrometry. 
In this Section, EI (Electron Impact Ionisation), ESI (Electrospray Ionisation) and MALDI (Matrix 
Assisted Laser Desorption Ionisation) are focused on as these are the technologies which were applied 
in the studies documented in this thesis.

1.5.1.1 Electron Impact Ionisation

In 1918, A.J Dempster introduced the first EI ion source (Dempster, 1918). It is also one of the oldest 
ion sources which is still applicable in research for small molecules as it was originally designed. 

In the EI source (Figure 1.13), electrons are generated by a heated filament and subsequently acceler-
ated to 70 eV. The accelerated electrons are guided to collide with gas-phase analytes in a chamber. The 
analytes are then ionised. An electron is ejected to generate singly positively charged radical ions.  Due 
to the high energy that the accelerated electrons transfer to the analytes, fragment ions of analytes 
are normally generated as well as, or instead of, intact molecular ions. Therefore, the actual detected 
ions in the mass spectrometer from this ion source are generally fragment ions of the analytes, and 
this technique is also referred as a “hard” ionisation. Even though it is normally unable to produce 
intact molecular ions, its fragmentation power is still recruited in analysing unknown compounds 
and defining structures of small molecules. As EI can only ionise thermally stable and volatile small 
molecules, this ion source is commonly coupled with gas-chromatography and a quadrupole mass 
analyser. The incorporated system can be applied for derivatised small molecules such as monosac-
charides to determine their identities and glycosidic linkages by the information from the chromato-
graphic retention and fragmentation by mass spectrometry.



20

Gas-phase Sample

Electron
Trajeactory

Ionisation

Anode

Electron
Accelerating
Potential

Cathodic Filament

Filament
Heater
Potential

Repeller

To Analyser

Extracting Lens

Focusing Lens

Accelerating Lens

Produced Ions

 Figure 1.13 Schematic diagram of Electron ionisation. 
Adapted from (Hoffmann and Stroobant, 2007) 

1.5.1.2 Electrospray ionisation

In the 1980s, ESI was optimised by John Fenn (Yamashita and Fenn, 1984) to conduct analysis for 
large bio-molecules. It is a soft ionisation technique that produces mostly intact molecular ions which 
can be multiply charged. Due to its advantages in producing multiply charged ions, molecule ions can 
be detected with a lowered m/z and therefore the mass range of the mass spectrometer is increased. 
ESI is a widely applied ion source in analytical science and industry, especially in the studies of prot-
eomics and glycoproteomics. 

The formation of charged molecular ions is completed in the process of transforming analytes from 
liquid to gas phase and it commences at a charged spray-tip (Figure 1.14). The solution of analytes is 
loaded into a capillary tip which is charged with a high voltage. Due to the high voltage and thin cap-
illary tip, the liquid at the capillary tip is polarised to form a cone-shape, named Taylor cone. Under 
the force of the field, the charged droplets continuously emerge like a jet from the Taylor cone when 
the electrostatic repulsion at the surface of the cone exceeds liquid tension. The droplets are guided 
by counter-electrodes toward the mass analyser (Figure 1.14b). The size of droplets is decreased by the 
evaporation of dissolving solvent under a drying gas during the journey. The shrinkage of droplet size 
leads to increased charge density and electrostatic repulsion. Once the repulsion exceeds the droplet 
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surface tension it leads to an explosion of a droplet forming smaller droplets. This drying process con-
stantly occurs until solvent-free molecular ions are finally formed (Figure 1.14c). 
 
During the ionisation process, multiply charged molecular ions are produced in the ESI ion source by 
protonation/deprotonation e.g. [M+nH]n+ or [M-nH]n- in either positive or negative mode of the mass 

Capillary Tip

Heated
Capillary

To Analyser

Drying N2
Pump 1 Pump 2

Skimmer

+ - + - + - + - + - + -

+ - + - + - + - + - + -

+ - + -+ - + -+ - + -
+ - + - + - + - + - + -

+ - + -+ - + -+ - + -
+ - + -+ - + -+ - + -

+ - + - + - + - + - + -
+ + + + + + + + + + + + + 
+ + + + + + + + + + 

Oxidation

High-Voltage Supply

Electron

Reduction

++++
+
+
+

++++++
+
+
+++

++

+

+++
+

+++

+++
+

++

++++++++
+

++++++++
+ ++++++++

+

Solvent

Evaporation

Explosion Explosion

Mixed charged Ions

To Analyser

a

b

c

Figure 1.14 Schematic diagram and mechanism of electron spray ionisation (ESI).
Schematic diagram of a typical ESI ion source (a) and a zoomed-in area is highlighted with dashed blue square. The 
zoomed-in area of dash blue square (b) illustrates the spraying procedure of the ion source and a further area high-
lighted again with dashed blue square for ionisation process. The ionisation process (c) associates with droplet shrink-
age and explosion. Adapted from (Cole, 2010).
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spectrometer. The multi-charge state of a molecular ion can facilitate the detection of large molecules, 
but it can also complicate the process of data interpretation.

ESI is normally connected with a liquid chromatography system to successively fractionate and ionise 
molecules. Mixed analytes can be sorted by the chosen liquid chromatography (LC) in that its station-
ary phase has differentiated association with the injected molecules based on their physicochemical 
property prior to reaching the mass spectrometer. The ESI ion source then constantly ionises fraction-
ated molecules from the LC system to provide a set of simplified molecules for the mass analyser at 
each associated time point. ESI generally does not produce fragmented ions for structural definition, 
an extra MS/MS module can be incorporated into the mass spectrometer to fragment ionised mol-
ecules from ESI. Thus, this incorporated system is named online-LC-MS/MS.

1.5.1.3 Matrix-assisted laser desorption ionisation

MALDI is another mainstream soft ionisation technique which is widely used in studies of proteomics 
and glycomics. Koichi Tanaka (Tanaka et al., 1988) invented this technique in the 1980s while another 
group also developed this technique independently (Karas et al., 1985, Karas and Hillenkamp, 1988). 

The general concept of MALDI ionisation is that analytes can be ionised by a laser induced irradiation 
with the assistance of a matrix (Figure 1.15). For the process of MALDI ionisation, analytes are firstly 
well-mixed with a matrix solution and spotted onto a metal plate. The spotted mixture is dried and 
spontaneously co-crystallised. The crystallised mixture is then hit by laser pulses. The matrix has a 
strong and accumulative absorption of the laser energy leading to a desorption of the co-crystallised 
mixture while transferring energies to embedded analytes. The analytes are then excited and sub-
limated into the gas phase. During this process, even a large molecule that may not be volatile and 
thermally stable can still be ionised as [M+Na]+ and [M+H]+ in positive mode without fragmenta-
tion. However, the exact mechanisms of the energy transformation and ionisation are still largely 
unknown. There is a widely accepted proposal that the formation of ions in the MALDI source could 
be related to a proton transfer and chemical processes in the excited mixture (Knochenmuss, 2006). 

 1.5.2 Mass analyser

After analytes are ionised a mass analyser is needed to separate ions based on their m/z ratio before 
the ions reach the detector to be recorded. Four different types of mass analysers are introduced in the 
following Section due to their engagements in the documented studies in this thesis.

1.5.2.1 Quadrupole and tri-quadrupole

In 1953, Paul and his colleague Steinwegen firstly developed the Quadrupole mass analyser (QMS) 
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Figure 1.15 Schematic diagram of desorption and ionisation of MALDI.

utilising the electric fields of direct current (DC) and radio frequency (RF) voltages (Paul, 1960). 
 
QMS consists of four metal rods in parallel, which are spatially organised to form a hyperbolic cross-
Section (Figure 1.16). One pair of the diagonal rods is applied with a DC plus RF voltage while a mir-
ror voltage applied on the other pair of rods. The dynamic quadrupole electric fields can only allow 
ions with certain m/z ratio to pass the rod fields under a certain voltage when they have a stable travel 
trajectory in the fields. The m/z of passed ions can be determined by the associated voltage after cal-
libration. The other ions with unstable trajectories under a certain voltage would be filtered by the 
fields by colliding with the rods. Moreover, QMS can serve either as a mass filter to scan a selected 
ion under a certain voltage or a mass guider to allow a range of ions to pass through with oscillating 
voltages. In addition, QMS can be adapted to a collisional cell as it can guide ion collision inside this 
module with an inert gas.
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 Figure 1.16 The basic geometry and components of Quadrupole mass analyser.

  Q1
QMF

          q2
Collision Cell

         Q3
Mass guider

Figure 1.17 The geometry of a QqQ tandem Quadrupole mass analyser.

The parameters of QMS is not outstanding in terms of mass range and resolution, its compatibility, 
robustness and cost efficiency still allows it to be adopted widely in various mass spectrometry-based 
studies. GC-MS used in the study described in this thesis has a single QMS analyser coupled with the 
gaseous ion source for m/z determination. 

More advanced QMS-associated geometry of mass spectrometry can utilise the capacities of QMS as a 
mass filter, mass guider and collisional cell in a single instrument.An example of combining different 
roles that a QMS can carry out is in a tandem-linked triple-quadrupole mass analyser as tandem mass 
spectrometry (MS/MS) for fragmentation experiments. The geometry for this instrument is obvious 
as three single QMS analysers tandemly connected shown in Figure 1.17. The first QMS can serve as a 
mass filter to select parental ions. The second QMS then induces the fragmentation of selected ions by 
collisions with an inert gas. The third QMS is used to determine the m/z for fragment ions from the 
previous QMS. Thereby, this instrument is also named as QqQ in which the lower case refers to the 
collisional cell. This instrument allows selection and fragmentation of a molecular ion with targeted 
m/z ratio. The signal-to-noise ratio of the generated spectrum can be improved, and another layer of 
structural information can also be elucidated. Another application of this tri-quadrupole geometry is 
on a Q-TOF type instrument, which is described in Section 1.5.2.4.  
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1.5.2.2 Time-of-flight

In 1946, the prototype of a time-of-flight (TOF) mass analyser was designed by Stephens to determine 
the m/z ratio of ionised molecules by examining their flight times in mass analyser after acceleration 
in an electric field (Stephens, 1946). In the same accelerating field, ions are accelerated to different ve-
locities which correlate to their m/z ratio. They are then transferred into a vacuumed flight-tube and 
their flight-times to traverse this tube are recorded to determine their m/z. The m/z ratio of each ion 
negatively correlates to its initial velocity, so that the lower m/z ions have a shorter flight time in the 
tube than that of a higher m/z ion.

There are two advantages of a TOF analyser in practice. First, there is theoretically no upper-limit for 
m/z range in a TOF analyser, but practically, the detected highest m/z for a singly charged ion reached 
up to 330 KDa in a TOF analyser (Moniatte et al., 1996). Second, dissimilar to the described Quadru-
pole mass analyser in the above Section, there is no selection of ions in the mass analyser to transfer to 
the detectors. The transmission rate of ions is subsequently much higher in TOF mass analyser. Thus, 
a higher sensitivity is achievable to detect the signals for molecular ions with minor abundance.

In practice, the original linear TOF mass analyser is disadvantaged by low resolution. The low reso-
lution is mainly due to two reasons: 1) the ion source may supply heterogeneously distributed ion 
batches to the analyser causing differentiated spatial entry location and even different entry time-
point; 2) the initial kinetic energy may not be homogenous on the same ions, so that subsequently the 
ion velocity may be varied in the mass analyser for the same m/z ratio. The combined effects of these 
two obstacles generally lead to a low resolution by broadening peak width.

The first solution to improve TOF resolution was introduced by Wiley and McLaren in 1955, as de-
layed extraction (Wiley and McLaren, 1955). The general concept of this solution is that the energeti-
cally differentiated ions are delayed in transmission into the mass analyser by allowing more energy to 
be transferred into the low energy ions in the acceleration field (Figure 1.18). The molecular ions after 
ionisation enter a field-free area to allow free movements in a transient delay. The differentiated energy 
level of molecular ions allows them to distribute into the area differently as the higher energy ions 
move farther into the area than the lower energy ions. A pulsed voltage is then applied to accelerate 
all ions to enter mass analyser. The lower energy ions need to travel for a relatively longer distance in 
the acceleration field, and more energies are simultaneously transferred to them. Thereby, the varied 
velocities are relatively unified for the molecular ions with the same m/z. 
 
In 1973, the reflectron electric field, as a second solution, was introduced by Mamyrin (Mamyrin et 
al., 1973) to improve the resolution of TOF mass analyser (Figure 1.19). The general concept of this ap-
proach is to extend the travel time of higher energy ions for a specific m/z in the flight-tube to match 
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Figure 1.18 The schematic diagram of delayed extraction in TOF mass analyser

with their lower energy ions by a reversed electric field. The reflectron field is installed in the flight 
tube near the linear TOF detector as a series of electrodes. The reversed electric field can initially de-
celerate entered ions and then re-accelerate these ions in the opposite direction. The ions with higher 
kinetic energy move a longer distance into the electric field and re-accelerate to result in a delayed 
arrival at the detector which matches with that of the lower energy ions that travel a shorter distance 
in this reflecting field. Consequently, the resolution of the mass spectrum is improved as peak width 
is sharpened for signals. Due to the higher demand for TOF resolution, multi-reflectron incorporated 
TOF analysers were developed in the last decade.
 
1.5.2.3 TOF/TOF

TOF/TOF is a tandem mass spectrometric instrument which is developed from a basic TOF analyser 
(Figure 1.20). The TOF/TOF instrument would allow a fragmentation MS/MS experiment to be car-
ried out directly in a TOF type analyser. The major geometric alterations in a TOF/TOF instrument 
are installations of a mass analyser as an ion selector and a collision-induced disassociation (CID) 
collisional cell with accelerating and decelerating electric fields in the original TOF flight tube. The 
collisional cells would allow to induce dissociation of glycosidic bonds of glycans by collision with 
filled inert gas, such as Argon. For a typical TOF/TOF experiment, the targeted parental ions for 
fragmentation are firstly selected by the ion selector and they are subsequently decelerated to enter the 
collisional cell which is filled by the inert gas. The parental ions are fragmented by collisions inside the 
cell. Generated fragment ions are then re-accelerated in the accelerating field to resume the flight in 
the second analyser. The fragment ions are eventually reflected after the reflectron field and detected 
by the detector. The studies carried out in this thesis mainly utilised a MADLI-TOF/TOF instrument 
named Applied Biosystems 4800 mass spectrometry for glycomics studies in both glycome screening 
and fragmentation based structural definition. 
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Figure 1.19 The schematic diagram of Reflectron Field of a TOF mass analyser.

1.5.2.4 Quadrupole Time-of-flight

In the 1990s, Prof. Howard Morris from Imperial College was the first to develop a hybrid type mass 
analyser, the Q-TOF, which is coupled with an ESI ion source (Morris et al., 1996). As the named 
suggests it was a hybrid analyser made up of a combination of several quadrupoles (QMS) and an 
orthogonal TOF mass analysers (Figure 1.21). The geometry of this instrument enables MS and MS/
MS experiments to be firstly performed in a single instrument with an ESI ion source. There are two 
QMS type incorporated into the instrument to fulfil different roles. In the MS mode, these two QMS 
serve as ion guide and molecular ions from ESI source are gudied into the TOF analyser for m/z defi-
nition of intact molecular ions. In the MS/MS mode, the first QMS analyser serves as a ion selector to 
specifically select partental ion for the subsequent fragmenation analysis. Once selected parental ion 
passes through the QMS, it would be immediately introduced into the second QMS which is filled 
with inert gas to serve as a CID cell. The fragmentation occurs in this cell and fragment ions are then 
introduced  into orthogonal TOF mass analyser. The orthogonal TOF mass analyser finally analyses 
the intact or fragment ions from QMSs and impacts of the initial velocities and spatial locations of 
ions on m/z determination are minimised in this analyser. High sensitivity, high mass range and high 
spectral resolution are achievable in this hybrid mass analyser. Two Q-TOF type mass spectrometry 
systems have been used in this thesis. The Waters Synapt G2-Si High definition MS and the Applied 
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Figure 1.20 The geometry of a MALDI-TOF/TOF mass spectrometer. 
The operation of the collision cell and relevant components is optional, so that the instrument can carry out MS and 
MS/MS experiments employing the same flying route.
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Figure 1.21 The principal geometry of a Q-TOF mass analyser.

Biosystems QSTAR mass spectrometer. The former was used for the study described in Chapter 6 to 
obtain high quality mass spectrometric data for protein identification by proteomic. The latter instru-
ment was applied in the study described in Chapter 3 for glycoproteomic research.

 1.5.3 Derivatisation

Glycans are natively highly hydrophilic which is not favoured for efficient ionisation in mass spec-
trometry. Derivatisation is introduced to increase the hydrophobicity of glycans and subsequently 
improve the efficiency of ionisation. There are several derivatisation strategies such as permethylation 
and peracetylation available for globally derivatising hydroxyl and amide groups on native glycans. 
Permethylation is a primary choice for derivatisation in glycomics studies. Permethylation can replace 
all the protons of hydroxyl and amide groups on glycans by methyl groups. Increasing the hydropho-
bicity by permethylation is not only beneficial for the ionisation process and sensitivity, but also can 
stabilise labile glycosdic bonds on glycan structures, such as sialic acid residues. Native sialic acids 
are labile in ion-source to cause loss of signals, whereas permethylation can improve their detection. 
Moreover, increased hydrophobicity of glycans by permethylation can also simplify the purification of 
glycans from salt and hydrophilic contaminants in practice. 

For detailed structural definition, permethylation is also helpful in MS/MS fragmentation analysis 
and GC-MS linkage definition. In MS/MS, fragmentation of permethylated glycans generates con-
sistent fragmentation patterns which can match with proposed fragmentation pathways (Dell et al., 
1983). The cleavage of a glycosidic bond on glycans is distinguishable after permethylation as an ad-
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 Figure 1.22 Fragmentation pathways for permethylated glycans. 
Oxonium ions formed on the anomeric carbon side of glycosidic bonds after occurrence of A type cleavage (a). Once 
an amide group present at the C-2 of an oxonium ion, further β-elimination would occur for C-3 to remove its group 
(b). β cleavage can occur on both side of a glycosidic bond as (c) for non-reducing end side and (d) for reducing end 
side, and the fragmentation associates with a proton transfer as indicated by red arrows and labels. 

ditonal loss of a methyl group on the reducing-end side fragments. In GC-MS, permethylation is a 
prerequisite for defining glycosidic linkages as it can pre-label hydroxyl groups which are not engaged 
in the formation of glycosidic bonds.

1.5.4 Fragmentation of glycans

In a low energy CID fragmentation approach, there are two common types of fragmentation observed 
on permethylated glycans as A type cleavage and β-elimination. The A-type cleavage preferably oc-
curs on a monosaccharide with amide group as HexNAc (GalNAc/GlcNAc). The cleavage generates 
oxonium ions which can subsequently undergo a β-elimination of the group on C-3. Ions produced by 
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Figure 1.23 Systematic nomenclature of glycan fragmentations.

this elimination are indicative for the occupation of C-3 on HexNAc. A β-cleavage can occur on either 
reducing or non-reducing end of a glycosidic bond. The cleavage of glycosidic bonds by this pathway 
is accompanied by a proton transfer (Figure 1.22).  
 

In addition, breakage of the monosaccharide ring structure is also achievable under higher energy. 
In the cross-ring cleavage, sequential electron movements lead to eliminations on the ring structure 
forming smaller fragment ions with multiple bonds. Linkage associated structural information can be 
obtained from analysing these smaller fragments to reinforce the structural definition.

To consistently describe the fragmentation of glycans, Domon and Costello introduced an alphabetic 
nomenclature for naming fragment ions of glycans which is used in this thesis (Domon and E Cos-
tello, 1988). The fragmentation ions from the reducing end terminal are named X, Y and Z, whereas 
the ions from non-reducing end terminals are designated to A, B and C. The subscript number of frag-
ment ions indicates the site of the cleaved bonds from their corresponding ends (Figure 1.23).
 

1.5.5 Peptide fragmentation

For describing peptide fragmentation, a similar nomenclature was introduced by Fohlman and Roep-
storff (Roepstorff and Fohlman, 1984). This nomenclature is also used in this thesis for the analysis 
of peptide fragmentation in the glycoproteomic research in Chapter 3. This nomenclature defines the 
fragmentation ions based on the three different types of bond-cleavage. The three type of bonds that 
can be cleaved on a peptide sequence as Cα-C, C-N and N-Cα. The fragment ions from the N-termi-
nal of peptides are named a, b and c, whereas the fragment ions from the C-terminal of peptides are 
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named x, y and z. The subscript number of these fragment ions represents the site of bond cleavage 
on the fragment ion from their retained terminals. The most common fragmentation for peptides is 
observed on C-N bonds and the fragmentation ions for this cleavage are b and y ions. Internal frag-
mentation is also observable on peptide fragments and it is generally resulted from cleavages of two 
C-N bonds to lose both N- and C-terminals (Figure 1.24). 

 1.5.6 Linkage analysis

Fragmentation analysis for glycans by mass spectrometry can provide invaluable information for 
structural definition, but linkage specificity of glycosidic bonds is still largely unobtainable via the 
most common fragmentation techniques. Alternatively, GC-MS linkage analysis is introduced to 
overcome the limitation by collectively defining the linkages and compositions of monosaccharides 
which exist in a targeted glycan pool.

The experiments for GC-MS is typically a derivatisation for glycans after permethylation. A complete 
permethylation of glycans is a prerequisite as it labels all unoccupied functional groups on a glycan 
with methyl groups. The permethylated glycans are then hydrolysed in acidic solution to cleave all 
pre-existing glycosidic bonds. Monosaccharides are liberated from this procedure and then converted 
to alditols by reduction at their reducing ends. Acetylation is applied to reoccupy all freed hydroxyl 
groups from the previous processes. The thermally stable and volatile derivative of monosaccharides 
named partially methylated alditol acetates are injected into the GC-MS instrument. Due to the dif-
ferentiated volatility of monosaccharide derivatives in the heated column, each of them is eluted into 
the mass analyser at a different time point. A comparison of fragmentation patterns and elution time 
of derivatives to pre-characterised monosaccharide standards can indicate the identity and linkage 
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specificity for each monosaccharide derivatives. Subsequently, all the linkage information can be 
mapped back to define interested linkages of an epitope or structural feature based on the knowledge 
of biosynthetic pathways. In addition, the relative abundance of each monosaccharide with a specific 
linkage can also be elucidated by normalising the intensity of their spectral signals.

However, there is still limitation for GC-MS linkage analysis. Sialic acid residues are labile in the harsh 
acidic hydrolysis, and no derivative can be generated for this group of monosaccharides. Therefore, 
the linkage information on these monosaccharides can only be partially and indirectly illustrated by 
the linkages of their potentially connecting monosaccharides via this approach. Some linkage infor-
mation is completely lost such as that of the α2,8 linked poly-Sialic acids. Therefore, alternative ap-
proaches are required to study the linkage of sialic acid residues such as enzymatic digestion of sialic 
acids with specific linkage preference.

1.6 Immunity

Immunity is a self-defence system that is developed in vertebrates to prevent undesirable symbiosis 
and invasion with pathogens. Non-specific and specific immune systems are established in vertebrates 
to counter all kinds of potential pathogenic activities, named innate and adaptive immunity. Innate 
immunity is non-specific and provides universal but unselective protection, whereas adaptive immu-
nity, is selective and provides specific pathogen-directed protection.

1.6.1 Innate immunity

Innate immunity is a universal protection and the first line of immune defence. It consists of four de-
fensive systems that are organised in a hierarchical structure morphologically and functionally.

The anatomic barrier is the first established barrier for example at the surface of skin and mucous 
membranes. It is the first defence to prevent penetration of exogenous pathogens by mechanical and 
biochemical approaches. Skin cannot only prevent the entry of pathogens physically but it also pro-
duces sebum from the sebaceous glands of its dermis to inhibit the growth of microbes. Mucous mem-
branes line the surface of four organ systems which require to be lubricative, including respiratory, ali-
mentary, urogenital tracts and conjunctivae. The secretions of mucous membranes can assist to clear 
penetrating pathogens with antiviral and antibacterial substances. The inhabitation of microbes onto 
these organ systems is also manipulated by these secreted materials. Pathogens can also be propelled 
by the movement of a protrusion on the mucous membranes named cilia.

As the second barrier, physiological barrier has three main factors that contribute to the immune 
defence, as temperature, pH and soluble factors. The former two factors can constitute unfavourable 
environments for the pathogens to survive, whereas the soluble factors (lysozyme, complement, and 
interferon) act in a more active approach against pathogens. For instance, lysozyme from mucous 
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membrane can actively hydrolyse bacterial peptidoglycans. Virus infected cells can produce inter-
feron to alert nearby cells by inducing antiviral activities. Moreover, the complement proteins can be 
activated by the immune systems to cause direct damage or trigger phagocytosis to engulf pathogenic 
cells.

The phagocytic barrier is an immune cell-engaged approach; three cell types, macrophages, neutro-
phils and monocytes are specialised to conduct phagocytosis in which process that antigens, includ-
ing microbes, are engulfed and digested.

The inflammatory response is the last barrier that innate immunity recruited to counter tissue dam-
ages caused by pathogens. The inflammatory response is collectively referred to a series of events 
which are induced after tissue damages. Once damage occurs, blood is efficiently carried away after 
widening vessels surrounding the damage site which leads to an engorgement in the area. The observ-
able physiological effects of this event is the redness of tissue and higher local temperature. Perme-
ability is then increased for the capillaries around the area. Phagocytes and body fluids subsequently 
penetrate to the damaged tissue leading to swelling. There are multiple steps for phagocytes to migrate 
from capillary vessels to the damaged sites. Phagocytes are initially captured onto the surface of ves-
sels via cell surface receptors. The phagocytes then pass through the endothelial barrier into the tis-
sue via a process named extravasation. The phagocytes eventually arrive at the affected sites through 
chemotaxis and then commence phagocytosis.

The innate response is not pathogen-specific, some molecules in this system such as pattern-recogni-
tion receptor (PRRs) and secretory complement proteins are still able to recognise pathogen-associat-
ed molecular patterns (PAMPs) on pathogens and induce immune responses. As PAMPs are a wide 
range of molecules from exogenous resources, some glycan binding lectins are also engaged as PRRs 
to recognise glycan-based PAMPs.

1.6.2 Adaptive Immunity

Adaptive immunity is highly discriminative to antigens from “non-self” molecules and pathogens. It 
is capable of discerning minor differences between presented antigens as post-translational modifica-
tions including glycosylation . The system can then direct a highly specific immune response to elimi-
nate the discerned “non-self” target. The highly specific recognition exhibited by adaptive immunity 
is conferred by its vast production of largely diversified recognition molecules to discern various fea-
tures of an antigen. Besides, immunologic memory is another vital feature of adaptive immunity. Spe-
cifics of an immune response to antigens are generated and stored in memory cells. Once the system is 
challenged by the same antigen again, the memory cells would lead a more aggressive and immediate 
response from the adaptive immune system to the descriminated targets. 
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Fundamentally, adaptive immunity needs two types of cells to fulfil its functionality. The first type 
is antigen presenting cells including macrophages, B cells and dendritic cells(DC), which can engulf 
pathogens by endocytosis and process the molecules from pathogens to  antigens. The second type 
is lymphocytes including T cells, natural killer(NK) cells and B cells, which can receive the antigens 
and/or signals from the antigen presenting cells to mediate pathogen-specific immune responses. B 
cells are a dual-member of both groups indicating its dual functions. In addition, NK cells play dual 
roles in both the innate and adaptive immune systems. The major effective members of the adaptive 
immune system are lymphocytes which are sourced from bone marrow and produced via a haema-
topoiesis process. They relocate into different lymphoid organs from bone marrow via circulation in 
lymphatic and vascular systems at different developmental stages. 

The maturation of B cells is completed in the bone marrow before their circulation and relocation. 
A matured B cell expresses a B-cell receptor (BCR), which is a membrane-bound antibody molecule 
with an exclusive antigenic specificity obtained via gene rearrangements during maturation. Naïve B 
cells are the cells which have not encountered a designated antigen. Once its BCR specifically binds to 
the antigen and induces a primary response, the naïve B cells rapidly proliferate to a large population 
and further differentiates into memory B cells and effector B cells. Effector B cells then rapidly scale 
up the immune response by abundantly producing secretory antibodies to target the encountered 
antigens. Memory B cells record the features of encountered antigens and retain a long life-span to 
standby for further pathogenic encounters. They can trigger stronger responses with a more immedi-
ate effect once the designated antigens are presented again.

Different from the maturation process of B cells, T cells are matured in the thymus after their relo-
cation from bone marrow. Each T cell expresses a specific antigen-binding molecule after matura-
tion in the thymus. The antigen-binding molecule is named the T cell receptor (TCR), and its bind-
ing specificity is obtained by random rearrangements of related genes. Instead of a direct interaction 
with antigen, TCRs are required to bind with a membrane-bound antigen presenting complex from 
antigen-presenting cells. The antigen presenting complex is named major histocompatility complex 
(MHC). It is an assembly of membrane-bound glycoproteins in which specific molecules are trapped 
and processed from endogenous and exogenous sources to present to T cells. Two types of MHC 
molecules are expressed on cells as MHC I and MHC II. Nearly all nucleated cells have expression of 
MHC I molecules on their membranes. MHC I is capable of presenting endogenous antigens from 
viral-infected, cancerous and host cells. Besides, MHC II molecules are mainly expressed on antigen-
presenting cells and responsible for presenting exogenous antigens obtained from phagocytosis of 
microbes and pathogens.

T cells can be further grouped into two major subtypes as T helper (TH) cells and T cytotoxic (TC) 
cells based on divergent functionality, MHC binding specificity and expression of membrane-bound 
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proteins.  TH cells can associate with MHC II complexes to recognise their presenting exogenous anti-
gens, and a membrane bound glycoprotein called CD4 is also exclusively expressed on this subtype of 
T cells. Once the primary response of TH cells induced by MHC molecules, TH cells differentiate into 
different subtypes of effector TH cells, such as TH1 and TH2, with rapid proliferation. Each subtype of 
effector TH cells produces varied sets of cytokines to reinforce other cell-mediated innate and adaptive 
immune responses. For instance, the cytokine signals from TH1, such as IL-2 and IFN-γ, can induce 
macrophages and TC cells to target intracellular viral infections. TH2 cells produce cytokine signals 
as IL-4 and IL5 for B cells to induce their antibody production for enhancing immune responses 
against extracellular pathogens. Besides, TC cells express a membrane bound glycoprotein CD8 and 
their TCRs can exclusively bind with MHC I molecules to proliferate and become effector cells named 
cytotoxic T lymphocytes (CTL). Once the designated antigens on MHC I are presented to CTLs, 
they can be induced to perform cytotoxic activities targeting nucleated cells presenting antigens with 
pathogenic origins. Memory T cells also exist in T cell population, and they function similarly to B 
memory cell to record the structural feature of encountered antigens and induce highly specific and 
strengthened immune response in the subsequent antigen-exposure. 

1.6.3 Antibodies

Antibodies are a group of glycoproteins, also named immunoglobulin (Ig), which can specifically 
bind to a feature of antigen to induce recognition by the immune system and effect subsequent im-
mune responses. B cells express secretory antibodies into blood circulation, and membrane-bound 
antibodies on the cell surfaces are the major part of BCRs. The basic antibody is a Y-shape protein 
which consists of two Ig light chains and two Ig heavy chains. Each light chain is associates with a 
heavy chain by a disulfide bond. Two heavy chains are connected by disulfide bonds to form the final 
Y shape. Based on the sequence and domain arrangements of the antibody heavy chains, antibodies 
can be classified into five classes: IgG, IgA, IgD, IgE and IgM. There are one variable and few constant 
domains on an Ig heavy chain; for instance, three constant domains are on IgG, IgD and IgA as well as 
four constant domains on IgM and IgE. A linker sequence named hinge region is on the heavy chain 
of IgD, IgG and IgA between their CH1 and CH2 domains, but not on IgM or IgE. The light chain 
has one variable domain and one constant domain on its sequence. The variable domain has the most 
prominent diversity on its sequence among all known antibody domains, whereas constant domains 
do not exhibit diversity in the same class. There are two types of light chains and their definitions are 
based on the sequence of their constant domains as κ and λ. Corresponding to the nomenclature of 
antibodies, heavy chains are also defined by the sequence of their constant regions as α, γ, δ, ε and µ. 
In addition, only one type of light chain, either κ or λ, can be assembled onto a single antibody. 

Antibodies can not only present as a monomeric structure, but also can be further polymerised to 
form a larger structure (Figure 1.25). IgM and IgA both can be polymerised forming monomers and 
polymers, while other Ig types can only form monomers. IgM is the major component which consti-



37

tutes the BCR once in a membrane-bound and monomeric form. IgM can also be secreted into serum 
with a pentameric-structure in assistance of a joint chain (IgJ). In the primary response of naïve B 
cells, pentameric IgM is firstly produced into serum to entrap the antigens, other types of Ig heavy 
chains are subsequently produced on antibodies via class switching process. In the class switching, the 
variable domain is preserved in the rapid production of antibodies to maintain antigenic specificity, 
but the constant region is changed from Ig µ chains to other heavy constant chains. Besides, IgAs in 
serum are primarily secreted as monomers. Once IgAs are secreted to external environments, they 
can polymerise to form di-, tri- and even tetramers. The formation of secretory IgA dimers requires a 
IgJ chain and a secretory component to connect the constant region of the heavy chains on two IgA 
monomers. In this formation, secretory IgA can entrap pathogens to prevent their contact with mu-
cosal membrane via antigenic association.
 
Antibodies specifically recognise antigens via binding which occurs on the variable domains. In mu-
cus material, the secretory IgA entraps pathogens via an antigenic binding which normally does not 
result in subsequent immunological responses. However, more commonly, antigen-antibody binding 
results in varied responses as a consequence of simultaneous interactions of the constant regions with 
cellular receptors of the immune systems. This is exemplified by the interactions and functionalities of 
IgG. IgG is the most abundant serum antibody which maintains a monomeric form in the circulation. 
There is a group of receptors (FcγR) on immune cells which can specifically recognise a region of Fcγ 
constant chains to trigger divergent cellular responses. The phagocytosis of macrophages and neu-
trophils can be enhanced once their FcγRs bind to an IgG constant chain. Cytotoxic NK cells can be 
guided and triggered to perform cytotoxicity activities via binding of their FcγRs with IgG constant 
regions to initiate antibody-dependent cell-mediated cytotoxicity (ADCC). The constant region of IgG 
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can also be bound by complement proteins to induce the complement cascade.

1.6.4 Glycan-binding proteins in the immune system

In the mammalian immune system glycosylation is common on immune cells and molecules, and it is 
of importance in assisting the immune system to fulfil its functionalities. Glycans have salient roles in 
immune activities to regulate migration and recognition of immune cells as well as their maturation 
and responses (Haslam et al., 2008). Glycan binding proteins, also named lectins, in mammalian im-
mune system help to fulfil these roles via their interactions with glycans. Lectins are characterised by 
having a conserved carbohydrate-recognition domain (CRD) which binds with glycans (Drickamer 
and Taylor, 1993, Weis and Drickamer, 1996). Lectins in animal systems are further classified into 
five sub-families based on the sequential arrangements of their CRD domains and ligand binding 
specificities (Drickamer 1988). Three sub-families are widely observed in the immune system, C-type 
lectins, Siglecs and galectins. They are engaged in various events to regulate immune activities (van 
Kooyk and Rabinovich, 2008).

1.6.4.1 Galectin

Galectin is a lectin family which is characteristic for its β-galatoside binding preference and distinc-
tive CRDs (Barondes et al., 1994). Fifteen galectin members are identified in mammalian systems, 
named galectin-1 to -15. Based on their sequence arrangements, these fifteen mammalian galectins 
are categorised into three types: proto-, chimera- and tandem repeat (Figure 1.26A). Nine of the ga-
lectin members are proto-type with a single CRD on their sequence as galectin-1, -2, -5, -7, -10, -11, 
-13, -14 and -15. They are normally dimerised to be homodimers with bivalent glycan binding af-
finity. Besides, Galectin-3 is the only chimera-type galectin which has a single CRD in its sequence. 
Galectin-3 can form homo-oligomers via N-terminal interactions to obtain multivalent glycan bind-
ing affinity. Tandem repeat type galectins (-4, -6, -8, -9 and -12) have two CRDs on their sequence 
to confer natural bivalent glycan binding affinity. The β-galactoside of the LacNAc disaccharide is a 
universally preferred ligand for all galectins. The binding activities of galectins to this preferred ligand 
can be manipulated by modifications on the non-reducing end Gal residues on a LacNAc unit, such 
as fucosylation and sialylation. Moreover, different galectin members still have differentiated bind-
ing affinity to LacNAc moities on different glycan structures. The ligation of galectins to glycans can 
cross-link LacNAc bearing glycoconjugates, mostly glycoproteins. This cross-linking can occur on 
cell membranes and the extracellular matrix (ECM) to regulate cell-cell, cell-matrix and membrane 
protein integrations (Figure 1.26B, Perillo et al., 1998). These interactions are vital for several immu-
nological events to manipulate cell survive, growth and adhesion (Rabinovich et al., 2007, Rabinovich 
and Toscano, 2009). Examples of the biological functions of galectins in the modulation, development 
and functionalities of immune cells is outlined below.
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Expression of Galectin-1 in thymic epithelial cells facilitates its engagement in T cell selection during 
the T cell maturation process (Baum et al., 1995). Galectin-1 has been shown to be able to selectively 
induce apoptosis of immature Thymocytes (Perillo et al., 1997). The differentiation of glycosylation 
on thymocytes was correlated to their maturation status. α2,6 linked sialic acid was exclusively found 
on matured medullary thymocytes (Baum et al., 1996). The α2, 6 linked sialic acid on T cells was 
able to inhibit galectin-1 binding and subsequent apoptosis (Amano et al., 2003). This is evident that 
a glycan-based selection occurs during T-cell selection. Moreover, expression of C2GnT was lower in 
matured medullary thymocytes than cortical thymocytes (Baum et al., 1995). This indicates a higher 
level of core-2 O-glycans on immature thymocytes and this branched structure would favour galectin 
binding as more potential ligands are available. It is possible that self-reactive T cells can exit from the 
thymus without being eliminated in the maturation process, but Galectin-1 can still have negative 
impacts on their survivals. This is because the apoptosis of T cells can still be triggered by galectin-1 
(Perillo et al., 1995). 

The binding ligand of Galectin-1 is primarily a galactoside, the interactions of Galectin-1 to T-cells 
are restricted to membrane glycoproteins. Galectin-1 was found to have affinity to CD43 on T cells 
in an early study (Baum et al., 1995). The binding is dependent on the Core-2 O-glycans of CD43 as 
antibodies for this type of glycans on CD43 could block the interaction. CD43 was then characterised 
to have heavy O-glycosylation on its sequence and serve as the major binding-ligand for galectin-1 on 
T cells (Hernandez et al., 2006). It is because the quantitative binding of galectin-1 to T-cells was re-
duced to around 50% without CD43 expression and apoptosis of T-cells was also induced. Dissimilar 
to the previously suggested Core-2 specificity for the binding between Galectin 1 and CD43, Core-1 
O-glycan only CD43 was shown to have an equivalent effect as Core-2 O-glycan only CD43 to enable 
its binding with Galectin-1. As a previous study indicated that Core-1 sequences have a lower binding 
affinity to Galectin-1 than the ligand sequence on Core 2 O-glycans (Leffler and Barondes, 1986), it 
is very likely that Core-2 glycans are the preferred ligands for galectin-1, but quantitatively they are 
less expressed on CD43. A reinforcement of this suggestion was found by analysis of CD45 which is 
another major binding ligand for galectin-1 on T cells.

CD45 was first implicated as a potential ligand for Galectin-1 when T lyphoblastoid and Thymic epi-
thelial cells binding of Galectin-1 was shown to be inhibited by an anti-CD45 antibody which had a 
specificity against its glycans (Baum et al., 1995). CD45 has isoforms on cells due to differential O-
glycosylation. Lower weight isoform with relatively fewer O-glycosites required the presence of Core-2 
O-glycans to be interactive with Galectin-1. Such a glycan is not required for its high weight isoform 
(Earl et al., 2010). Besides, the abundant N-glycans on CD45 were also shown to be engaged in the 
binding of Galectin-1. However, N-glycans with terminal α 2,6 sialic acid could cause a significant 
decline of binding affinity. CD7 was also identified as a binding ligand for galectin-1 and the absence 
of this membrane glycoprotein conferred resistance of Galectin-1 induced apoptosis on malignant 
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Proto-type Tandem-type Chimera-type

A

B

Figure 1.26 Schematic diagram of galectins and interaction. 
Three types of galectins monomers are shown in (a), trans- and cis-cellular cross-linkings of membrane proteins via 
the ligation of galectins and β-galacotside (b).
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T cells (Roberts et al., 2003). Sialylation on Core-1 O-glycans of CD7 was also correlated to binding 
resistance of galectin-1 and subsequent induction of apoptosis (Roberts et al., 2003). CD2 and CD3 are 
also expressed on T-cells, which have a glycan-dependent affinity with galectin-1, but the binding of 
CD3 to galectin-1 does not directly result in cell death. 

The galectin-3 induced apoptosis was firstly described on multiple types of lymphocyte cells across 
human and mice, such as human T leukemia cell lines and activated mouse T cells (Fukumori et al., 
2003). Glycosylation of CD7, CD29, CD45 and CD71 was shown to be engaged in galectin-3 induced 
apoptosis, because the exhibited apoptosis could be inhibited by the application of exogenous lactose. 
Both Galectin 1 and 3 can induce apoptosis signal for T-cells, but they might have different specific-
ity and mechanisms to cause this consequence. In the maturation process in the thymus, Galectin-1 
and -3 are both expressed to induce apoptosis for immature thymocytes by negative selection. Only 
thymocytes expressed either CD4 or CD8 as single positive cells would eventually be matured to be 
functional T-cells. However, expressing both or neither cell membrane proteins can be found on im-
mature thymocytes and they are named double-positive or double-negative thymocytes. Galectin-1 
could universally induce apoptotic signals for both types of thymocytes, whereas the apoptosis of 
double-negative thymocytes was preferably induced by Galectin-3 (Stillman et al., 2006). Other galec-
tins are also engaged in controlling T-cell death, including galectin-2, -4 and -9. Galectin-2 and -4 are 
both expressed in the gastrointestinal tract, whereas they induced glycan-dependent T-cell apoptosis 
triggers different downstream mechanisms. Galectin-2 was shown to bind with CD29 and induce 
caspase-dependent pathway for T-cell apoptosis (Sturm et al., 2004), but Galectin-4 was shown to bind 
CD3 and induce calpain-dependent pathways (Paclik et al., 2008). Galectin-9 can interact with TIM3 
via its glycans to induce apoptosis on TH 1 cells (Zhu et al., 2005).

Except for apoptosis induction, galectin-3 was also shown to be a negative regulator for T cell activa-
tion. The clustering of the T-cell receptors is required to initiate T-cell responses, whereas galectin-3 
cross-linking lattices on the T-cell surface can restrict the mobility of the T-cell receptors to limit the 
cluster to achieve activation threshold (Demetriou et al., 2001). GlcNAc-T V is a glycosyltransferase 
involved in the branching of N-glycans to form a β1,6 antenna. A deficiency of this enzyme in mice 
caused autoimmunity and increased T-cell receptor clustering. A similar effect was also observed on 
a control group once exogenous lactose was applied to compete for galectin-3 association (Demetriou 
et al., 2001). Galectin-3 is also engaged in retaining membrane expression of cytotoxic T lymphocyte 
antigen-4 (CTLA4) on the T cell surface (Lau et al., 2007). It is a negative regulator on T-cell mem-
branes and arrests cell growth and proliferation at the late stage of T cell signalling (Rabinovich and 
Toscano, 2009)
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1.6.4.2 Siglec

Siglecs are a family of lectins which have a binding specificity for sialic acids on glycans with an abun-
dant expression on immune cells. Siglecs stand for sialic acid, immunoglobulin superfamily lectins 
(Crocker et al., 1998). The first four members, siglec 1-4, are also referred to as sialoadhesin, CD22, 
CD33 and MAG. There are fourteen members of this family of protein found in human and five found 
in mouse.

All members of this family are transmembrane proteins. At the extracellular side, they have an Ig-like 
V-set domain on their N-terminal with multi-numbers of Ig-like C2-set domains underneath. The 
V-set domain is engaged in sialic acid binding and the C2-set domains are mainly to extend the N-
terminal domain into the extracellular environment. There are different types of arrangements for the 
transmembrane and cytoplasmic sequence of Siglecs (Pillai et al., 2012). The first type has at least one 
immunoreceptor tyrosine-based inhibitory motif (ITIM) in the cytoplasmic as found on Siglec-2, -3, 
-5, -6, -7, -8, -9, -10 and -11 in human; and Siglec-2, -E, -F and G in mouse. The second type has a posi-
tively charged residue in the transmembrane domain of the Siglec, which has affinity to a membrane 
protein, DAP12, that has an immunoreceptor tyrosine-based activating motif (ITAM). The members 
of this type include Siglec-14, -15 and –16 in human and Siglec-3, -15 and –H in mouse. The third type 
has neither ITIM nor ITAM, or a positive residue in the transmembrane domain, such as Siglec-1 in 
mouse and human. In addition, Siglec-4 does also not have ITIM or ITAM motifs on its cytoplasmic 
tail, but instead, it has a site on its sequence for Fyn phosphorylation. Due to its low expression in the 
immune system, Siglec-4 can be generally regarded as similar to Siglec-1 in functioning in the im-
mune system, its Fyn signalling consequence is not further discussed (Figure 1.27).

Due to the differentiated domain arrangements, the biological engagement of siglec with each type of 
cytoplasmic arrangements is correspondingly different. For the first type, phosphorylation by Src fam-
ily kinase for tyrosine on ITIM can be induced by Siglec-Sialic acid ligation. The phosphorylated Siglec 
cytoplasmic tail can further interact with SH2-domain-containing effectors, SHP-1 and SHP-2. These 
two effectors are protein tyrosine phosphatases which can further down-regulate the signal transduc-
tions of the other receptors (Ravetch and Lanier, 2000). For the second type, Siglec and DAP12 can be 
associated via interactions of their charged residues in transmembrane domains to indirectly induce 
phosphorylation for tyrosine on the ITAM motifs on DAP12. The phosphorylated complex can serve 
as a docking site for inducing subsequent phosphorylation by Syk family tyrosine kinases. Phospho-
rylation by this kinase family can either positively or negatively regulate downstream signalling of 
immune cells (Hamerman and Lanier, 2006). The third type, Siglec-1 or –4, could possibly serve as 
adhesion molecules due to the fact that they do not have relevant downstream signalling potential.

As indicated above, most Siglec family members can be engaged in cellular signal transductions, and 
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Figure 1.27 Schematic diagram of human and murine siglecs. 
There are four conserved siglecs in mammalian systems. They differ from each other by the number of C2 set Ig 
domain, transmembrane charges and sequence arrangement of their cytoplasmic tails. Siglec with ITIM on their cy-
toplasmic tails can induce downstream signalling via phosphorylation, while Siglec with short cytoplasmic tail and 
basic transmembrane residue can attract a DAP12 dimer to trigger signalling via ITAM phosphorylation. Siglecs with 
neither a basic transmembrane residue nor an ITIM motif would generally be unable to trigger cellular signalling. 
Adapted from  (Varki et al., 2015).

their involvements may generally lead to signal attenuation in the immune system. This signal attenu-
ation could have impacts on unwanted aggressive activities, such as autoimmunity. Their immuno-
suppressive effects are implicated in studies of mainly B- and T- cells.

CD22 is mainly expressed on B cells, it has ITIM motifs on its cytoplasmic tail and a binding prefer-
ence for sialic acids with α2,6 linkage (Sgroi et al., 1993). CD22 has one V-set Ig-like domain followed 
with six C-set Ig-like domains on its extracellular part and it has four ITIM signalling motifs inside 
the cytoplasm. Early studies investigated the B cell activities of CD22 deficient mice, they observed 
hyper-responsive activities of B cells, lowered triggering threshold by receptor cross-linking and in-
creased B cell induced cell apoptosis (O’Keefe et al., 1996, Nitschke et al., 1997). Calcium influx, which 
is a downstream signalling event after B cell activation, was consistently elevated in studies using dif-
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ferent CD22 knockout mice (O’Keefe et al., 1996, Nitschke et al., 1997). This could indicate a role for 
CD22 as a negative regulator for B cell activation. A further study then confirmed that the B cells of 
CD22 deficient mice could also produce autoantibodies against a range of self-biomolecules, including 
double-stranded DNA (O’Keefe et al., 1999). This is indicative for a salient role of CD22 in immune 
tolerance. A deficiency of Lyn, which is a Src family kinase for ITIM phosphorylation, or deletion of 
SHP-1 in B cells could both cause systematic autoimmunity in mice (Hibbs et al., 1995, Nishizumi et 
al., 1995). Modifying glycan binding sites of the CD22 V-set domain and applying synthetic sialioside 
both can lead to elevation of Calcium influx and corresponding down-regulation of tyrosine phos-
phorylation on CD22 (Jin et al., 2002, Kelm et al., 2002). 

Acetylation of the hydroxyl group on C-9 of sialic acid residues (9-O-acetylation) can naturally occur 
in living system. Its inhibitory effect was found on CD22 as it can prevent the ligation between CD22 
and sialic acid residues (Sjoberg et al., 1994).  This chemical modification can be reversibly removed by 
sialic acid acetylesterase, and defects of this enzyme in mice can lead to production of autoantibodies 
and BCR activation (Takematsu et al., 1999, Cariappa et al., 2009).

Due to the limited expression of Siglecs, such as Siglec-7 and Siglec-9, on subsets of T cells (Nicoll et al., 
1999, Zhang et al., 2000), their effects on T cell signalling were artificially assessed by gene transfec-
tion into Jurkat cells (Ikehara et al., 2004). Phosphorylation of Siglec-7 and –9 was increased by em-
ploying SHP-1, while a decreased phosphorylation of ZAP70, which is a downstream signal after TCR 
stimulation, was observed. Correspondingly, transcriptional activity of nuclear factor was affected by 
the presence of either Siglec in activated T cells (Ikehara et al., 2004). Mutations on an arginine residue 
on the glycan binding site of Siglec-7 and –9 can improve the reduced transcriptional activity. Thereby, 
the optimal activity of nuclear factor and T cell regulation could be achieved by the presence of both 
Siglec proteins with ligand bindings.
        
1.6.4.3 C-type lectin

C type lectins were originally discovered as a group of calcium dependent glycan binding proteins 
which could have divergent binding specificities and multiple C-type CRDs. Their interactions with 
targeted glycan moieties require the presence of a calcium cation stabilising their binding pocket to 
form a preferable binding site (Weis and Drickamer, 1996). The calcium cation is also engaged in 
lectin-glycan interactions as forming coordination bonds with glycans. The C-type CRD domain is 
identified as a sub-member of a superior domain group, named C-type lectin-like domains (CTLD). 
The definition of C-type lectin is also expanded to be a protein with at least one CTLD on its sequence 
(Dodd and Drickamer, 2001, Weis et al., 1998, Drickamer and Dodd, 1999). The expanded defini-
tion of C-type lectins is based on similarity of sequence rather than functions, and subsequently at 
least 1000 theoretical members of this lectin family have been identified via computational approach 
(Zelensky and Gready, 2005). In the identified members, there is a population of the members which 
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are unable to interact with glycans because they lack the glycan binding components in their CTLD. 
Instead, they are interactive with other biopolymers including lipids and proteins as well as inorganic 
molecules (Sancho and Reis e Sousa, 2012). There are two types of sequence motifs in the functional 
CRD including three amino acid residues which confer divergent specificity for their binding glyco-
sides. The mannose/fucose specificity occurs in C-type CRDs with an E-P-N motif presented in their 
binding site, whereas the Q-P-D motif confers specificity for galactose (Drickamer, 1992). C-type lec-
tins can be expressed in secretory or membrane-bound forms in mammalian systems, and they have 
a broad binding capacity to endo- and exogenous ligands to manipulate multiple biological functions. 
In immune systems, secretary C-type lectin can mainly interact with exogenous ligands to induce 
innate immune cell functioning as phagocytosis, inflammation and antigen presentation. Simultane-
ously, membrane-bound C-type lectins can modulate immune responses once they interact with en-
dogenous ligands. In this section, the endogenous ligands that induced immune responses are mainly 
discussed for their correlation to the studies in this thesis.

Lymphocytes trafficking in the vascular system is a well-studied example for the engagements of gly-
can-lectin interactions of C-type lectins. There are three members of this C-type lectin family respon-
sible for the trafficking, P-, L- and E-selectin. The capital letter for each of the selectin refers to the cell 
type of original discovery, platelets, leukocytes, and endothelial cells (Cummings and McEver, 2015). 
They share a similar sequence arrangement with a C-type CRD domain, an epidermal growth factor-
like domain, several repeats of sushi domains, a transmembrane domain and a cytoplasmic tail from 
the sequence N-terminal to C-terminal, successively (McEver et al., 1995). The lymphocyte trafficking 
is directly initiated and manipulated by selectin-ligand interactions between vascular endothelial cells 
and platelets/leukocytes. For example, Leukocytes in vessels can be tethered by endothelial cells via 
selectin-ligand interactions and subsequent rapid-association/disassociation of selectin bonding al-
lows Leukocytes to roll on the vessel wall endothelial cells. The contacts during the rolling allows the 
chemokine receptors on leukocytes to capture chemokine ligands on the contacting endothelial cells. 
The ligation of these two inter-membrane molecules induces the expression of integrins on the cell 
membrane of leukocytes. The newly synthesised integrins favourably bind to endothelial membrane 
protein ligands such as vascular cell adhesion molecule 1 (VCAM-1). The enhanced inter-membrane 
association reduces the rolling velocity of leukocytes and eventually leads to their exit from the vas-
cular system.

L-selectin which is expressed on leukocytes whilst of P- and E-selectins are expressed on endothelial 
cells, not constitutive but inducible by inflammatory mediators (Lowe, 2002, Collins et al., 1995, Eppi-
himer et al., 1997). The differently expressed selectins play distinct roles in manipulating lymphocytes 
trafficking. For instance, P- and E-selectins expressed on endothelial cells manipulate the trafficking 
of lymphocytes from lymph nodes to damaged sites by interacting with ligands on leukocytes. L-
selectins on lymphocytes mediate trafficking back into lymph nodes via ligation with glycoconjugate 
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ligands on endothelial cells, such as those found on high endothelial venules (HEV).

The glycan engagements of selectin-ligand interaction were described in early studies that indicated 
that destroying peptide could not inhibit interactions but applying exogenous saccharides could re-
duce the binding affinity between HEV and lymphocytes (Stoolman and Rosen, 1983, Stamper and 
Woodruff, 1977, Stoolman et al., 1984). The requirement of sialic acid residues for the binding was 
then elucidated in vitro and in vivo by applying sialidases, and the selectin-ligand interaction was 
disabled after such treatments (Rosen et al., 1985, Rosen et al., 1989). A LacNAc based tetra-saccharide 
epitope, Sialyl-Lewis x, with mono-sialylation and fucosylation was then characterised as a universal 
ligand for these three selectins (Berg et al., 1991, Polley et al., 1991). Sulfated glycan ligands, such as 
Sulfatides and sulphated Lewis antigens, were then found also to have affinity to L- and P-selectins 
(Aruffo et al., 1991, Green et al., 1992)

The major glycoconjugate ligands expressed on endothelial cells and lymphocytes have been charac-
terised, and P-selectin glycoprotein ligand-1 (PSGL-1) was identified as a common ligand for all three 
selectins. Besides, each selectin has their own specific ligands expressed on lymphocytes or endothe-
lial cells (Cummings and McEver, 2015).

E-selectin has three specific ligands identified as human L-selectin, CD44 and E-selectin ligand-1 
(ESL-1). ESL-1 was firstly isolated from mouse neutrophils as a ligand for E-selectin by affinity isola-
tion against a recombinant antibody-like E-selectin (Levinovitz et al., 1993). A further study treated 
ESL-1 with N-glycosidase F and then its E-selectin binding was abolished indicating a substantial 
engagement of N-glycans in this selectin-ligand binding (Lenter et al., 1994). Sialic acid was also re-
quired for the binding which is under a calcium dependent manner. L-selectin purified from human 
neutrophils was found having affinity to recombinant Ig-like E-selectin. Sialidase treatment but not 
endoglycosidase F treatment of purified L-selectin can abolish its binding with the recombinant E-se-
lectin (Zöllner et al., 1997). This outcome indicates the importance of ligand sialylation for E-selectin 
binding and that N-glycosylation might not be essential for L- and E-selectin interactions. In addition, 
CD44 isolated from specific cells such as peripheral blood polymorphonuclear neutrophils were able 
to bind with E-selectin. However, CD44 from a bone marrow stromal cell line could not bind with 
E-selectin. This highlights the importance of post-translational modification for the binding affinity 
of CD44 to E-selectin. Sialylated and fucosylated N-glycans were also suggested in this study to play a 
vital role in binding mediation (Katayama et al., 2005). 

PSGL-1 is the major ligand for P-selectin, and CD24 also has affinity to P-selectin. PSGL-1 is charac-
terised as a mucin protein which is homo-dimerised by a disulfate bond with a sequence consisting of 
an N-terminal selectin-binding domain, several decametric repeats, a transmembrane domain and a 
short cytoplasmic tail (Cummings and McEver, 2015, Sako et al., 1993). In an early study, the engage-
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ment of N-glycans for its P-selectin binding was excluded as peptide N-glycoside F (PNGase F) was 
unable to affect the binding, but instead removing sialic acid inhibited its binding against P-selectin 
(Moore et al., 1992). Even sialyl-Lewis x antigen was identified on its O-glycans with a substantial 
abundance, a site specific O-glycosylation on T57 at the N-terminal region of human PSGL-1 was 
shown to play a vital role for its binding to P-selelctin (Norgard et al., 1993, Liu et al., 1998). The heavy 
O-glycosylation on the decametric region of PSGL-1 might function to prevent coiling of the sequence 
to maintain the functionality of the N-terminal binding domain (Sperandio et al., 2009). High bind-
ing affinity between PSGL-1 and selectins requires sulphation on the tyrosine residues around the 
N-terminal of PSGL-1 (Wilkins et al., 1995). Besides, CD24 was also shown to specifically bind with 
P-selectin via an O-glycan dependent approach as endoglycosidase F treatment could not compromise 
the binding activities on neutrophil CD24 coated beads (Aigner et al., 1997).

L-selectin has multiple ligands such as membrane mucins which are widely distributed on HEV to 
mediate L-selectin-dependent lymphocyte homing (Cummings and McEver, 2015), including Glyc-
CAM-1, CD34 and MAdCAM-1. GlyCAM-1 is a dominant L-selectin ligand in HEV and it was origi-
nally found as a sulphated glycoprotein (Imai et al., 1991). A following study indicated the importance 
of O-glycan sulphation for its L-selectin binding (Imai et al., 1993). Subsequently, three sulphated 
Sialyl-Lewis antigens were identified on its core-2 O-glycans as shown in Figure 1.28 (Hemmerich et 
al., 1994, Hemmerich et al., 1995, Hemmerich and Rosen, 1994). However, C2GnT I deficient mice, 
which are unable to synthesise core-2 O-glycans, did not exhibit declined lymphocyte homing but 
limited neutrophil recruitment to respond to inflammation (Ellies et al., 1998). Another study then 
indicated a compensation in C2GnT I deficient mice which express novel extended Core-1 O-glycans 
with sialylation and sulphation on HEV mucin ligands (Yeh et al., 2001). CD34, MAdCAM-1, and 
podocalyxin were then sequentially verified as L-selectin ligands, and they are identical to GlyCAM-1 
as possessing O-glycan ligands of L-selectin with sulphation and sialylation (Berg et al., 1993, Imai et 
al., 1991, Baumheter et al., 1993).

DC-SIGN is a multi-functional C-type lectin which can facilitate the functionality of DC as it is a 
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Figure 1.28 Three high affinity sulphated Sialyl-Lewis antigen ligands for L-selectins. 
The major ligand is highlighted by a capital “M” above the designated epitope.
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“DC-specific C-type lectin”. DC-SIGN was firstly described for its reactivity to high mannose glycans 
on gp120, an HIV envelope glycoprotein (Curtis et al., 1992). The binding activity of DC-SIGN was 
then discovered in that it was capable of binding intracellular adhesion molecule 3 (ICAM-3) present-
ed on resting T-cells (Geijtenbeek et al., 2000). Similar to selectins facilitating lymphocyte trafficking, 
DC-SIGN was shown to facilitate the trafficking of DCs to inflammation sites for capturing antigens 
and then secondary lymphoid organs for T-cell antigen-presentation. In the tethering and rolling of 
DCs on endothelial cells, DC-SIGN serves as the lectin to manipulate the processes via ligation with 
Lewis antigens, which are expressed on an endothelial membrane glycoprotein, named intracellu-
lar adhesion molecule 2 (ICAM-2) (Garcia-Vallejo et al., 2008). Once DC cells traffic back to lymph 
nodes, the antigen-presentation is commenced with a DC-SIGN mediated adhesion between DCs and 
T-cells. The Lewis antigens on ICAM-3 (Bogoevska et al., 2007) were indicated having high binding 
affinity for DC-SIGN to initiate the transient adhesion. This mediated close contact is beneficial for 
the formation of immune synapses and activation of resting T-cells (Steinman, 2000). 

Antigen presentation by DC is vital for inducing T-cell directed antigen-specific immune responses. 
However, immature DCs back from inflammation sites are unable to induce the primary response of 
naïve T cells and their subsequent differentiation to effector T-cells. Instead, regulatory T cells can be 
induced, via the signals from immature DCs. Regulatory T cells can induce negative regulation of T-
cell responses (Jonuleit et al., 2000). Neutrophils may have a role in the maturation of DC prior to its 
antigen presentation, and DC-SIGN plays a role in this process (van Gisbergen et al., 2005). DC could 
interact with neutrophils at the site of inflammation, and neutrophils expressed an integrin, named 
Mac-1, on which Lewis antigens were expressed. Immature DC could cluster with activated neutro-
phils via the ligation between Mac-1 and DC-SIGN. The activated neutrophils could produce TNF-α 
to induce DC maturation after this ligation (van Gisbergen et al., 2005) . Moreover, DC-SIGN was 
suggested to be unable to interact with Mac-1 expressed on the other leukocytes. This might reflect a 
differentiated glycosylation for this integrin in different cell lineages (van Gisbergen et al., 2005).

1.6.5 Antibody glycosylation

Antibodies produced by B cells are naturally glycosylated on the constant region of immunoglobulin 
heavy chains. The presence of glycans on the constant region enhances the structural heterogeneity 
of the antibody molecules and more importantly regulate their immunological activities. The regula-
tion of antibody activities is exemplified by the N-glycosylation on IgG. IgG has a conserved N-gly-
cosylation site on its constant region at N297 and deglycosylation of this site could abolish all effector 
functions of IgG via interactions with multiple receptors (Anthony et al., 2012). The levels of core-fu-
cosylation, galactosylation and sialylation on IgG N-glycans have been well recognised for associating 
with its effector functions. The galactosylation of IgG from patient with autoimmune disease, such as 
rheumatoid arthritis, has been shown to be lower than healthy counterparts to exhibit truncated N-
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glycans with GlcNAc terminals (Parekh et al., 1985). The level of galactosylation could increase on IgG 
in patients with rheumatoid arthritis during pregnancy or medical treatment with correspondingly 
reduced disease activity (van de Geijn et al., 2009, Pasek et al., 2006). Besides, the sialylation level on 
galactosylated N-glycan antennae has been associated with immunomodulatory effects and disease 
condition. A low level of sialylation was observed in various diseases such as rheumatoid arthritis and 
disease relapse could occur in patient with reduced sialylation (Kemna et al., 2017, Parekh et al., 1985). 
A high level of IgG sialylation can favourably induce interactions with immunomodulatory receptors 
(Anthony et al., 2011), especially α2,6-linked sialic acid residues, while impairing interactions with 
pro-inflammatory Fc receptors and complement cascade (Quast et al., 2015, Scallon et al., 2007). The 
presence of core-fucosylation on the reducing-end GlcNAc residue can reduce the ADCC activities 
via reducing their binding affinity to relevant receptors (Ferrara et al., 2011, Quast et al., 2015). Addi-
tionally, extra N-glycosylation sites could be found in the variable region of heavy and light chains on 
nearly 20% of serum IgG due to hypermutation in this region (Mimura et al., 2007, Zhu et al., 2002). 
The potential N-glycosylation in variable regions could assemble high mannose or complex glycans 
with heavy sialylation (Bondt et al., 2014) and the level of sialylation was associated with the half-life of 
the IgG molecules. The N-glycosylation of the variable region has impacts on antigen binding affinity 
(Coloma et al., 1999, Leibiger et al., 1999). However, the alteration of variable region glycosylation was 
not associated with the severity of arthritis of patients during pregnancy (Bondt et al., 2016).

1.6.6 Hu-FEDS hypothesis

During pregnancy, the maternal immune system is manipulated to accommodate the foetus as a ge-
netic hemi-allograft, but the exact mechanism for this regulation is still largely unknown. In 1950s, 
Nobel laureate Sir Peter Medawar firstly proposed three hypotheses to explain the exceptional im-
mune tolerance: 1) anatomical separation; 2) immaturity of foetal antigens or 3) inertness of maternal 
immune responses (Medawar, 1953). However, subsequent studies were not in support to all of these 
three hypotheses. First, the extra-villous cytotrophoblasts of foetal placental origin have direct contact 
with maternal uterus to remodel local vascular system to establish supplies of blood and nutrients 
from the maternal system for the foetus (Burton and Jauniaux, 2004). Second, injection of foetal ma-
terials was able to induce immune responses in animal models with mature immune systems (Billing-
ham et al., 1956). Third, maternal system could induce robust immune responses to exogenous infec-
tions during pregnancy (Head and Billingham, 1986). More theories were then proposed to explain 
the possible mechanism of this immunomodulation, and the importance of glycosylation in the local 
environment during pregnancy is highlighted in one of these theories, the Hu-FEDS hypothesis.

The Hu-FEDS hypothesis stands for human fetoembryonic defence system hypothesis, which was 
proposed by Gary F. Clark in 1996 (Clark et al., 1996). In this hypothesis, Clark firstly suggested that 
glycan sequences on glycoconjugates in the reproductive system can serve as key molecules to ma-



51

nipulate immune recognition and subsequent immune responses (Clark et al., 1996). The hypothesis 
was initiated on the observation that the binding of human egg-sperm depends on the recognition of 
a glycan sequence, Sialyl-Lewis X. Their immune recognition on human eggs was also suggested to 
rely on this glycan sequence expressed on zona pellucida glycoproteins (Clark et al., 1995, Patankar et 
al., 1993).

There is accumulating evidence to support the immune-suppressive effects of glycan sequences from 
the studies of glycoconjugates ranging from glycoproteins to glycolipids in the reproductive system 
(Pang et al., 2016). The potential association of glycan sequences and the immunosuppressive effects 
of glycoconjugates in the human reproductive systems are exemplified below.
 
Glycodelin is a glycoprotein which is mainly expressed in the endometrium (Julkunen et al., 1986), 
but can also be detected in the male genital tract and immune cells of megakaryocytic lineage (Ju-
lkunen et al., 1984, Morrow et al., 1994). In female the expression of this protein commences from 
the luteal phase to the term of pregnancy (Dalton et al., 1995, Julkunen et al., 1985). Its expression 
peaks in the first trimester (7-11wk) of pregnancy to become a major protein observed in the endo-
metrium (Julkunen et al., 1991). This protein is mainly secreted into amniotic fluids and the presence 
of this protein is dramatically declined after the first trimester of pregnancy (Julkunen et al., 1991, 
Julkunen et al., 1985). The immunosuppressive effect of glycodelin was firstly described in a study of 
decidual tissue extracts (Bolton et al., 1987). The tissue extracts were found to be able to suppress the 
proliferation of mixed lymphocytes and glycodelin purified from the extracts had a more potent ef-
fect. This effect can be abolished by applying antibodies against glycodelin and thereby this protein 
was suggested to be the major immunosuppressive factor in the decidual environment (Bolton et al., 
1987). The glycodelin secreted in amniotic fluids, also named glycodelin A, was found to be able to 
inhibit the expression of IL-1, -2 and IL-2 receptor (soluble) in monocytes (Pockley and Bolton, 1989, 
Pockley and Bolton, 1990). Moreover, the cytotoxic activity of NK cells can also be inhibited by gly-
codelin A in a concentration dependent manner (Okamoto et al., 1991). Moreover, glycodelin A was 
also shown to downregulate expression of IgM and MHC II of B cells as well as inhibit the E-selectin 
mediated adhesion of neutrophils to vascular endothelium (Yaniv et al., 2003, Jeschke et al., 2003). All 
the evidence above indicates the importance of this glycoprotein in mediating the immune responses 
during the development of the local vascular system in the first trimester. Glycodelin A is the major 
glycoform, glycodelin S (seminal plasma), F (follicular fluid), C (cumulus matrix) and M (megakaryo-
cyte) are also identified as glycoforms of glycodelin from different sources. Glycomic studies of the 
glycofoms of glycodelin, excluding glycodelin M, have shown the association of glycosylation on this 
glycoprotein to its immunosuppressive effects (Koistinen et al., 1996, Dell et al., 1995, Lee et al., 2009). 
Glycodelin A, F and C from the female reproductive system shared several structural features of their 
N-glycans in terms of expressing multi-antennary complex structures with type II LacNAc and Lac-
diNAc antennae as well as Sda epitope (Lee et al., 2009). Antennary sialylation and fucosylation levels 
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were varied in between these glycoforms as glycodelin A was heavily sialylated whereas the other two 
glycoforms were less sialylated. Sialylation on glycodelin C was only found on Sda epitopes (Lee et al., 
2009). The immunosuppressive effect of these glycodelins was also assessed on immune cells such as 
Jurkat cell lines. Inhibition of proliferation and IL-2 production as well as induction of cell death were 
observed on these cell lines with treatment of glycodelin A and F, but not glycodelin S and C (Lee et 
al., 2009). The glycosylation of glycodelin S had been characterised and only two N-glycosylation sites 
on glycodelin S are specifically occupied by high mannose glycans on site Asn-28 while the other site 
Asn-63 is occupied by bi-antennary complex N-glycans with LewisX/Y terminals (Morris et al., 1996). 
Additionally, glycodelin A from patients with gestational diabetes mellitus at the term of pregnancy 
exhibited higher presence of Sda epitopes and a decrease of α 2,6 sialylation (Lee et al., 2011). The de-
scribed immunosuppressive effect correspondingly decreased in diabetic patients and could further 
be completely abolished after de-sialylation. The evidence above indicates that the antennary arrange-
ments of their N-glycans, especially sialylation on their LacNAc or LacdiNAc antennae, could directly 
correlate to their immunosuppression effects (Lee et al., 2011).

CA125, cancer antigen 125, is an endometrial mucin, which was named for its initial detection by 
monoclonal antibodies for ovarian carcinoma cells (Bast Jr et al., 1981). This mucin has 24,000 amino 
acid residues and can accommodate a large volume of N- and O-glycans (Kui Wong et al., 2003, 
O’Brien et al., 2002) which can contribute equivalent molecular weight to its protein backbone. Its ex-
pression pattern in endometrium is coincident to that of glycodelin A during pregnancy (Dalton et al., 
1995). N-glycosylation of CA125 characterised from OVCAR-3 cell lines is substantial as having high 
mannose and multi-antennary bisecting complex structures with antennary sialylation and/or fuco-
sylation. O-glycosylation for this protein is dominated by core-1 and -2 structures (Kui Wong et al., 
2003). The cytotoxic activities of NK cells could be suppressed by 50-70% via incubation with CA125 
for at least 72h at a concentration between 10,000-100,000 U/ml (Patankar et al., 2005). The exposure 
of NK cells to CA125 can also lead to reduced expression of membrane protein CD16 and could conse-
quently shift NK cells to a less potent subset as decidual NK cells (Patankar et al., 2005). Interestingly, 
the suppressive effect of CA125 for NK cells could be completely abolished by de-sialylation of CA125 
as this mucin protein recruited siglec-9 to bind NK cells and attenuate their functional signalling, 
simultaneously (Belisle et al., 2010). 

Sialylated glycolipids as gangliosides are dominated in the placenta in terms of abundance and im-
munosuppressive effect. GM3, GM1, GD3 and GD1a are abundant gangliosides in placenta (Dyatlo-
vitskaya et al., 1990), and they could effectively suppress the lymphoblastic transformation and NK ac-
tivities. Siglec-5, -7 and -8 can bind with glycan ligand on GD3, and the cytotoxic activity of NK cells 
can be mediated by the ligation between GD3 and siglec-7 (Rapoport et al., 2003, Nicoll et al., 1999).
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1.6.7 Cancer glycosylation

The altered glycosylation of cancerous cells has been described since the 1950s (Ladenson et al., 1949, 
Nisselbaum and Bernfeld, 1956). Following developments of highly specific monoclonal antibody  
technology allowed structural characterisation of the cancer associated glycan epitopes which are 
defined as generally foetal-like oncofoetal antigens (Hakomori, 1983, Holmes et al., 1987). The glycan 
epitopes characterised by monoclonal antibodies are widely accepted to be named as tumour associ-
ated carbohydrate antigens (Hakomori, 1984). 

The inherent heterogeneity of original cells determines that the alterations of glycosylation on can-
cerous cells could be on a wide range of structural features following a cell-specific, protein-specific 
and even site-specific manner. Two principal mechanisms, imcomplete and neo-syntheses, have been 
proposed for cell glycosylation during the transformation from original to cancerous cells based on 
the integrated effects of involved intrinsic factors (Kannagi and Hakomori, 1983). The incomplete 
synthesis can occur at the early stage of cancer transformation as the normal glycosylation machinery 
is disrupted to produce incomplete structures such as truncated Tn-antigen (Fu et al., 2016). The neo-
synthesis refers to that of cancerous cells which decorate their glycans with featured moieties such as 
Sialyl-Lewis antigens and poly-LacNAc at advanced stages to favour their growth and malignancy 
(Walz et al., 1990, Kannagi et al., 2008, Sweeney et al., 2018).

As the biosynthesis of glycans is not based on templates, intrinsic factors play a role in directing the 
proposed mechanism to alter glycosylation in the transformation. There are three major factors that 
have impacts on the glycosylation during cancer transformation: 1) expression of glycosyltransferases; 
2) availability of monosaccharide substrates; 3) localisation of catalysing components in the ER-Golgi 
pathway (Pinho and Reis, 2015). These factors can singly or synergistically drive the glycosylation ma-
chinery to produce the desired structural features during cancer developments. Thereby, there are five 
structural features widely observed on cancer glycans, fucosylation, sialylation, truncation, branching 
and elongation.

Sialylation is globally upregulated on N-, O- and GSL-glycans in cancers with mostly α2,3 or 2,6 link-
ages because of enhanced expression of relevant sialylatransferases (Kim and Varki, 1997). Terminal 
LacNAc moieties are generally decorated by a sialic acid residue on its Gal with either linkage (α 2,3 
and 2,6) to form sialyl-LacNAc epitopes. Overexpression of Sialylatransferases for the assembly of 
both linkages (ST3Gal-I &ST6Gal-I) is correlated to the development and poor prognosis of various 
cancers (Shen et al., 2017, Wu et al., 2016, Lu and Gu, 2015). Sialyl-LacNAc epitopes can further serve 
as an acceptor for a Fuc residue to assemble on its GlcNAc to form either a sialyl-Lewis x or a antigens. 
Overexpression of sialyl-Lewis x antigens can result in a poor survival rate (Baldus et al., 1998), and 
this antigen and its sulphated forms can interact with selectins to facilitate the migration and tissue 
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invasion of cancer cells to distal locations (Nakamori et al., 1993). In addition, the increased sialylation 
on GSL-glycans can result in an overexpression of gangliosides; and poly-sialic acid with α 2,8 linkage 
can also be observed on cancer glycans (Todeschini et al., 2007, Falconer et al., 2012).
Both core and branch types of fucosylation can be found on glycans from cancerous cells. The branch 
fucosylation is catalysed by a group of fucosyltransferases (Fuc-T III-XI, excluding Fuc-T VIII) to 
assemble Lewis a/x and b/y antigens on the N-, O- and GSL- glycans of cancer cells (Miyoshi et al., 
2008). Fuc-T III has dual linkage specificities to assemble either α1,3 or 1,4-linked fucose residue onto 
glycans. Core-fucosylation by Fuc-T VIII is normally overexpressed in cancers to add an α1,6-linked 
fucose residue onto the reducing-end GlcNAc on N-glycans. Overexpressing core-fucose on the gly-
cans of epidermal growth factor receptor on cancer cells can result in enhanced signalling of this 
growth factor via elevating levels of dimerization and phosphorylation to facilitate the growth and 
malignancy of tumour cells (Takahashi et al., 2009). 

The N-glycans on cancers can be generally well-branched to form multi-antennary structures. Hy-
peractivity of GlcNAc-T V can result in formation of a β1,6 antenna and increased formation of this 
antenna has been associated with enhanced metastasis (Dennis et al., 1987). Overexpression of this 
enzyme has been associated with cancer progression, while downregulating the expression of this 
enzyme could lead to suppression of the progress and metastasis (Demetriou et al., 1995). Elongation 
of cancer N-glycans by β1,3 GnTs to form linear poly-LacNAc is also dominant in several cancers and 
this structural moiety can facilitate the interaction of cancer cells to galectins promoting  metastasis 
and tumour survivals (Rye et al., 1998, Jiang et al., 2018). The elongated poly-LacNAc chains could also 
facilitate to project away their terminal epitopes into the extracellular environments and to possibly 
enhance trans-cellular interactions via lectins (Pang et al., 2016). 

Different from the neo-synthesis described above, incomplete synthesis in cancer cells is exempli-
fied by the formation of truncated O-glycans. The most dominant truncated structures are T and Tn 
antigens with their sialylated forms. The formation of truncated structures is normally caused by the 
competition of glycosyltransferases for the same catalysing acceptors. For instance, the competition 
between C2GnT1 and ST3Gal-I for core 1 O-glycans associated with the progression of breast cancer 
could determine the O-glycan structures to be either Core-2 or sialylated T-antigens (Dalziel et al., 
2001). Overexpressing of GalNAc α2,6 sialylatransferase (ST6GalNAc-I) in cancers with dysregulated 
enrichment in cis- and medial-golgi could result in a competition with core 1 GalNAc β1,3 galacosyl-
transferase 1 (C1GalT1) for the C-3 position to form the truncated sialyl-Tn antigen (Gill et al., 2010, 
Marcos et al., 2004). 

Cancer cells share, to some extent, glycan moieties with those of the reproductive systems as oncofoe-
tal antigens. These special antigens might confer immunological advantages for cancer cells as sug-
gested in the Hu-FED’s hypothesis. For instance, Lewis y antigen expressed as an oncofoetal antigen 
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in cancer cells could have immunomodulatory effect, as the presence of this antigen on lipopolysac-
charide can induce IL-10 production from DC to favour immune tolerance via DC-SIGN signalling 
(Gringhuis et al., 2009). Sialyl-Lewis x is another example as it is not only an adhesion ligand for selec-
tins to favour metastasis, but also a ligand for siglec-9 to possibly induce tolerance on innate immune 
cells (Avril et al., 2004). Sialyl-Lewis x antigens could also inhibit proliferation of T cells after antigen 
presentation and induction (Steinman, 2000). 

1.7 Aim of this thesis

In this thesis I aim to characterise the glycosylation of several immunologically important species or 
proteins via comprehensive mass spectrometric strategies.

In each chapter, I specifically aim to:

1. Characterise the glycosylation of pregnancy specific glycoprotein 1 from natural and recom-
binant sources via glycomics and glycoproteomics analyses (Chapter 3) 

2. Characterise the glycosylation of canine melanoma cells from a stage III patient by compre-
hensive glycomic strategies (Chapter 4)

3. Characterise the glycosylation of fusion Fc proteins from different expression systems by gly-
comic analysis (Chapter 5)

4. Characterise the glycosylation of murine mixed cryoglobulins by glycomic analysis to under-
stand the pathogenetic mechanism of relevant diseases (Chapter 6).
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Chapter 2 Methods and Materials

2.1 Biological materials

All biological samples were provided by collaborators for the projects included in the following chap-
ters. The methodology of sample preparations prior to our experiments were kindly provided by them 
for the following sub-Sections.

2.1.1 Pregnancy specific glycoprotein 1

2.1.1.1 Native pregnancy specific glycoprotein 1

Pregnancy specific glycoprotein 1 samples were provided by Professor Gabriela Dveksler of the De-
partment of Pathology, Uniformed Service University, Maryland, USA. The native proteins were 
harvest from healthy pregnant donors. Briefly, serum of healthy pregnant women was collected and 
pooled under strict regulation. Then the pooled serum material was passed through a self-assembled 
affinity column fixed with commercially available PSG1 antibodies.

2.1.1.2 Recombinant pregnancy specific glycoprotein 1 N-terminal domains with Fc-tag

PSG1 N-domains were transfected into CHO-K1 (transiently and stably) and Epxi-CHO (transiently) 
with a vector containing a Fc-tag, which introduced the Fc-tag at the C-terminal of PSG1 N-domain 
sequence. All post-transfection cell cultures were collected and purified on a Protein A column using 
an AKTA system.

2.1.2 Canine melanoma cells

Canine melanoma cells were kindly provided by Professor Gary Clark of the department of Obstetrics, 
Gynecology and Women’s Health, School of Medicine, University of Missouri, Columbia, USA. The 
canine melanoma cells were collected from a dog which had been diagnosed with stage 3c melanoma 
cancer. Briefly, biopsies of the melanoma were surgically removed, and melanoma cells were then 
manually isolated from the biopsies with strict regulation and professional guidelines. The isolated 
melanoma cells were cultured and expanded in the laboratory to reach an optimal cell population. The 
expanded cell population was harvested from the cell culture and then lyophilised. A portion of the 
cells were provided for our glycomics analysis. The remainder were used for the vaccination regimen 
which is being piloted at the University of Missouri (Clark, 2017, Dell et al., 2018). Imaging revealed 
that this dog had developed a total of thirty metastatic tumours after two rounds of vaccination. How-
ever, one month after vaccination ended, imaging indicated that all tumours had been destroyed and 
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the dog remained free of metastatic disease for 20 months before dying due to an unrelated trauma. 

2.1.3 Immunoglobulin G

2.1.3.1 Cryo-precipitate from transgenic TSLP mice

Cryo-precipitate and cryoglobulin samples were provided by Professor Alan Salama of the Centre 
of Nephrology, Royal Free Hospital, University College London, London, UK. A thymic stromal 
lymphopoietin(TSLP) overexpression model mouse was employed for production. Mice were sacri-
ficed to collect sufficient amounts of murine serum; the collected murine sera were incubated in a 4 ºC 
cold room for at least 24 hours to form a cryo-precipitate. The precipitates were then collected.

2.1.3.2 Cryoglobulin G from transgenic TSLP mice

The same TSLP overexpression model mouse was employed, and mice were sacrificed for serum col-
lection. Collected murine serum was purified on a Protein G column following the manufacturer’s 
instructions. A wild-type control of immunoglobulins, obtained via the same procedure, was also 
kindly provided.

2.1.3.3 Recombinant Fc fusion protein

Engineered IgG1-Fc fusion protein was kindly provided by Professor Richard Pleass of Liverpool 
School of Tropical Medicine, Liverpool, UK. The detailed preparation was described in (Blundell et 
al., 2019). Briefly, the sequence of Fc region was rearranged by addition of a tail-piece from the IgM 
C-terminus. Introduction or deletion of N-glycosylation sites were selectively conducted on the hinge 
region and/or CH2 domain and/or tail-piece. These mutants were further grouped by the presence of 
cysteine residues on the CH2 domain and/or engineered tail-piece via mutagenesis. All mutants were 
stably expressed in CHO and HEK293T cell systems. The supernatant of cell cultures was harvested 
from both cell lines after centrifugation. The supernatant was then purified by Protein G column.

2.2 Materials

2.2.1 Chemicals, reagents, enzymes and consumables

Alfa Aesar (Lanchashire, UK): Acetic anhydride and methyl iodide
Applied Biosystems (Warrington, UK): 4700 Mass Standards kit
BOC (Guildford, UK): Argon, helium and nitrogen compressed gases
Calbiochem (CA, USA): Endo-β-galactosidase (B. fragilis)
Fisher Scientific (Loughborough, UK): Slide-A-Lyzer dialysis cassettes (3.5KDa, MWCO)
Fluka (Poole, UK): DOWEX 50W-X8 (H) 50-100 mesh resin and potassium hydroxide
Promega Corporation (Hampshire, UK): Sequencing grade modified trypsin(porcine)
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Purite Ltd (Oxfordshire, UK): distilled/deionised water
New England Biolabs (Hitchin, UK):  Neuraminidase A (Sialidase A, E. coli), Neuraminidase S (Siali-
dase S, E. coli), rapid Peptide-N-glycosidase F (rapid PNGase F)
QA bio (CA, USA): Endo- β -galactosidase (B. fragilis)
Roche (East Sussex, UK): Peptide-N-glycosidase F(PNGase F, E. coli)
ROMIL (Waterbeach, UK): Acetonitrile (ACN), ammonia, acetic acid, butan-1-ol, methanol (MeOH), 
chloroform, dimethylsulfoxide (DMSO), formic acid, propan-1-ol (PrOH), sodium hydroxide (NaOH) 
and trifluoroacetic acid.
Rose Chemicals (London, UK): Sodium chloride (NaCl)
Sigma-Aldrich Corporation (Poole, UK): Ammonium bicarbonate (AMBIC), dithiothreitol (DTT), 
hexanes, iodoacetic acid (IAA), potassium borohydride, Pur-A-Lyzer Mega Dialysis Kit (3.5 KDa, 
MWCO), sodium acetate, sodium cholate, sodium borodeuteride, trypsin (porcine pancreas), Endo- 
β -galactosidase (B. fragilis)
Takara Bio (Saint-Germain-en-Laye, France): Recombinant Endo-glycoceramidase II (rEGCase II, E. 
coli)
Waters (Herefordshire, UK): Sep-pak Classic C18, Oasis HLB and tC18 (Plus) cartridges 

2.2.2 Instruments

API QSTAR Hybrid LC-MS/MS system online connected to a Dionex UltiMate 3000 liquid chroma-
tography (LC) adapted with a Pepmap C18 nano-capillary column (75µm x 150mm)
Applied Biosystems 4800 plus MALDI-TOF/TOF mass spectrometer
Bruker 456-GC/SCION SQ instrument adapted with a BR-5ms column (15m, 0.25mmID, 0.25µm: 5% 
phenyl 95% dimethyl arylene siloxane)
Waters SYNAPT G2-S mass spectrometer equipped with a nano-flow ESI source on-line connected to 
a Waters ACQUITY UPLC M-Class system with an ACQUITY UPLC column (HSS T3 1.8µm 75µm 
x 150mm)

2.2.3 Software

The MALDI TOF and TOF/TOF data were interpreted by using Data Explorer software (version 4.9)
The Q-Star data was interpreted by using an Analyst TF software (version 1.6)
The SYNAPT data was visualised by a MassLynx software (version 4.1)
The GC-MS data was interpreted by using an MS data review software (version 8.0.1)
The Mascot search was performed by ProteinScape (version 3.1) software
The GlycoWorkBench software (version 2.1) was used for annotating glycan structures with standard-
ised cartoons.
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2.3 Methods

2.3.1.1 Homogenisation of mice tissues

Murine lung tissues were homogenised with 5ml lysis buffer (25mM Tris, 150mM NaCl, 5mM EDTA 
and 1% (w/v) CHAPS, pH 7.4). Homogenised sample was transferred into a 3.5KDa MWCO dialysis 
kit/cassette with a subsequent 48 hr dialysis against regularly changed AMBIC buffers (50mM, pH 
7.5). Homogenates were harvested into a clean Falcon Tube and lyophilised.

2.3.1.2 Homogenisation of melanoma cells with lipids extraction

Formerly lyophilised melanoma cells (assumed 0% water content) were homogenised with 4ml ice-
cold water determined as the total aqueous volume of homogenate. 1.33 volumes of chloroform and 
2.67 volumes of methanol were added into the homogenate to extract glycolipids. The homogenate 
was well-mixed with these solvents by vortex before a 3000-rpm centrifugation for 10 min. The super-
natant was collected and its volume measured. 0.173 volumes of water were added into the supernatant 
and then vortexed thoroughly. The mixed solution was centrifuged at 3000-rpm for 15 min to separate 
into two phases: upper polar and lower non-polar phases. These two phases were then subjected to li-
pid recovery as in Section 2.3.1.3 &2.3.1.4. Excess organic solvents were removed by briefly drying un-
der nitrogen and the remaining protein pellet was stored at –80 °C before following procedure 2.3.2.1.

2.3.1.3 Polar lipid recovery

Polar lipid containing samples from Section 2.3.1.2 were directly loaded onto a Sep-pak tC18 Plus 
Cartridge pre-conditioned with 5ml of each of methanol, 50% (v/v) methanol, 50% (v/v) methanol/
chlorofom, and 15ml of 50% (v/v) methanol.  The samples were washed with 15ml of 50% (v/v) metha-
nol prior to successive elution with 5ml of each of methanol and 50% (v/v) methanol/chloroform. The 
two fractions were combined and dried down under nitrogen.

2.3.1.4 Non-polar lipid recovery

15ml of each of chloroform and water were added into non-polar lipid containing samples from Sec-
tion 2.3.1.2. The mixture was vortexed vigorously and subsequently centrifuged at 3500 rpm for 15min. 
The aqueous layer was removed, and the water extraction was repeated for the remaining chloroform 
layer. The chloroform was then dried down under nitrogen.

2.3.2.1 Reduction and Carboxymethylation of cell and mice tissue homogenates

Samples from Section 2.3.1.1 &2.3.1.2 were dissolved in 1ml of 2mg/ml Dithiothreitol (DTT) in de-
gassed Tris buffer (0.6M, pH 8.5) and incubated at 500C for 2 hr. After addition of 1ml of 12mg/ml 
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Iodoacetic acid (IAA) in degassed Tris buffer (0.6M, pH 8.5) incubation was continued for 90 min 
at room temperature in the dark. Reaction was terminated by a 48hr dialysis against AMBIC buffer 
(50mM, pH 7.5) with regular changes. Dialysed sample was transferred to a clean Falcon tube and 
lyophilised.

2.3.2.2 Reduction and Carboxymethylation of PSG1 and cryoglobulins

Previously lyophilised samples were re-solubilised into 50 µl of 10mM DTT in degassed Tris Buffer 
(0.6M, pH 8.5) and then incubated at 37 °C for 60min. 50 µl of 60mM IAA in degassed Tris Buffer 
(0.6M, pH 8.5) was subsequently added with a further incubation at room temperature in dark envi-
ronment for 90 min. Reactions were terminated by dialysing as in Section 2.3.2.1. Samples were trans-
ferred into clean Falcon tubes and lyophilised after dialysis.

2.3.3.1 Tryptic digestion of tissue homogenates 

A trypsin solution was made with a final concentration of 1 µg/µl against 50 mM AMBIC buffer (pH 
8.4). 1.5 mg of trypsin enzyme was added per gram of tissue with an incubation at 37 °C for 14-16hr. 
The reaction was terminated by boiling the samples for 3min and adding a drop of acetic acid. Sam-
ples were purified by reverse-phase chromatography (Oasis HLB Plus Cartridge) using the propan-
1-ol/5% (v/v) acetic acid system.

2.3.3.2 Tryptic digestion of cell homogenate

Trypsin solution was prepared as in Section 2.3.3.1. 50 µg of trypsin were applied to per million cell 
count of initial samples with subsequent incubation at 37 °C for 14-16 hr. This proteolytic digestion 
was terminated by heating the sample at 100 °C for 3 min following a drop of acetic acid. The resulting 
peptides were purified by reverse-phase chromatography (Oasis HLB Plus cartridge) employing the 
propan-1-ol/5% (v/v) acetic acid system.

2.3.3.3 Tryptic digestion of glycoproteins

The trypsin solution was consistent with Section 2.3.3.1. This protease was added into samples under a 
protease: protein ratio of 1:50 followed by an incubation at 37 °C for 14-16 hr. Three drops of acetic acid 
terminated this reaction and reverse-phase chromatography (Classic C18 cartridge) was employed to 
purify the proteolysed peptides with the propan-1-ol/5% (v/v) acetic acid system.

2.3.3.4 In solution digestion of glycopeptides for glycoproteomics

A 10µg protein pellet was incubated with 1µl 10mM DTT in 50mM AMBIC buffer (pH 8.4) at 56°C 
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for 30min. 1µl 55mM IAA in 50mM AMBIC buffer (pH 8.4) was added with a further incubation 
at room temperature for 30 min in a dark environment. Samples was treated with sequencing grade 
trypsin (trypsin to sample, 1:50 w/w) and incubated at 37°C for overnight. Proteolytic digestion was 
terminated by heating the solution to 100°C.

2.3.4 Reverse-phase chromatographic purification (Sep-Pak C18 & Oasis HLB 
Plus): Propan-1-ol/5% (v/v) acetic acid system

Cartridges were attached to glass syringes and conditioning was sequentially carried out by eluting 
with 5ml methanol, 5ml 5% (v/v) acetic acid, 5ml propan-1-ol and 15 ml 5% (v/v) acetic acid. Samples 
were loaded and washed on cartridges with 20ml 5% (v/v) acetic acid (containing potential hydro-
philic contamination). Peptides were successively eluted with 4ml of each of 20%, 40% and 100% (v/v) 
propan-1-ol against 5% (v/v) acetic acid. All fractions were then combined, dried down in a SpeedVac 
and lyophilised.

2.3.5.1 PNGase F digestion and Sep-pak C18 purification of N-glycans: Propan-1-ol/ 5% 
(v/v) acetic acid system

Combined propan-1-ol fractions from Section 2.3.4 were re-solubilised in 200 µl of 50mM AMBIC 
buffer (pH 8.4). 5-10 U of PNGaseF enzyme was added into the solution and incubated at 37 °C for 
12-24 hr. Addition of another 5-10U of enzyme was followed by a further 12-24 hr incubation subject 
to the assumed quantity of glycopeptides or materials. Lyophilisation was used to terminate this reac-
tion and samples were then resuspended into 5% (v/v) acetic acid prior to loading onto Sep-pak C18 
cartridges. N-glycans were eluted within 5ml 5% (v/v) acetic acid following by elution of remaining 
peptides (including O-linked glycopeptides) with 4ml of 20%, 40% and 100% (v/v) Propan-1-ol in 5% 
(v/v) acetic acid. The N-glycan containing acetic acid fraction and the combined propan-1-ol fractions 
were reduced in volume by a SpeedVac and lyophilised.

2.3.5.2 Rapid PNaseF digestion of recombinant IgG Fc and Sep-pak C18 purification of N-
glycans: Propan-1-ol/5% (v/v) acetic acid system

50 µg of lyophilised recombinant IgG Fc were re-solubilised into 16 µl of water. 4µl of working buffer 
(supplied from manufacturer) and 1U of rapid PNGaseF were added into the glycan solutions. The re-
action was incubated at 50°C for 1hr and then terminated by lyophilisation. The lyophilised mixtures 
were re-dissolved in 5% (v/v) acetic acid to pass through a Sep-pak Classic C18 Cartridge as in Section 
2.3.5.1 for purification.
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2.3.6 Reductive elimination of O-glycans and Ion-exchange purification

Lyophilised combined propano-1-l fractions from Section 2.3.5.1 were dissolved in 400µl of 55mg/ml 
potassium borohydride in 0.1M potassium hydroxide solution and incubated at 45 °C for 18hr. The 
reaction was quenched with 5 drops of acetic acid and released O-glycans were subsequently purified 
by the 50W-8C Dowex ion-exchange resin packed in customised columns. The columns were washed 
by 15ml 5% (v/v) acetic acid and samples were directly loaded into the columns after quenching. O-
glycans were eluted with 5ml 5% (v/v) acetic acid and lyophilised. Excess borates were removed by 
co-evaporation with 2ml 10% (v/v) methanolic acetic acid under a stream of nitrogen.

2.3.7.1 Recombinant endo-glycoceramidase II digestion 

Polar/non-polar Glycolipids from Section 2.3.1.3 &2.3.1.4 were resuspended into 200 µl to 1ml of 50 
mM sodium acetate with 0.2% (w/v) sodium cholate buffer (pH 5.5), subject to the volume of samples. 
25mU of reECGase II was initially added into samples with an incubation at 37 °C for 6 hr. Another 
aliquot of 25mU reECGase II was added into samples with a further incubation at 37 °C for 18 hr. The 
digestion was diluted by water to 2ml in total volume. 2ml of butan-1-ol were added to extract lipid 
components with vigorous vortexing. The butan-1-ol layer was removed and the procedure repeated 
for 3 times. Remaining traces of butan-1-ol were removed by drying under nitrogen for 20 min. The 
butan-1-ol washed mixtures were passed to a Sep-pak Classic C18 cartridge successively precondi-
tioned with 5ml methanol, 5ml 5% (v/v) acetic acid, 5ml methanol and 15ml 5% (v/v) acetic acid; and 
the unbound fraction collected. A Hypercarb column sequentially preconditioned with 3 columns of 
80% (v/v) acetonitrile in 0.1% (v/v) TFA and water was applied for further purification of the unbound 
fraction with successive elution of 3 columns of water and 2 columns of 25% (v/v) acetonitrile in 0.05% 
TFA. The glycan containing acetonitrile fraction was collected, volume reduced by a SpeedVac and 
lyophilised. 

2.3.7.2 Deuteroreduction of lipid-glycans

Lyophilised lipid-glycans from Section 2.3.7.1 were re-dissolved into 200µl of 10mg/ml sodium boro-
deuteride in 2M ammonia solution and incubated at room temperature for 2 hr. The basic mixture 
was neutralised by adding 5 drops of acetic acid and dried down under a stream of nitrogen. Excess 
borates were co-evaporated by 10% (v/v) methanolic acetic acid under nitrogen.

2.3.8 Endo- β -galactosidase digestion

An aliquot of lyophilised N-glycans was re-solubilised into 100 µl of sodium acetate (100mM, pH 5.8) 
buffer. 0.1 U of endo-β-galatosidase (B. fragilis) was added with incubation at 37°C for 24 hr. A second 
0.1 U of the enzyme was added with a further 24 hr incubation at 37°C. The digestion was terminated 
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by lyophilisation, and a Sep-pak C18 cartridge was used to purify glycans as in Section 2.3.5.1 with 
the same conditions. Only the glycan-containing 5% (v/v) acetic acid fraction was collected and ly-
ophilised.

2.3.9 Sialidase A digestion

250 µl of 100mM sodium acetate buffer (pH 5.5) was used to dissolve an aliquot of lyophilised N-
glycans. 170mU of sialidase A was added, and the reaction was incubated at 37°C for 12hr. A further 
addition of 170mU of sialidase A was followed by an incubation at 37°C for another 12hr. The digest 
was then lyophilised and purified by a Sep-pak Classic C18 Cartridge using the same conditions as in 
Section 2.3.5.1. The Glycan-containing fraction was collected and lyophilised.

2.3.10 Sialidase S digestion

Lyophilised N-glycans were dissolved in 250 µl of 100mM sodium acetate buffer (pH 5.5). The diges-
tion was incubated at 37°C with initially 170mU of Sialidase S for 12 hr. Another 170 mU of sialidase S 
was added with a further incubation at 37°C for 12 hr. The reaction was terminated by lyophilisation, 
and glycans were purified by a Sep-pak Classic C18 Cartridge employing the same conditions in Sec-
tion 2.3.5.1. The fraction containing glycans was collected and lyophilised.

2.3.11.1 Permethylation

A NaOH-DMSO slurry was made by grinding 5 pellets of NaOH in 3ml of DMSO with a pestle and 
mortar. 1ml of this slurry was added to lyophilised glycans from Section 2.3.5.1, 2.3.5.2, 2.3.6. 2.3.7.2, 
2.3.8, 2.3.9 and 2.3.10 together with 0.6 ml of methyl iodide. The reactants were mixed vigorously on 
an automatic vortexer for 30-40 min at room temperature. The reaction was terminated by dropwise 
quenching with water. Glycans were then extracted into 1ml chloroform, and the glycan-containing 
chloroform layer was washed with 4 ml of water for 3 times. The chloroform was dried down under a 
steady flow of nitrogen. The derivatised glycans were purified and fractionated by Sep-pak Classic C18 
recruiting aqueous acetonitrile system, Section 2.3.12.

2.3.11.2 Permethylation of sulfated glycans

The same NaOH-DMSO slurry was made, and the same amount of each reagent was added to glycans 
as in Section 2.3.11.1. The reactants were gently mixed on an automatic vortexer at 4°C for 3hr. The 
reaction was quenched on ice by a dropwise addition of 5% (v/v) ice-cold acetic acid to reach the final 
pH value 6. The permethylated non-sulfated glycans were extracted in 1ml of chloroform, and the 
remaining aqueous solution was directly loaded onto a Sep-pak Classic C18 Cartridge sequentially 
pre-conditioned with 5ml of each of methanol, water, acetonitrile and 15 ml of water. The glycans 
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were successively washed with 15ml of water and 3ml of 10% (v/v) acetonitrile, and then sequentially 
eluted with 3ml of each of 25% (v/v) acetonitrile and 50% (v/v) acetonitrile. The volumes of collected 
fractions were reduced and then the fractions were lyophilised. The chloroform layer was processed 
separately as in Section 2.3.12.

2.3.12 Sep-pak Classic C18 purification: Aquenous Acetonitrile system

Sep-pak Classic C18 Cartridge was conditioned with successive elution of 5ml of each of methanol, 
water, acetonitrile and 15ml of water. Permethylated glycans were resuspended in 200 µl of 50% (v/v) 
methanol and loaded onto the cartridge. 5ml of water wash for the glycans was followed by succes-
sive elution with 3ml of each of 15%, 35%, 50% and 75% (v/v) acetonitrile. All fractions were volume-
reduced on SpeedVac and lyophilised
.
2.3.13 Preparation of partially methylated alditol acetates for linkage analy-
sis

Permethylated glycans from Section 2.3.11.1 were incubated in 200µl of 2M TFA at 121°C for 2 hr for 
hydrolysis to partially methylated monosaccharides. The aqueous mixture was dried down under 
a stream of nitrogen, and then the monosaccharides were reduced with 200µl of 10 mg/ml sodium 
borodeuteride in 2 M ammonia solution at room temperature for 2hr. The reaction was neutralised by 
5 drops of acetic acid, and the resulting mixture was dried down under nitrogen. Excess borates were 
removed by co-evaporation with 10% methanolic acetic acid. The dried samples were incubated with 
200µl acetic anhydride at 100°C for 1hr and then dried down under nitrogen. The resulting products 
were extracted by 1ml chloroform following with 3 times of water-wash and dried down. Partially 
methylated alditol acetates were resuspended in hexanes for GC-MS-linkage analysis.

2.3.14 MALDI-TOF and TOF/TOF

A 4800 MALDI-TOF/TOF was employed to acquire MALDI-TOF MS and TOF/TOF tandem MS 
spectra. Instrumental calibration and tuning were carried out with the 4700 Calibration standard 
kit. The collision energy was set to 1kV for TOF/TOF with argon as collision gas. 3,4-diamonoben-
zophenone (DABP) was used as the solo assisting matrix, and the resulting concentration of matrix 
was 20mg/ml in 75% (v/v) acetonitrile solution. 10µl of methanol was used to dissolve permethylated 
glycans, and 1µl of this solution was mixed with matrix following a ratio of 1:1. 1µl of the mixture was 
spotted onto plate.
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2.3.15 GC-MS Linkage analysis

The method to prepare partially methylated alditol acetates was described in previous Section 2.3.13. 
A Bruker 456-GC/SCION SQ instrument configurated with a BR-5ms column was employed for data 
acquisition. Samples were injected into the instrument when the column was at 60°C. The column was 
then heated with a rate of 8°C/min to 300°C in 30 min.

2.3.16 LC-ESI-MS

LC-ESI-MS experiments were conducted on two instruments (the QSTAR and SYNAPT). 
The Q-STAR was set with the following LC gradient: Analytes were eluted from column with solu-
tions from 95.5% (v/v) water/acetonitrile to 95.5%(v/v) acetonitrile/water. 0.05% formic acid was in 
both solutions. 

The LC for SYNAPT was constantly running with a flow rate of 0.3µl/min at 50°C. The elution was 
initialised with 97/3 (v/v) solution A (0.1% formic acid in water)/ solution C (0.1% formic acid in ace-
tonitrile) and the concentration of solution C was increased gradually to 50% over 90min and main-
tained for 5min. The concentration of solution A was then increased back to initial level within 0.5 
min and kept for 14.5 min. 

The Q-STAR instrument was kindly operated by Mrs. Dinah Ramen and Dr. Maria Panico; and Dr. 
Paul Hichen kindly operated SYNAPT instrument for experiments.
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Chapter III. Pregnancy Specific Glycoprotein 1
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Chapter 3 Pregnancy Specific Glycoprotein 1

3.1 Introduction

Pregnancy specific glycoprotein 1 (PSG1) is an abundant secretory member of the pregnancy-spe-
cific glycoprotein family expressed by trophoblastic cells in maternal circulation throughout human 
pregnancy(Lin et al., 1974). Its expression commences from the first trimester of gestation and reaches 
the highest level in late pregnancy in maternal serum(Lee et al., 1979). The role of PSG1 has been 
recognised as a vital modulator to pregnancy success because of its involvement in multi-biological 
events of immunomodulation and foetal development (Moore and Dveksler, 2014). The immunomod-
ulatory functions of PSG1 have been illustrated to be capable of inducing cellular responses from 
DC and monocytes/macrophages to produce immunomodulatory cytokines, including IL-6, IL-10 
and TGF-β1 (SNYDER et al., 2001). Through the signalling of these cytokines, PSG1 could indirectly 
influence other immune cells, such as Treg cells, with respect to their population and polarisation 
(Martinez et al., 2012). However, corresponding cellular receptors have yet to be characterised. 

Dveksler and colleagues have found that the N-domain of PSG1 is capable of inducing TGF-β1 secre-
tion on macrophages (Blois et al., 2014); and its B2 domain, which is typically associated with TGF-β1, 
can activate the latent complex of TGF-β1 (Ballesteros et al., 2015). PSG1 can regulate placental an-
giogenesis by interacting with  heparan and chondroitin sulfate glycosaminoglycans on endothelial 
cells to trigger tube formation (Lisboa et al., 2011). Treatment with PSG1 could also elevate TGF-β1 
dependent secretion of vascular endothelial growth factor (VEGF) A, a key modulator of angiogenesis 
and vasculogenesis (Ferrara and Davis-Smyth, 1997), on extra-villous trophoblast cell lines and pri-
mary monocytes (Ha et al., 2010). 

Besides, PSG1 has been suggested to interact with integrins, several of which can modulate tropho-
blastic activities including migration, invasion and adhesion with endothelial cells (Rout et al., 2004, 
Harris et al., 2009). There is a Lys/Gly/Asp (KGD) tripeptide on the PSG1 N-domain(Scarborough et 
al., 1991) analogous to an Arg/Gly/Asp (RGD) integrin recognition motif on snake venom disintegrins 
(Rutherfurd et al., 1995). Shanley’s group reported that PSG1 could bind to integrin αIIbβ3 on plate-
lets thereby triggering subsequent cellular signalling (Shanley et al., 2013). This study indicated that 
PSG1 could interfere with cell-ECM interactions via integrins similar to that between platelets and 
fibrinogen. However, other domains of PSG1 could also behave like the N-domain against the same 
integrin without either the presence of KGD motif or even the entire N-domain (Shanley et al., 2013). 
This observation indicates that there are other possible mechanisms or motifs involved in the PSG/
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integrin interactions.

The primary sequence (PSG1_Human, UniProt Entry:P11464, in Figure 3.1) of PSG1 folds into four 
domains: one Ig variable region-like domain at its N-terminus (N-domain) followed by three Ig con-
stant region-like domains (A1, A2 and B2). There are seven potential N-glycosylation sites on the PSG1 
sequence that distribute through its N (Asn61, 104 and 111), A1 (Asn199) and A2 (Asn259, 268 and 
303) domains. Correspondingly, several serine and threonine residues, which could be candidates 
for O-glycosylation, are present in the primary sequence. However, only limited outcomes have been 
achieved in elucidating the biochemical composition and site-occupation of PSG1 glycans. 

An early study of native PSG1 firstly measured the content of its monosaccharides as 6.2% Neu5Ac, 
5.8% Gal, 13%GlcNAc, 6.5% Man, and 1.1% Fuc (Osborne et al., 1982). This physicochemical study 
provided preliminary information of compositional constitution of PSG1 glycans and provided evi-
dence for N-linked glycans. However, no exact type of glycosylation or structures of possible glycans 
could be illustrated based on this information. This information also indirectly implied that there was 
probably no O-glycosylation because there was no detection of the monosaccharide GalNAc which 
can initialise O-glycosylation on the side chain of serine and threonine residues on a secretory protein 
sequence(Section 1.3.2, Brockhausen and Stanley, 2015). 

Two histochemical studies investigated the reactivity of amniotic fluid and serum PSG1 proteins against 
plant Concanavalin A, which has binding specificity for terminal hexoses (Mannose/Glucose) and af-
finity to core-mannose residues of bi-antennary complex glycans(Mandal et al., 1994). Both studies 
concluded that Concanavalin A was interactive with a large proportion of native PSG1(Heikinheimo 
et al., 1987, Koistinen et al., 1981) from healthy controls. Thus, these identical binding results suggested 
that N-glycan structures carrying these features (high-mannose, hybrid and bi-antennary complex 
type) were likely assembled on PSG1 proteins with a considerable quantity. A more recent histochemi-
cal study of gestational diabetes mellitus detected enhanced fluorescent staining of patient serum 
PSG1 binding to Aurantia lectin, which has a binding preference for the α1,6 linked core-fucose of N-
glycans (Nagalla et al., 2015, Matsumura et al., 2007). This enhanced imaging in gestational diabetes 

MGTLSAPPCT QRIKWKGLLL TASLLNFWNL PTTAQVTIEA EPTKVSEGKD VLLLVHNLPQ NLTGYIWYKG

QMRDLYHYIT SYVVDGEIII YGPAYSGRET AYSNASLLIQ NVTREDAGSY TLHIIKGDDG TRGVTGRFTF

TLHLETPKPS ISSSNLNPRE TMEAVSLTCD PETPDASYLW WMNGQSLPMT HSLKLSETNR TLFLLGVTKY

TAGPYECEIR NPVSASRSDP VTLNLLPKLP KPYITINNLN PRENKDVLNF TCEPKSENYT YIWWLNGQSL

PVSPRVKRPI ENRILILPSV TRNETGPYQC EIRDRYGGIR SDPVTLNVLY GPDLPRIYPS FTYYRSGEVL

YLSCSADSNP PAQYSWTINE KFQLPGQKLF IRHITTKHSG LYVCSVRNSA TGKESSKSMT VEVSDWTVP
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Figure 3.1 The primary sequence of PSG1 and domain arrangements. 
The N, A1, A2 and B2 domains in the sequence are bolded and coloured as blue, green, red and black, successively. 
Tri-residue N-glycosylation sequons are underlined; and potential N-glycosylation sites are highlighted by an under 
star. (Adapted from PSG1_Human, UniProt Entry:P11464)
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mellitus indicated that normal PSG1 N-glycans were likely to be partially core-fucosylated. 

In addition, site-occupation of N-glycans on PSG1 has been addressed in a few studies. For instance, 
Li and colleagues firstly identified a trypsinised N-glycopeptide of PSG1 containing two glycosylat-
ed sites (Asn104 and 111) in the secretome of human metastatic hepatocellular carcinoma (Li et al., 
2013). Albertolle’s group also detected this peptide with glycosylation in human saliva(Albertolle et 
al., 2015). The approach both groups employed to identify the N-glycosylation was the concomitant 
observation of a mass shift from glycan-linking Asparagine (Asn) to Aspartic Acid (Asp) on peptide 
backbones when the N-glycans were enzymatically removed. This is because the employed enzyme, 
PNGaseF, which can remove an entire N-glycan sequence from its asparagine base residue, triggers 
a deamidation on the linking side chain(Plummer et al., 1984). Nevertheless, even without intended 
chemical or enzymatical triggering, deamidation can still spontaneously occur on peptide sequences 
(Hao et al., 2017). Therefore, these site-occupancy studies might provide false-positive results for N-
glycosylation site identification.

To study the interacting mechanism between PSG1 N-domain and integrins, a recombinant sequence 
of the N-domain (Q35 to L144, 109AA) has been produced in our collaborator’s laboratory. This recom-
binant sequence includes three N-glycosylation sites and the KGD motif of the PSG1 N-domain fused 
with a C-terminal IgG1 Fc tag designated for purification via affinity chromatography. The recombi-
nant protein was produced in CHO-K1 (Chinese hamster ovary) and Expi-CHO cell lines via stable 
and/or transient transfection. Interestingly, the recombinant products behaved differently against a 
selected integrin, α5β1, which plays a vital role in trophoblast development(Rout et al., 2004, Harris et 
al., 2009). The recombinant material produced by stable transfection (Stable CHO-K1) bound to this 
integrin in a similar manner to the full-length native PSG1. In contrast, the same construct produced 
via transient transfection in CHO-K1 was unable to interact with the same integrin. Intriguingly, the 
recombinant material that was transiently produced in the Expi-CHO cell line behaved similarly to 
that made in the stable CHO-K1 cell line. 

A previous study by Ha’s group found that N-glycosylation of murine PSG17/19 is required for its 
interaction with the cellular receptor CD9 (Ha et al., 2008). This binding activity was lost in recombi-
nant murine PSG produced in bacterial cells, E. coli, without glycosylation. However, no other study 
at this stage described a similar effect of glycosylation on interactions relevant to PSG proteins. 

Therefore, my objective was to carry out a comprehensive glycomics and glycoproteomics investiga-
tion of native PSG1 and recombinant PSG1 N-domains in order to assist our collaborators in their 
functional studies. My study aimed to profile PSG1 glycosylation in respect of the complete glycome 
and related site-occupation. An important goal was the elucidation of differences of glycosylation be-
tween the recombinant products expressed in CHO-K1 and Expi-CHO cell lines. 
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3.2 Results

3.2.1 Research strategies

For this project, we were in collaboration with Professor Gabriela Dveksler of Uniformed Services 
University, Bethesda. They prepared four sets of PSG1 materials: 1) one set of native PSG1 proteins 
pooled and extracted and pooled from maternal sera of healthy pregnant donors in the United States 
under strict regulations of sampling and processing; 2) three sets of recombinant PSG1 N-domain 
with Fc tag expressed under different expressing conditions as stable CHO-K1 (expressed in CHO-K1 
cells with stable transfection), transient CHO-K1 (expressed in CHO-K1 cells with transient transfec-
tion) and transient Expi-CHO (expressed in Expi-CHO cells with transient transfection). The mass 
spectrometric strategies for analysing these materials are summarised in Figure 3.2.

PSG1 Protein and recombinant N-domains

Reduction and carboxylmethylation

Trypitic digestion

PNGaseF digeston

Permethylation

Reductive Elimination

MALDI-TOF pro�ling and
MALDI-TOF/TOF sequencing

Online nano-LC
ES-MS/MS (QSTAR)

Sialidase S/A digestion

Figure 3.2 Schematic diagram of sample processing and mass spectrometric strategies for glycomics and 
glycoproteomics analyses of PSG1 materials. 
Protein pellets of native PSG1 proteins and recombinant PSG1 N-domain infused with an IgG1 Fc tag (PSG1N-Fc) are 
analysed.
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3.2.2 Data interpretation for MALDI-TOF profiling 

MALDI-TOF generally produces singly charged molecular ions ([M+Na]+) with a sodium adduct for 
permethylated glycans in the positive mode. Molecular ions of glycans present an isotope envelope 
arising from the natural coexistence of two stable isotopes of carbon, 12C and 13C (99:1). The shift of 
peak distribution and increasing probability of containing 13C are the consequences of higher carbon 
content as the molecular weight increases (Figure 3.3A). The lowest m/z  peak in an isotope envelope, 
which contains exclusively 12C, is defined as the monoisotopic peak to assign the composition of a mo-
lecular ion unambiguously. The mass to charge ratio (m/z ) of a monoisotopic peak is used to interpret 
the MALDI spectra of glycans as the number and type of monosaccharides can be deduced from the 
mass of a molecular ion. 

As described in the introducing chapter (Section 1.1), eight monosaccharides are common constitu-
ents of glycans in mammalian systems. Derivatisation of glycans by permethylation confers the fol-
lowing residue mass to each monosaccharide: Fuc (174.1Da); Man, Gal and Glc (Hexose, 204.1Da); 
GalNAc and GlcNAc (HexNAc, 245.1Da); NeuAc (361.2Da); and NeuGc (391.2Da). The monosac-
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Figure 3.3 Isotopic envelopes of molecular ions and MALDI-TOF spectrum of permethylated N-glycans. 
Shift of peak abundance in isotopic envelopes for molecular ions of glycan from m/z  1981 to 3776 (A) and their mo-
noisotopic ions are highlighted as the basis for structural elucidation. A MALDI-TOF spectrum centred monoisotopic 
peak m/z  2966 (B) and detailed numerical interpretation of m/z  2996 is illustrated in a square at the upper-right 
corner.
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charide composition of each detected glycan can be extrapolated from its molecular ion as follows: 
the mass of a glycan ion is the total of the residue masses plus the derivatised reducing (31Da), non-
reducing (15Da) ends, and the non-covalent sodium (23Da) adduct.
 

By combining the matched monosaccharide composition and well-established biosynthetic path-
ways of each type of glycosylation in mammalian systems, elucidation of saccharide sequences on 
glycans becomes achievable in practice. This is illustrated by Figure 3.3B. Thus the monoisotopic 
peak of the N-glycan at m/z  2966, corresponds to an oligosaccharide consisting of 2NeuAc, 5Hex, 
4HexNAc and 1Fuc. Apart from the conserved (3Man2GlcNAc) core on most mammalian N-gly-
cans, the other seven residues could putatively form two sialyl-LacNAc antennae and a core-fucose 
on the reducing-end chitobiose GlcNAc. Hence the structure of this ion could be assigned as a di-
sialylated bi-antennary complex N-glycan with core-fucosylation. Moreover, due to mammalian 
glycans usually having conserved core structures, proliferation or modification above the conserved 
cores can be gleaned by sequential addition of monosaccharides or characterised structural moie-
ties. Technically, assigning a spectrum could also be conducted by calculating the m/z  increments/
decrements between known/near and of interest peaks to elucidate the corresponding composition. 
Two examples are shown in Figure 3.3B: m/z  2792 is a fucose less than m/z  2966 and m/z  3211 is a 
GlcNAc higher. Further refinement of putative assignments can be carried out by additional infor-
mation from MALDI-TOF/TOF MS/MS sequencing experiments (Section 3.2.2.3).  

3.2.2.1 MALDI-TOF profiling of native PSG1 N-glycans

Figure 3.4 shows a representative spectrum (selected from 3 repeat experiments) of N-glycans recov-
ered from native PSG1. A full list of identified structures is summarised in Table 3.1. The assigned 
glycan repertoire consists of all three N-glycan classes: High-mannose, hybrid and complex types. 

Complex glycans are the dominant class in this glyco-repertoire in respect of structure distribution 
(ranging from around m/z  1980 to 4600) and relative abundance (e.g. major signals at m/z  2792, 2966, 
3602, and 3776). Bi-antennary structures (e.g. m/z  2792, 2966 and 3211) are the most abundant mem-
bers of this glycan family followed by a successive decrease of abundance in tri- (m/z  3602, and 3776) 
mono- (e.g m/z  1981 and 2156) and tetra-antennary (e.g. m/z  4413 and 4587) structures. Sialylation 
of the antennary building block, LacNAc, by NeuAc is virtually a global feature observed on most of 
the complex glycans. The degree of sialylation varies from mono- to tetra-sialylation subject to the 
availability of antennary LacNAc substrates. Fully sialylated bi-antennary structures m/z  2792 and 
2966 are the most abundant structures; their counterparts of fully sialylated tri- and tetra-antennary 
structures are also dominant in their sub-families. About 50% of the complex glycans are core-fuco-
sylated. Bisecting GlcNAc is potentially present on structures such as m/z  2850 and 3211 which have 
a terminal GlcNAc in their composition. 
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Hybrid glycans share structural features with complex glycans including antennary sialylation and 
differentiated core-fucosylation status (e.g. 2186 and 2360). The relative abundance of Man4 hybrid 
glycans (m/z  2186 and 2360) surpasses the tetra-antennary family (m/z  4413 and 4587). Man5 hybrid 
glycans are found (m/z  2390) in trace amounts. In addition, all five high-mannose structures (Man5 
to Man9; m/z  1579, 1783, 1987, 2192, and 2396) can be found in spectra of all tested samples, although 
with relatively low abundance.

3.2.2.2 MALDI-TOF profiling of PSG1 native O-glycans

O-glycans are detected in one of the three analysed batches of native PSG-1 materials (Figure 3.5). In 
that sample there were two glycan molecular ions at m/z  895 and 1256 corresponding to mono- and 
di-sialylated Core 1 structures. Due to the inconsistency between analysed batches, further work is 
needed to clarify the cause of this observation.

3.2.2.3 MALDI-TOF/TOF tandem MS/MS sequencing of native PSG1 N-glycans

To verify the putative structures of glycans gleaned from MALDI-TOF spectra, major characteristic 
structures were validated by tandem MS/MS fragmentation employing positive MALDI-TOF/TOF. 
As described in chapter I (Section 1.5.2.3), targeted molecular ions can be selected and then frag-
mented via CID inside the tandem mass spectrometer. The resulting cleavages of glycosidic bonds 
generate a library of B and Y fragment ions which provide vital structural information for defining 
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Figure 3.4 MALDI-TOF spectrum of N-glycans of native PSG1. 
The 50% acetonitrile/water fraction of permethylated N-glycans from native PSG1 materials was screened by MALDI-
TOF after reverse-phase C18 Sep-pak purification. All ions are observed as [M+Na]+ and the annotation is based on 
knowledge of biosynthetic pathway and compositional information. 
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Table 3.1 Identified N-glycan structures from native PSG1 materials
N-glycan Mass to charge ratio (permethylated, m/z )

5Man2GlcNAc 1579
6Man2GlcNAc 1783
1NeuAc1LacNAc3Man2GlcNAc 1981
7Man2GlcNAc 1987
1NeuAc1LacNAc3Man1Fuc2GlcNAc 2156
1NeuAc1LacNAc4Man2GlcNAc 2186
8Man2GlcNAc 2192
1NeuAc1LacNAc4Man1Fuc2GlcNAc 2360
1NeuAc1LacNAc5Man2GlcNAc 2390
9Man2GlcNAc 2396
1NeuAc2LacNAc3Man2GlcNAc 2431
1NeuAc2LacNAc3Man1Fuc2GlcNAc 2605
1GlcNAc1NeuAc2LacNAc3Man2GlcNAc 2676
2NeuAc2LacNAc3Man2GlcNAc 2792
1GlcNAc1NeuAc2LacNAc3Man1Fuc2GlcNAc 2850
2NeuAc2LacNAc3Man1Fuc2GlcNAc 2966
1GlcNAc2NeuAc2LacNAc3Man2GlcNAc 3037
1NeuAc3LacNAc3Man2GlcNAc 3054
1GlcNAc2NeuAc2LacNAc3Man1Fuc2GlcNAc 3211
2NeuAc3LacNAc3Man2GlcNAc 3241
2NeuAc3LacNAc3Man1Fuc2GlcNAc 3415
3NeuAc3LacNAc3Man2GlcNAc 3602
3NeuAc3LacNAc3Man1Fuc2GlcNAc 3776
1GlcNAc3NeuAc3LacNAc3Man1Fuc2GlcNAc 4022
3NeuAc4LacNAc3Man2GlcNAc 4052
3NeuAc4LacNAc3Man1Fuc2GlcNAc 4226
4NeuAc4LacNAc3Man2GlcNAc 4413
4NeuAc4LacNAc3Man1Fuc2GlcNAc 4587
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the sequential arrangements, such as terminal epitopes and antennary sequences, of monosaccharides 
locally and globally on the selected glycan (Figure 3.6).

To confirm the suggested structural features and identity of N-glycans, MS/MS experiments were 
generally performed for abundant and putatively characteristic glycans. MS/MS spectra from four 
molecular ions  (m/z  1981, 2156, 3211, and 4587) have been selected to represent the large volume of 
data collected. Their MALDI-TOF/TOF spectra are shown in Figures 3.7 and 3.8. 

As a chosen pair of putative mono-antennary glycans, m/z  1981 (Figure 3.7A) and 2156 (Figure 3.7B), 

 Figure 3.5 MALDI-TOF spectrum of native PSG1 O-glycans. 
Data acquisition was performed on the 50%Acetonitrile/water fraction after reversed-phase chromatography. The O-
glycans are reduced at reducing end and permethylated. All the ions are observed as [M+Na]+. All the structures are 
assigned upon knowledge of biosynthetic pathway and compositional information.
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 Figure 3.6 Schematic paradigm of CID induced B and Y ions and m/z  calculation.
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their identities are verified by observing a series of characteristic fragment ions (m/z  847, 953, 1157, 
1606 and 1704 from parental ion m/z  1981; and m/z  474, 847, 1127, 1331, 1704 and 1780 from parental 
ion m/z  2156). The presence of a NeuAc sialic acid residue is confirmed by observing the y-ions cor-
responding to losses of a NeuAc residue (m/z  1606 and 1780) for both structures. The presence of m/z  
847 is indicative for a Sialyl-LacNAc antenna on both glycans, corroborated by the corresponding y-
ions from both structures, m/z  1157 and 1331, respectively. A linear arrangement of this sialyl-LacNAc 
tri-saccharide is subsequently elucidated by minor y-ions losing a NeuAc-galactose di-saccharide (m/z  
1402 and 1576). Co-presence of a pair of y- (m/z  474) and b- (m/z  1704) ions in the MS/MS spectrum 
of parental ion m/z  2156 validates the putative assignment of core-fucose on observed structures. 
This observation agrees with the description in Chapter I (Section 1.3.1.3) concerning the biosynthetic 
events leading to core-fucosylation by Fuc-T VIII. The timing of this addition could be as early as 
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Figure 3.7 MALDI-TOF/TOF spectra of m/z  1981 and 2156 from Native PSG1 N-glycans. 
Selected N-glycans m/z 1981(A) and 2156 (B) from 50% acetonitrile/water fraction were fragmented by CID MALDI-
TOF/TOF. Fragment ions are detected as [M+Na]+. The interpretation and assignments are based on knowledge of 
fragmentation pathways. 
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around trimming off the 6 arm mannose residues by mannosidase II since m/z  2360 (Figure 3.4) and 
this structure were simultaneously observed. Therefore, all hybrid and complex glycans in this glycan 
repertoire can be further classified into two sub-families subject to their core-fucosylation status.

Figure 3.8A shows the MS/MS spectrum of m/z  3211. Characteristic b-ion for sialyl-LacNAc (m/z  
847), y-ion for core-fucosylation (m/z  474) and their corresponding ions (m/z  2386 and 2760) validate 
both features for this bi-antennary structure. Besides, a y-ion, m/z  2952, was found exclusively cor-
responding to the loss of a GlcNAc residue from a non-reducing end of this glycan. This fragmenta-
tion confirms that a terminal GlcNAc is on this structure, which could potentially be bisected on the 
central Mannose of the conserved trimannosyl core. However, further experiments are required to 
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Figure 3.8 MALDI-TOF/TOF spectra of m/z  3211 and 4587 from Native PSG1 N-glycans. 
Molecular ions of N-glycan at m/z 3211(A) and 4587 were selected for fragmentation analysis. See the legend of Figure 
3.7 for assignments.
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validate the actual linkage of this terminal GlcNAc to its underneath mannose residue. This is because 
glycosidic bonds at the reducing side of GlcNAc residues are preferred for CID induced fragmentation 
and bisecting GlcNAc and its antennary truncated counterparts are similarly susceptible to cleavage. 

The largest structure detected by MALDI-TOF MS, m/z  4587, was fragmented (Figure 3.8B) to inves-
tigate the potential presence of poly-LacNAc extension and less-common modifications of sialic acids, 
such as di-sialyl-LacNAc or poly-sialic acids. However, no fragment ions are found corresponding to 
a poly-LacNAc antenna or an uncommon sialylation on antennae. Instead, y-ions m/z  3762 and 2938 
indicate fragmentation to lose one or two Sialyl-LacNAc antennae, and b-ion m/z  4136 validates the 
presence of core-fucose. m/z  2748 corresponds to a loss of one arm of the trimannosyl core including 
two assembled sialyl-LacNAc antennae. The ion m/z  3387 corresponds to losses of a sialyl-LacNAc an-
tenna with an extra Sialic acid by di-fragmentation. Thus, fragmentation analysis for ion m/z  4587 in-
dicate that the structure of this ion is tetra-antennary with terminal sialylation and core-fucosylation. 

3.2.2.4 Sialidase S and A digestion of native PSG1 N-glycans

Linkage of sialic acids to their underlying glycans is a vital factor modulating the binding specificity of 
glycan moieties to lectins. Thus, it is essential to define the glycosidic linkages of sialic acid residues for 
the native PSG1 N-glycans (Section 3.2.2.1). To determine the linkages of NeuAc residues to their car-
rying structures, Sialidase S and A were used to respectively cleave off sialic acids specifically (cleaving 
α 2, 3 linkage) and non-specifically on purified N-glycans from native PSG1 materials.

The sialidase S treatment for the N-glycans resulted in substantial but incomplete digestion (shown in 
Figure 3.9A). Thus the sialic acid content of treated glycans showed a dramatic decrease as most sia-
lylated glycans completely disappeared in the spectrum with the exception of a small group of struc-
tures with minor abundance (e.g. m/z  2431 and 2792). Correspondingly, asialylated multi-antennary 
structures dominantly appear in spectrum (e.g. m/z  1620, 2244, 1794, 2070, 2489, 2519, 2693, 2968 and 
3142) after digestion and m/z  2244 becomes the most abundant structure as base peak. This shift of 
relative abundance of structures implies that the majority of sialic acids have an α 2, 3 linkage rather 
than an α 2, 6 linkage on their N-glycan antennae.

In parallel, sialidase A cleavage was performed on another aliquot of the purified N-glycans (Figure 
3.9B). Complete removal of sialic acid content was observed as well as a substantial increase of relative 
abundance of potential GlcNAc bisecting structure, m/z  2489, from 17% to 31% in comparison with 
base peak between that after Sialidase S and Sialidase A Digestion. A tetra-antennary structure with 
potential bisecting GlcNAc, m/z  3387, was detected at a trace level after this digestion. In addition, 
benefiting from improved ionisation by the removal of sialic acids, two putative structures, m/z  3418 
and 3592, with 5 LacNAc units in composition appear at trace levels in the spectrum after sialidase A 
digestion . The observation of these two structures indicates the presence of antennary elongation by 
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poly-LacNAc on PSG1 glycans.

3.2.2.5 Summary of glycosylation of native PSG1

N-glycans of native PSG1 are dominated by multi-antennary complex structures with heavy sialyla-
tion. Most NeuAc sialic acid residues have an α2, 3 glycosidic linkage, and a minor population of α 2, 6 
linked NeuAc is on limited complex glycans. There are a few potentially GlcNAc bisected complex gly-
cans with relatively low abundance. Hybrid glycans are dominated by mono-antennary Man4 struc-
tures which are exclusively sialylated with α2, 3 linked NeuAc. Core-fucosylation is on nearly 50% of 
all hybrid and complex glycans with a comparable abundance to their core-afucosylated counterparts. 
High mannose structures are of low abundance and trace levels of complex glycans with poly-LacNAc 
extension appear after sialidase A digestion. O-glycosylation was detected on one of three analysed 
materials indicating inconsistency between different batches of samples.
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Figure 3.9 MALDI-TOF spectra of native PSG1 N-glycans after Sialidase S and A digestions. 
Native PSG1 N-glycans were digested with sialidase S(A) and A(B); and they were then permethylated. High mass 
range of Sialidase A spectrum is zoomed in and presented (m/z  3340 to 3600) at upper right of the panel. Poly-hexose 
contaminations are indicated by red crosses. See the legend of Figure 3.4 for assignments.
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3.2.2.6 MALDI-TOF profiling of recombinant PSG1N-Fc (Stable CHO-K1, Transient CHO-K1 
and Transient Expi-CHO) N-glycans.

As a widely used series of cell lines for industrial production of therapeutic secretory proteins, genetic 
and glycomics studies for CHO cell lines have been well established (Tejwani et al., 2018, Hossler et al., 
2009). Generally, the strain of original CHO cell lines, such as CHO-K1, mainly assembles human-like 
glycans onto its glycoproteins. Glycomics studies of CHO-K1 cells and their secretory products reveal 
iconic glycosylation for their N- and O-glycans (North et al., 2010, Lee et al., 2018). The N-glycans of 
CHO-K1 are conventionally 1) core-fucosylated; 2) poly-LacNAc elongated; 3) sialylated with α2,3 
NeuAc sialic acid, and 4) bisected with GlcNAc at a negligible level. Only three O-glycans have been 
found as neutral, mono- and di-sialylated core 1 structures. It is worth to note that all the recombi-
nant PSG1 N-domain materials were tagged with an IgG1 Fc. The recombinant IgG1 Fc tag can be 
glycosylated simultaneously. A glycomics analysis for the Fc tag made in transient CHO-K1 system 
as a negative control for its corresponding material (Figure 3.10) indicates a glycoform which is domi-
nated by bi-antennary core-fucosylated complex structures with varied antenna galactosylation (m/z  
1836, 2040 and 2244). A Man5 high mannose glycan at m/z  1579 and a mono-sialylated bi-antennary 
structure at m/z  2605 are also observed in the spectrum. This glycosylation is similar to human IgG 
Fc glycosylation (Kiyoshi et al., 2017). Therefore, glycosylation on the Fc tag might also have a con-
tribution to abundance of these structures in the MALDI-TOF profiling of compatible recombinant 
PSG1N-Fc materials. 
 

Figure 3.11 shows the N-glycan profiles of analysed recombinant N-domain of PSG1 with recombinant 
C-terminal Fc tag (PSG1N-Fc) from three different expression systems. The recombinant PSG1N-Fc 
secreted from Stable CHO-K1 (Batch I, Figure 3.11A) and Transient CHO-K1 (Figure 3.11B) shows a 

Figure 3.10 MALDI-TOF spectrum of N-glycans of IgG1 Fc tag made in transient CHO-K1 system.
See the legend of Figure 3.4 for assignments.
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similar distribution of glycan structures as nearly all complex structures are shared in both materials. 
Their complex N-glycans well fit with the features of CHO cell glycosylation described above as main-
ly core-fucosylated, potentially poly-LacNAc extended (e.g. m/z 4675) multi-antennary structures. 

However, the relative abundance of the different classes of glycans varies depending on the expression 
system. For example, the transient CHO-K1 material has a higher content of high mannose struc-
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Figure 3.11 MALDI-TOF spectra of N-glycans from recombinant PSG1 N-domains in fusion with a C-terminal 
IgG1 Fc tag expressed in different CHO systems. 
Recombinant N-domains expressed in stable CHO-K1 (A) and transient CHO-K1 (B) and transient Expi-CHO (C) sys-
tems. See legend of Figure 3.4 for assignments.
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tures and relatively lower abundance of multi-antennary complex structures compared with stable 
expression (n>2). The different abundance might reflect relatively less processing of PSG1N-Fc from 
transient CHO-K1 system in its Golgi apparatus. This reduced processing might be a consequence of 
hyper-transfection in this system leading to a relative shortage of relevant components in the pathway. 
 

Unlike conventional CHO cell lines, the recombinant PSG1N-Fc produced by the transient Expi-CHO 
system (Figure 3.11C) exhibits a dominant agalactosylation on complex glycans. Three complex gly-
cans are predominant in this profile at m/z  1835, 2081 and 2326 surpassing all the other structures in 
relative abundance. Their compositions indicate that they possess multiple terminal GlcNAc residues 
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Figure 3.12 MALDI-TOF spectra of N-glycans of two batches of recombinant PSG1N-Fc from stable CHO-K1. 
Two batches of PSG1N-Fc of stable CHO-K1 were analysed for their N-glycans shown as the first batch(A) and second 
batch(B). See the legend of Figure 3.4 for assignments.
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(n=2-4) above their core-fucosylated pauci-saccharide cores. Core-fucosylation is common on most 
complex glycans and galactosylation (n=1-4) is present on the complex glycans forming LacNAc an-
tennae (e.g. m/z  2285, 2693, 2891 and 3142), but with low abundance. Sialylation is restricted to mono-
sialylation on a few structures (e.g. m/z  2646, 2850, 2891, 3054 and 3503), in part due to low availability 
of LacNAc substrates. High mannose glycans were detected with an intermediate abundance (e.g. m/z  
1579), but no signals for hybrid glycans were detected. 

Due to there being insufficient amounts of material of stable CHO-K1(Batch I) PSG1N-Fc (Figure 
3.11A&3.12A) to continue subsequent glycorprotemics analysis, a second batch of the stable CHO-K1 
(Batch II) PSG1N-Fc (Figure 3.12B) with verified identical integrin reactivity was provided for both 
glycomics and glycoproteomics experiments. Instead of observing consistent glycomes between these 
two batches, the stable CHO-K1(Batch II) presents more under- (e.g. m/z  2530, 2735 and 2938) and 
even a-galactosylated (e.g. m/z  2081 and 2326) structures than its predecessor. Sialylation and poten-
tial poly-LacNAc extension consequently declined or vanished in the batch II. This observation raised 
concerns of the culture status as a precise hypo-galactosylation which could be a consequence of cells 
in an unwanted condition such as oxidative stress (Lewis et al., 2016).

 3.2.2.7 MADLI-TOF profiling of recombinant PSG1N-Fc O-Glycans

Among all analysed recombinant PSG1N-Fc materials, O-glycans were only found in one batch of 
sample from stable CHO-K1 (Batch I, Figure 3.13). Two structures are observed as mono- and di-sia-
lylated core 1 structures (m/z  895 and 1256). Thereby, O-glycosylation on these recombinant materials 
requires further validation. 

3.2.2.8 MALDI-TOF/TOF sequencing of N-glycans of recombinant PSG1N-Fc

Figure 3.14 shows the fragmentation analysis for three molecular ions of the N-glycans from stable 

Figure 3.13 MALDI-TOF spectrum of O-glycans of recombinant PSG1N-Fc from stable CHO-K1 system.
See the legend of Figure 3.5 for assignments. Peaks corresponding to glycan structures are highlighted in red.
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CHO-K1, transient CHO-K1 and transient Expi-CHO systems, respectively. To verify the consist-
ency of glycosylation between transient and stable CHO-K1 systems for PSG1N-Fc, m/z  3504 (Figure 
3.14 A&B) was selected from both N-glycan pools. This ion could be potentially either elongated or 
branched on their trimannosyl cores as isomers might exist. Instead of observing structural differ-
ence, the MS/MS fragmentation for these two ions shows a high degree of similarity. Major fragment 
ions as m/z  2230, 2591 and 2679 correspond to loss of a terminal sialyl-LacNAc, LacNAc and sialic 
acid residue, respectively. This validates a consistent presence of these determinants at the non-reduc-
ing end of this glycan from both systems. Double-cleavage of antennae is observed on the glycan from 
stable CHO-K1 system at m/z  1766 corresponding to loss a sialyl-LacNAc and a LacNAc antennae. A 
possible signal for this fragment ion on the m/z  3054 from transient CHO-K1 system is also visible 
indicating a possible quantitative difference, but no fragment ions were observed corresponding to an 
antennary elongation. The signal for core-fucosylation m/z  2603 is consistently low for both glycans, 
but there is also no detected signal corresponding to branch fucosylation. Therefore, it is likely that the 
glycosylation machinery in both systems has no precise alteration.

 Figure 3.14 MALDI-TOF/TOF spectra of selected N-glycan ions of PSG1N-Fc from CHO cell systems.
There are parental ions from stable CHO-K1 system (m/z  3054, A), transient CHO-K1 system (m/z  3054, B) and tran-
sient Expi-CHO system (m/z  2326, C) for fragementation analysis. See the legend of Figure 3.7 for assignments. 
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In addition, a putative truncated structure, m/z  2326, was selected for MS/MS analysis from the N-
glycan pool of PSG1N-Fc made in the transient Expi-CHO system (Figure 3.14 C). The presence of the 
y-ion at m/z  2067 indicates the loss of terminal GlcNAc from a non-reducing end as the predominant 
fragment ion in this spectrum. The y-ion at m/z  1617 indicates a cleavage at one arm of the triman-
nosyl core, and core-fucosylation is validated by a pair of by-ions as m/z  474 and 1875. Due to there 
being no detection of potential fragment ions for LacdiNAc determinants, it is very likely that all the 
HexNAcs are connected to the core-mannoses as shown in Figure 3.14C rather than being tandemly 
connected together.

3.2.3 Glycoproteomics of native PSG1 and recombinant PSG1 N-domain

To define the site-specific glycoforms on PSG sequences, LC-ESI-MS glycoproteomics experiments 
were carried out for native PSG1 proteins and recombinant PSG1 N-domains. Briefly, PSG1 proteins 
and recombinant N-domains were denatured by carboxymethylation, and the denatured sequences 
were then digested by sequencing grade trypsin. Their tryptic products were directly loaded onto an 
Applied Biosystems QSTAR LC-MS/MS system with set LC programmes. Mascot search was subse-
quently performed for each material to validate sequence identity and coverage against its established 
proteomic database (Tissot et al., 2009).

3.2.3.1 Identification of Glycopeptides

Since there was no specific enrichment of glycopeptides before loading onto the mass spectrometer, 
the system acquires MS and MS/MS data for glycopeptides and other peptides/contaminants eluted, 
simultaneously. Therefore, identification of glycopeptides mainly relied on manual search for the pres-
ence of indicative fragment ions of saccharides in the low mass range of MS/MS spectra. There is a tar-
geted pair of indicative saccharide fragment ions at m/z  204 (HexNAc) and 366 (LacNAc), which are 
most commonly observed as an indication for glycosylation. The fragment ion of Sialic acid residue, 
such as m/z  292 (NeuAc), can also be detected as an indicator of the presence of sialylation. Dehydra-
tion of these saccharides is commonly observable as the detection of m/z  168 (HexNAc-2H2O), 186 
(HexNAc-H2O) and 274 (NeuAc-H2O). 

All MS/MS spectra including these indicative fragment ions and their matching MS spectra were 
thoroughly scrutinised for the identification of glycopeptides. The previous MALDI-TOF profiles 
were employed along with predicted tryptic products of glycopeptides to facilitate this validation. It 
is worth to note that there was no derivatisation for monosaccharides in this experiment, thus the 
detected mass of each monosaccharide, including 146Da (Fuc), 162Da (Hex), 203Da (HexNAc), and 
291Da (NeuAc) is consistent with their natural molecular weights.
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3.2.3.2 Site occupation of native PSG1 and recombinant PSG1 N-domain

Tryptic products of PSG1 materials were screened by the QSTAR LC-MS/MS system with a reversed-
phase chromatographic column. Glycans were found on four of the seven N-glycosylation sites on na-
tive PSG1 via the observation of five peptide backbones carrying N-glycosylated sites Asn61, 199, 268 
and 303, respectively (see Table 3.2 for peptide sequences). Two digestion products were observed for 
site Asn61 corresponding to complete digestion (peptide mass: 2398Da) and a miss-cleavage at its N-
terminus (peptide mass: 2898Da). Double miss-cleavages occurred on peptides for site Asn303 which 
has mis-cleavages at both N- and C-terminals (peptide mass: 2629Da). Complete tryptic digestion was 
observed on peptides for sites Asn199 (peptide mass: 718Da) and 268 (peptide mass: 2409Da).

As confirmed with our collaborators, there was no artificial alteration of the engineered PSG1 N-do-
main sequence in and around the regions of expected tryptic products carrying N-glycosylation sites. 
Therefore, the tryptic products of recombinant PSG1 N-domains are comparable to that of native PSG1 
N-domain. Two digestion products (peptide masses: 2398Da and 2898Da) for site Asn61 are found in 
all recombinant materials resulting from the same miss-cleavage observed in native PSG1. Glycosyla-
tion of sites Asn104 and 111 was exclusively detected in the recombinant N-domain from transient 
CHO-K1 (peptide mass: 1779Da, Table 3.2). Additionally, a glycopeptide from the engineered IgG1 Fc 
domain (EEQYNSTYR; peptide mass: 1188Da) was also detected in all recombinant materials. 

3.2.3.3 Glycosylation at site Asn61

ESI generates multiple charges ([M+nH] n+ or [M-nH] n-) for each ionised molecule in both MS and 
MS/MS modes. The charge states of each molecule can be used to facilitate its identification. The 
charge state of ions can be identified by calculating the m/z  difference between isotopic peaks. This is 
1 for a single charge, 0.5 for a double charge, 0.33 for triple charge and 0.25 for a quadruple charge. The 
sequential composition of peptides and glycans can be revealed by comparing mass intervals consist-
ent with amino acid and/or saccharide residues between ions with the same charge state. For relatively 

Table 3.2 Observed PSG1 N-glycopeptides in tryptic digest

Peptide Sequence Peptide Molecular 
Weight Native PSG1 T. Expi-CHO T. CHO-K1 S. CHO-K1

DVLLLVHNLPQNLTGYIWYK 2398 Da X X X X*
VSEGKDVLLLVHNLPQNLTGYIWYK 2898 Da X X X
ETAYSNASLLIQNVTR 1779 Da X
LSETNR 718 Da X
SENYTYIWWLNGQSLPVSPR 2409 Da X
ILILPSVTRNETGPYQCEIRDR 2629 Da X

EEQYNSTYR 1188 Da X X X

*Relatively less confident assignment due to observing limited peptide fragmentation. The crosses in table indi-
cate the presence of glycopeptide in relevant materials 
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low molecular weight analytes as digested glycopeptides, the charge state of their MS/MS fragments is 
mainly determined by protonation and deprotonation of peptides (Konermann et al., 2013). Therefore, 
basic or acidic amino acid residues will influence the formation of multiple charge states in the MS/
MS data.

As described in Section 3.2.3.2, there are two tryptic digestion products for site Asn61. The identity 
of these two products was firstly validated via mapping fragment ions of their peptide backbone and 
saccharides, respectively, in MS/MS spectra. An example of each spectrum from native PSG1 proteins 
is shown in Figure 3.14. Intact backbone of fully digested Asn61 glycopeptide (50DVLLLVHNLPQN-
LTGYIWYK70) was detected as a singly charged ion at m/z  2399 (Product I, Figure 3.15A). The doubly 
charged ion for this backbone (m/z  12002+) was also detected. Two basic residues (histidine and lysine) 
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Figure 3.15 LC-ESI-MS/MS spectra of observed tryptic Product I and II for N-glycosylation site Asn61. 
Fragmentation analysis was conducted for tryptic product I(A) and II(B) for glycopeptide identification. Mono- and 
di-saccharide fragments are highlighted by name; dehydrated saccharide fragments are labelled in numbers. B and Y 
ions are highlighted in blue and purple capital letters; intact peptides are indicated in red letters with their remaining 
monosaccharide residues. Most fragments form a [M+H]+ protonated ion, intact backbones and mis-cleaved peptides 
can form [M+nH]n+ ions, the number of proton adducts depends upon the numbers of remaining basic residues. An 
observed putative structure is also assigned on the upper right sequence in panel (B). All the assignments are based 
on knowledge of peptide fragmentation and glycan fragmentation pathways as well as the biosynthetic pathways 
along with available compositional information.
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contributed the double charge state. The identity of this peptide was verified by mapping series of sin-
gly charged N-terminal b-ions (m/z  328, 441, 554, 790, 904 and 1017) and C-terminal y-ions (m/z  496, 
609, 829 and 930). Its glycosylation status is evident by the presence of saccharide fragments (m/z  186, 
204, 274, 292 and 366) and singly charged peptide backbone carrying a GlcNAc residue (m/z  2602). 

The miss-cleaved Asn61 glycopeptide (singly charged m/z  2899, 45VSEGKDVLLLV-HNLPQNLTGY-
IWYK70, Product II, Figure 3.15B) was discerned by the presence of a group of doubly charged frag-
ment ions including m/z  1450.12+, 1551.72+, 1653.22+, 1734.32+, 1815.32+ and 1896.32+. The mass intervals 
calculated between these doubly charged ions indicate a consecutive loss of monosaccharides from a 
peptide with pauci-saccharide N-glycan core (Man3GlcNAc2) m/z  1896.32+ to a naked backbone m/z  
1450.12+. A triply charged peptide backbone with a GlcNAc residue was also detected at m/z  1034.43+ 

indicating an additional basic residue in the sequence. A series of fragment b-ions of this peptide (m/z  
616, 715, 828, 941, 1054, 1153, 1290, 1404 and 1517) indicates a mis-cleavage occurred at its N-terminal 
penta-amino acid sequence VSEGK. Y-ions from the C-terminus, including m/z  496, 609, 772, 829 
and 930 provide complementary peptide identification.

3.2.3.3.1 N-glycosylation on Asn61 of native PSG1 

There were three elution fractions (Figure 3.16) for the two Asn61 glycopeptides from native PSG1.  
Two fractions for Product II (2898Da) eluted at 61.5-62.5min (Fraction A) and 71.3-75.4min (Fraction 
B); one fraction for Product I (2398Da) eluted at 80-82.7min (Fraction C), respectively. 

In the fraction A of Product II, twelve N-glycans (Table 3.3) were identified on eluted glycopeptides by 
manual examination. Abundant N-glycans in this fraction are annotated on its MS spectrum shown 
in Figure 3.16A. There are mono- to tetra-antennary structures with and without core-fucosylation. 
Sialylation is a common modification on all N-glycans to form tri-saccharide sialyl-LacNAc moieties 
as characterised in the glycomics experiments (Section 3.2.2.1 and Section 3.2.2.2). Up to three sialyl-
LacNAc moieties can be found on a single structure as m/z  14414+ and 14774+, which are tri-antennary 
with predominant abundance. Mono- and dominant bi-antennary structures are fully sialylated on 
their LacNAc antennae. Unmodified LacNAc moieties are also observable on bi- to tetra-antennary 
structures with mono- to di-sialylation (m/z  14044+ and 11495+). A mono-sialylated tetra-antennary 
structure, m/z  14374+, was detected with a terminal GlcNAc which could potentially be a bisecting 
one. Bisecting GlcNAc could equally be on a minor bi-antennary glycan (m/z  13644+) . 

Glycopeptides eluted in fraction B contain tri- and tetra-antennary glycan structures, exclusively. 
Core-fucosylation consistently occurred on about  half of all assigned structures (Figure 3.16B). The 
level of sialylation on these structures is generally higher than that of the structures in fraction A as 
mainly with tri- and tetra-sialylation. This observation might suggest that higher content of sialic acid 
residues could lead to a later elution of glycopeptides under the set LC programme. Tetra-antennary 
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Figure 3.16 Representative portions of LC-ESI-MS spectra for digested products of Asn61 from native PSG1. 
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tide backbones. Product I and II are represented by the green and black bars, respectively. Major ions are observed as 
[M+nH]n+. Additional ammonia or sodium adducts for peaks are also labelled in red characters.
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structures with four sialyl-LacNAc antennae are predominant at m/z  16054+(m/z  12845+) and 16414+ 
(m/z  13135+). Potentially bisecting GlcNAc is identified on two tri-antennary glycans as m/z  14554+ 
and 14914+. 
 

Moreover, identification of the naked peptide backbone, m/z  14322+, with double dehydration in the 
MS spectra of both fractions could be indicative for the occurrence of an in-source fragmentation of 
eluted glycopeptides. The observed mono- and di-sialylation on tri- and tetra-antennary structures 
in both fractions could be at least partially contributed by the loss of NeuAc residues from their fully 
sialylated counterparts. This is because sialic acid residues are labile to loss within the ion-source 
(Kailemia et al., 2014).

Glycosylated peptides of the Product I were eluted much later into fraction C (Figure 3.16C, Table 
3.4) than their single mis-cleaved counterpart, Product II, even though the predominant glycans (m/z  
13154+ and 13524+) in this fraction are shared with that in fraction A. No structure carrying terminal 
GlcNAc was detected in this fraction. 

In addition, the relative abundance of each glycoform in eluted fractions could not be considered as a 
reliable reference for accurate quantification in this study. This is because a variety of factors through-
out the entire experimental procedure affect the detection and distribution of each glycopeptide. For 
example, biochemical properties of amino acid sequences could have impacts on the efficiencies of 
Table 3.3 N-glycosylation of fraction A &B of Asn61 from native PSG1

N-glycan M o l e c u l a r 
Weight (Da)

Fraction A Fraction B

3+ 4+ 5+ 3+ 4+ 5+

1NeuAc2LacNAc3Man2GlcNAc 4812 1605
1NeuAc1LacNAc5Man1Fuc2GlcNAc 4917 1230

1NeuAc2LacNAc3Man1Fuc2GlcNAc 4958 1653
1GlcNAc3LacNAc3Man2GlcNAc 5089 1273
2NeuAc2LacNAc3Man2GlcNAc 5103 1702 1277
2NeuAc2LacNAc3Man1Fuc2GlcNAc 5249 1750 1313
1GlcNAc2NeuAc2LacNAc3Man1Fuc2GlcNAc 5452 1364
2NeuAc3LacNAc3Man2GlcNAc 5468 1368 1368
2NeuAc3LacNAc3Man1Fuc2GlcNAc 5614 1404 1404
1GlcNAc1NeuAc4LacNAc3Man2GlcNAc 5745 1437 1150
3NeuAc3LacNAc3Man2GlcNAc 5759 1920 1441 1153 1441
1GlcNAc2NeuAc3LacNAc3Man1Fuc2GlcNAc 5817 1455 1164
3NeuAc3LacNAc3Man1Fuc2GlcNAc 5905 1969 1477 1182 1477
1GlcNAc3NeuAc3LacNAc3Man2GlcNAc 5962 1491
3NeuAc4LacNAc3Man2GlcNAc 6124 1532
3NeuAc4LacNAc3Man1Fuc2GlcNAc 6270 1568
4NeuAc4LacNAc3Man2GlcNAc 6415 2139 1605 1284
4NeuAc4LacNAc3Man1Fuc2GlcNAc 6561 2188 1641 1313

Molecular weight corresponds to the designated backbones plus the composition of assigned N-glycans
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proteolytic digestions and peptide ionisation (Mallick et al., 2007). In-source fragmentation on gly-
cans could lead to underestimation or even no detection of relatively labile monosaccharides such as 
sialic acids. Moreover, various charge states and observable non-covalent adducts (NH3-17Da and Na-
22Da) of glycopeptides could also distribute their signal intensity to a broader range of corresponding 
peaks causing difficulties for accurate quantitative estimation. 

In summary, the N-glycosylation at site Asn61 of native PSG1 exhibits a nearly complete collection 
of N-glycans identified in previous glycomics experiments (Section 3.2.2.1). It has a range of mono- 
to tetra-antennary complex glycans with substantial hyper-sialylation, and has core-fucosylation on 
nearly half of identified structures. Besides, bisecting GlcNAc is probably present at low levels on sev-
eral multi-antennary complex glycans.

3.2.3.3.2 N-glycosylation of Asn61 on recombinant PSG1 N-domains

Comparable to native PSG1, Product I and II for N-glycosylation site Asn61 were also observed in 
recombinant PSG1N-Fc materials from three different expression systems: Transient CHO-K1, Stable 
CHO-K1 and Transient Expi-CHO. Glycan structures eluted in each chromatographic fraction for 
each product are listed in Table 3.5. There are 4 fractions of Product I for both transient Expi-CHO 
and CHO-K1, but only one fraction for stable CHO-K1. Glycopeptides of Product I from the former 
two expression systems exhibited an orderly elution with glycans from high-mannose to complex type 
(from mono- to tetra-sialylation). 
 

Figure 3.17 shows MS spectra of a representative fraction of Product I from each of the transient 
CHO-K1 and Expi-CHO expression systems. The fraction III (57.2-57.9min) from transient Expi-
CHO (Figure 3.17A) exhibits a typical glyco-repertoire with antennary truncation. Major structures in 
this fraction contain at least one probable terminal GlcNAc residue in their composition (m/z  14333+ 
and 15003+) as well as core-fucosylation. Up to four terminal GlcNAc residues can be found on a sin-
gle glycan (m/z  20522+). Presence of these structures is evidence for substantial hypo-galactosylation. 

Table 3.4 N-glycosylation of fraction C of Asn 61 from native PSG1

N-glycan Molecular Weight 
(Da)

Fraction C

2+ 3+ 4+

1NeuAc1LacNAc3Man2GlcNAc 3946 1974
1NeuAc1LacNAc3Man1Fuc2GlcNAc 4092 2047
1NeuAc2LacNAc3Man2GlcNAc 4311 2157
1NeuAc2LacNAc3Man1Fuc2GlcNAc 4457 2230
2NeuAc2LacNAc3Man2GlcNAc 4602 2302 1535
2NeuAc2LacNAc3Man1Fuc2GlcNAc 4748 2375 1584
3NeuAc3LacNAc3Man2GlcNAc 5258 1754 1316
3NeuAc3LacNAc3Man1Fuc2GlcNAc 5404 1802 1352

Molecular weight corresponds to the designated backbones plus the composition of assigned N-glycans
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Nevertheless, fully galactosylated multi-antennary structures (m/z  14873+ and 16083+) with mono-
sialylation are still present at an intermediate abundance. As the Expi-CHO cell line is designed for 
producing secretory proteins with high titers, it is likely that there could be a relative shortage of ga-
lactosyltransferases and/or UDP-monosaccharide substrates in its glycosylation machinery resulting 
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Figure 3.17 Representative portions of LC-ESI-MS spectra for glycopeptides of Asn61 from recombinant 
PSG1N-Fc  expressed in transient CHO cell systems. 
Glycopeptides carrying site Asn61 are shown as (A) from transient Expi-CHO system and (B) from transient CHO-K1 
system. See the legend of Figure 3.16 for assignments.
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in observed hypo-galactosylation. These results are consistent with a recent study that Expi-CHO cell 
lines produced less galactosylated N-glycans than usual on recombinant IgG and increased avail-
abilities of GT and monosaccharide substrate could reversibly improve the level of galactosylation and 
sialylation (Zhong et al., 2018). 

In contrast, the glycopeptides from transient CHO-K1 (Figure 3.17B) are dominated by the fully galac-
tosylated N-glycans with sialylation and core-fucosylation. Major structures are bi- and tri-antennary, 
and one dominant bi-antennary glycan (m/z  11294+ and 15843+) could potentially have a bisecting 
GlcNAc. In addition, a poly-LacNAc extension could be identified on structures in the latter fractions 
of both materials as containing 5 LacNAc di-saccharide units (Table. 3.5, 5408Da for Epxi-CHO.T and 
5846Da for CHO-K1.T). 

Elution of glycopeptides of Product II followed a succession similar to that of Product I, whereas 
more sialylated glycans were eluted with this product (Table 3.6). Tetra-antennary structures with 
four sialyl-LacNAc are found in both materials as the largest glycan structure (6563Da) linked to the 
observed tryptic peptide. Several core-afucosylated structures were also detected on this glycopeptide 
(e.g. 5673Da).

Molecular ions for the Asn61 glycopeptides for stable CHO-K1 were of low abundance and only four 
interpretable structures were observed (Table 3.5 and Figure 3.18A). The poor data quality raised a 
concern of under-glycosylation of peptides. The MS/MS spectrum for this fraction was scrutinised, 
whereas only two ions were found correlating to the peptide backbone with trace amounts as B9 m/z  
1017 and intact peptide backbone with a GlcNAc residue, m/z  2602 (Figure 3.18B).

Glycosylation of the recombinant Fc tag was subsequently evaluated. The MS spectrum of its Fc N-gly-
cosylation site sequence indicates a glycosylation pattern dominated by core-fucosylated mono- and 
bi-antennary structures with varied galactosylation levels (Figure 3.19A). Minor fragmentation in the 
ion source might also occur because m/z  1538+ is observed, which correlates to the peptide backbone 
carrying a Fuc-GlcNAc disaccharide.

There are two XIC (Extracted-ion Chromatogram) peaks for 366.1 between 33 to 36 min in the MS/
MS data (black dash lined square Figure 3.19B) which are potential LacNAc fragment ions. However, 
there is no corresponding HexNAc fragment ion (m/z  204) indicating that these peaks are unlikely 
to be derived from glycopeptides. In addition, a few putative structures were annotated as glycopep-
tides for Product I and II (Table 3.7, Figure 3.20) after manual scrutiny of their MS spectra. Although 
their m/z values numerically matched with digested peptides carrying putative glycans, and their m/z  
intervals to nearby peaks with the same charge state also corresponded to saccharide residues, there 
were no corroborating fragment ions observed in the MS/MS data. Therefore further experiments are 
needed to confirm their identities once a larger amount of material is available.
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 Figure 3.18 Representative portion of ESI-MS/MS and MS spectra of Product I (2398Da) for N-glycosylation 
site Asn61 of PSG1N-Fc eluted at 76.4-84.2 min from stable CHO-K1 system. 
In the MS spectrum (A), four interpretable peaks are assigned with structures based upon knowledge of the biosyn-
thetic pathway and compositional information of glycans and peptide backbone. In the MS/MS spectrum (B), Peaks 
for saccharide fragment ions are labelled with numbers, one B-ion of the peptide fragment is named in blue letters. 
The observed intact peptide backbone with a GlcNAc residue is labelled in red letters and the sequence of this glyco-
peptide Product is at the up-right corner of the panel.
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Figure 3.19 Representative portion of ESI-MS spectra of the N-glycopeptides from fused IgG1 Fc-tag of re-
combinant PSG1N-Fc from stable CHO-K1 system and corresponding overlapped XIC chromatograms of 
Hex and LacNAc fragments from ESI MS/MS. 
The N-glycopeptides eluted at 8.6-8.8 min in the LC system(A) and XIC chromatograms (B) were extracted and over-
lapped from the MS/MS chromatograms of PSG1-Fc of stable CHO-K1 system. In the MS spectrum (A), the Fc glyco-
peptide is represented by a yellow bar, assignments are based the on knowledge of biosynthetic pathway and com-
positional information of IgG peptide and glycans. In the overlapped chromatograms, the region for Fc elution and 
Asn61 peptide (Product I) elution are zoomed in separate sub-spectra with their ion count labelled on the up-right of 
their y-axis. The blue line in the chromatograph represents the diagnostic ion 204.06 which corresponds to HexNAc 
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 Figure 3.20 ESI-MS spectra of Asn61 containing glycopeptides eluted at 33-36min of PSG1N-Fc from stable 
CHO-K1 system. 
The coloured bar under assigned structures represent different corresponding peptide Products as Product I for black 
bar (2398Da) and Product II for green bar (2898Da). The mathematically matched structures range from hybrid, bi-, tri- 
to tetra-antennary complex structures. Core-fucosylation is universal and terminal GlcNAc is placed above brackets to 
indicate its undefined linkage. See the legend of Figure 3.16 for assignments.

Table 3.7 Putative N-glycan structures at Asn61 of PSG1N-Fc from stable CHO-K1 eluted at 33-36min
N-glycan Molecular Weight (Da) Product I Product II

1LacNAc4Man1Fuc2GlcNac 4463 x

1LacNAc5Man1Fuc2GlcNac 4625 x

2LacNAc3Man1Fuc2GlcNAc 4666 x

2GlcNAc3LacNAc3Man2GlcNAc 4791 x

1GlcNAc2LacNAc3Man1Fuc2GlcNAc 4869 x

3LacNAc3Man1Fuc2GlcNAc 5031 x

2GlcNAc2LacNAc3Man1Fuc2GlcNAc 5072 x

2GlcNAc2Sia2LacNAc3Man1Fuc2GlcNAc 5154 x

1GlcNAc3LacNAc3Man1Fuc2GlcNAc 5234 x

1GlcNAc2Sia3LacNAc3Man1Fuc2GlcNAc 5316 x

3GlcNAc2Sia2LacNAc3Man1Fuc2GlcNAc 5357 x

4LacNAc3Man1Fuc2GlcNAc 5396 x

2GlcNAc2Sia3LacNAc3Man1Fuc2GlcNAc 5519 x

5LacNAc3Man1Fuc2GlcNAc 5761 x

The molecular weight corresponds to the designated peptide plus assigned N-glycans, and crosses represent the 
presence of N-glycans in the designated samples.
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 3.2.3.4 Glycosylation on Asn104 and 111 of transient CHO-K1 

N-glycosylation on sites Asn104 and 111 of PSG1 N-domain was exclusively found on the recombinant 
PSG1N-Fc materials from transient CHO-K1 system. The tryptic digestion generates a sixteen amino 
acids backbone product (99ETAYSNASLLIQNVTR114, 1779Da) retaining these two N-glycosylation 
sites and their N-glycans. There were four fractions (I, II, III and IV) eluted for this Product as at 37.2-
38.4min, 41.9-42.6min, 47.0-47.8min and 53.8-54min (Fraction I in Figure 3.21A and Fraction II in 
3.21B). Due to there being two potential sites on this Product for N-glycosylation, it is likely to observe 
singly and/or doubly glycosylated eluents as an occurrence of macro-heterogeneity of glycosylation. 
A small population of singly glycosylated peptides was eluted along with doubly glycosylated pep-
tides in I and II fractions, especially at fraction II, exhibiting a single high mannose or complex type 
structures on its backbone (e.g. m/z  11613+ and 13043+). A bi-antennary structure (m/z  11833+) with 
core-fucosylation is predominant in this sub-population. Moreover, intensive manual scrutiny enables 
a detailed listing of all probable structures. Other singly glycosylated structures (Table 3.8) are present 
in the listing with potential poly-LacNAc as carrying 5 (4787Da) or 6 (5152Da) LacNAc units in their 
composition. 

However, co-elution of singly and doubly glycosylated peptides leads to an unselective fragmentation 
of mixed parental ions. Thus, observed glycosylated fragment ions as y5 and y7-9 (shown in Figure 
3.20C) with a signle GlcNAc residue could not be definitive evidence to suggest a site-specific occu-
pancy. 

Doubly glycosylated peptides were differentially eluted into four fractions based on their glycosyla-
tion. High-mannose linked peptides were mostly eluted into fraction I at 37.2-38.4min (Figure 3.21A). 
A series of triply charged ions are observed with an m/z  interval of 54, and this m/z  interval cor-
responds to a 162Da Hexose residue. There are up to 18 Hexoses on two putative N-glycans on the 
peptides, m/z  18363+, which could correspond to two Man9 high mannose structures (Table 3.8), 
indicating limited processing of these glycans on these two sites. However, complex glycans were still 
eluted in the remaining fractions. 

CID can induce intensive cleavage of glycans on glycopeptides rather than their peptide backbones. 
Thereby, no specific antennary arrangements or chitobiose core-modification could unambiguously 
be assigned for the structure on a specific N-glycosylation site eluted in the III and IV fraction as 
shown in Figure 3.22. For the doubly glycosylated peptide, maximal five LacNAc units and three sialic 
acid residues plus two fucoses can be found in the list on two N-glycans as 6554Da (m/z  16393+, Figure 
3.22B, Table 3.8).
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 Figure 3.21 Representative portion of ESI-MS spectra of two early fractions for glycopeptides of  Asn 104 
and 111 and a representative ESI-MS/MS spectrum of the glycopeptide from transient CHO-K1. 
The first fraction of N-glycopeptides for Asn 104 and 111 was eluted at 37.2-38.4min(A), and the second fraction eluted 
at 41.8-42.6min (B). The glycopeptide was fragmentated for peptide identification (C). See the legends of Figure 3.15 
&3.16 for assignments.
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Figure 3.22 ESI-MS spectra of two latter fractions of glycopeptides for Asn 104 and 111 of PSG1N-Fc from 
transient CHO-K1. 
These two fractions of the glycopeptides were sequentially eluted at 47.5-47.8min(A) and 53.8-54.0min(B). See the 
legend of Figure 3.15 for assignments.
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Figure 3.23 ESI-MS spectrum for the glycopeptides of Asn199 on native PSG1 and corresponding ESI-MS/
MS spectrum. 
The glycopeptides eluted at 11.2-11.7min as one fraction(A) and fragmentation analysis was conducted for glycopep-
tide identification(B). See the legends of Figure 3.14 and 3.15 for assignments.

3.2.3.5 Glycosylation on Asn199 for native PSG1

The N-glycosylation site Asn199 is located in the A1 domain of full-length native PSG1. Tryptic diges-
tion gives a hexapeptide backbone (194LESTNR200, 718Da) and its glycoforms eluted at 11.2-11.7min 
(Figure 3.23A). The N-glycans on this peptide are exclusively mono- and bi-antennary structures and 
major components are sialylated (e.g.10233+, 11342+ and 14622+). Core-fucosylation is found on two 
dominant structures (m/z  12072+ and 15352+). The structure of m/z  12352+ is putatively assigned as 
bi-antennary with a truncated antenna, and other minor structures are also listed in Table 3.9. As a 
representative example, the MS/MS spectrum of m/z  1976 is shown in Figure3.23B. A sequential dec-
rement from a putative hepta-saccharide (LacNAc3Man2GlcNAc, m/z  1976) to a single GlcNAc (m/z  
922) is the major fragmentation observed. Lack of peptide fragmentation is to be expected because a 
singly charged ion was selected for MS/MS. 
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Table 3.9 N-glycan structures at Asn199 of native PSG1
N-glycan Molecular weight (Da) 1+ 2+ 3+

3Man2GlcNAc 1610 1611
1GlcNAc3Man2GlcNAc 1813 1814 908
1LacNAc3Man2GlcNAc 1975 1976
1GlcNAc1LacNAc3Man2GlcNAc 2178 2179 1090
1NeuAc1LacNAc3Man2GlcNAc 2266 1134
2LacNAc3Man2GlcNAc 2340 2341 1171
1NeuAc1LacNAc3Man1Fuc2GlcNAc 2412 2413 1207
1GlcNAc1NeuAc1LacNAc3Man2GlcNAc 2469 2470 1236
1GlcNAc1NeuAc1LacNAc3Man1Fuc2GlcNAc 2615 2616 1309
1NeuAc2LacNAc3Man2GlcNAc 2631 2632 1317
1NeuAc2LacNAc3Man1Fuc2GlcNAc 2777 2778 1390
2NeuAc2LacNAc3Man2GlcNAc 2922 2923 1462
2NeuAc2LacNAc3Man1Fuc2GlcNAc 3068 3069 1535 1024

The molecular weight corresponds to the designated peptide plus assigned N-glycan

3.2.3.6 Glycosylation at Asn268 for native PSG1

This twenty amino-acid peptide was cleaved from the A2 domain of full-length native PSG1 protein 
sequence by tryptic digestion (266SENYTYIWWLNGQSLPVSPR285, 2409Da). Two fractions of this 
glycopeptide were eluted at 62-70min and 83-90min (Figure 3.24 A&B). Glycans eluted in the former 
fraction are exclusively mono- and bi-antennary structures. Their LacNAc antennae are generally 
capped by terminal sialic acids, and core-fucosylation is on about half of detected structures in this 
fraction (e.g. m/z  11914+ and 13693+). Glycans of the latter fraction share these features and two more 
fully sialylated tri-antennary structures were identified at m/z  13183+ and 13543+ shown in Figure 
3.24B as well as in Table 3.10. In addition, potentially GlcNAc bisecting bi-antennary structures are 
also found in these two fractions, such as m/z  16053+ and 16553+. Another potentially GlcNAc bisect-
ing structure is also perceivable in the latter fraction at m/z  15583+. However, this mono-sialylated 
structure was only eluted in the latter fraction, and as described previously it is expected that well-
sialylated structures should elute later. Thus, it is likely that this structure could be a product of in-
source fragmentation from its bi-sialylated counterpart at m/z 16553+. In addition, a representative MS/
MS spectrum is shown in Figure 3.24C. Dominant fragmentation y5 and y9 were observed as m/z  555 
and 940; intact peptide with a GlcNAc residue was also detected as m/z  2613. Besides, deamidation 
on asparagine residue 277 (N277 to D277) was identified by observation of a mass shift for 1Da on y10 
to y13 ions.
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Figure 3.24 ESI-MS spectra of Asn268 N-glycopeptides and a corresponding ESI-MS/MS spectrum from na-
tive PSG1.
N-glycopeptides of Asn268 eluted at 62-70min(A) and 83-90min(B); fragmentation was conducted for glycopeptides 
identification as shown in a representative spectrum(C). See the legends of Figure 3.14 and 3.15 for assignments
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Table 3.10 N-glycosylation at Asn 268 of Native PSG1

N-glycan Molecular 
Weight (Da)

62-70min 83-90min

2+ 3+ 4+ 2+ 3+ 4+

1NeuAc1LacNAc3Man2GlcNAc 3957 1980 1320 1980
1NeuAc1LacNAc3Man1Fuc2GlcNAc 4103 2053 1369 2053
1GlcNAc1NeuAc1LacNAc3Man2GlcNAc 4160 2081
1GlcNAc1NeuAc1LacNAc3Man1Fuc2GlcNAc 4306 2154
1NeuAc2LacNAc3Man1Fuc2GlcNAc 4468 2235 1490
2NeuAc2LacNAc3Man2GlcNAc 4613 2308 1539 1154 2308 1539
1GlcNAc1NeuAc2LacNAc3Man1Fuc2GlcNAc 4671 1558
2NeuAc2LacNAc3Man1Fuc2GlcNAc 4761 2382 1588 1191
1GlcNAc2NeuAc2LacNAc3Man2GlcNAc 4816 1606 1205 1606
1GlcNAc2NeuAc2LacNAc3Man1Fuc2GlcNAc 4962 2482 1655 1242
2NeuAc3LacNAc3Man1Fuc2GlcNAc 5124 1709 1282
1GlcNAc2NeuAc3LacNAc3Man2GlcNAc 5181 1296
3NeuAc3LacNAc3Man2GlcNAc 5269 2636 1757 1318
1GlcNAc2NeuAc3LacNAc3Man1Fuc2GlcNAc 5327 1777 1333
3NeuAc3LacNAc3Man1Fuc2GlcNAc 5415 2709 1806 1355

The molecular weight corresponds to the designated peptide plus assigned N-glycan

3.2.3.7 Glycosylation at Asn303 for native PSG1
  

Asn303 is located in the A2 domain of full-length native PSG1. A double miss-cleavage resulted in the 
observed peptide backbone 294ILILPSVTRNETGPYQCEIRDR315 (2629Da). There was one fraction of 
glycopeptides which eluted at 43.3-43.5min corresponding to this peptide backbone (Figure 3.25A). 
Only mono- and bi-antennary structures are found in this fraction. Consistently, core-afucosylation 
is found on a small group of these glycans while sialylation is universal on all structures. A potential 
GlcNAc bisecting structure is observed as m/z  12964+; antennary truncation is also observable as 
m/z  15103+. All identified structures are listed in Table 3.11. In addition, the fragmentation pattern 
of this peptide (2629Da, Figure 3.25B) is distinctive among observed MS/MS spectra as it has a col-
lection of singly, doubly and triply charged fragment ions, including m/z  559, 6982+ and 9943+. This 
feature is evident to that there are multiple basic amino acid residues, likely lysine or arginine, on 
this peptide. Attentive scrutiny of this MS/MS spectrum matching with annotated PSG1 sequence 
from UniProt (P11464) confrimed the identity of this peptide and its double mis-cleavage status. The 
observed peptide resulted from mis-cleavages of both N- and C-terminal of Product 303NETGPYQ-
CEIR313 (Cysteine was carboxymethylated, +58Da). Typical b and y ions are assigned on Figure 3.24C 
to partially map out the entire sequence.



112

1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700
m/z, amu

0

700

In
te

ns
ity

, c
ou

nt
s

1728
3+

1661
3+

1612
3+

1564
3+1515

3+

1510
3+

1442
3+

1296
4+

1246
4+

1209
4+

1173
4+

1136
4+

1393
3+

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z, amu

0

700

In
te

ns
ity

, c
ou

nt
s

186

204204
GlcNAc

274

292
NeuAc

366
LacNAc227

B2

340
B3

453
B4

559
Y4

Peptide+GlcNAc

945
3+

Peptide+1Fuc1GlcNAc

994
3+

294I L I L P S V T R N E T G P Y Q C E I R D R 315

Y11
698

2+

B4B3B2

Y4Y11

A

B

Figure 3.25 ESI-MS spectrum for glycopeptides of Asn303 from native PSG1 and corresponding ESI-MS/MS 
spectrum
The glycopeptides were eluted at 43.3-43.5min(A) and corresponding fragments were analysed for glycopeptide 
identification as shonw in (B). See the legends of Figure 3.14 and 3.15 for assignments.

Table 3.11 N-glycosylation on Asn303 of Native PSG1
N-glycan Molecular Weight (Da) 3+ 4+

1LacNAc3Man1Fuc2GlcNAc 4033 1345
1NeuAc1LacNAc3Man2GlcNAc 4178 1394
1GlcNAc1LacNAc3Man1Fuc2GlcNAc 4236 1413
2LacNAc3Man2GlcNAc 4252 1418
1NeuAc1LacNAc3Man1Fuc2GlcNAc 4324 1442
1GlcNAc1NeuAc1LacNAc3Man2GlcNAc 4381 1461
2LacNAc3Man1Fuc2GlcNAc 4398 1467
1GlcNAc1NeuAc1LacNAc3Man1Fuc2GlcNAc 4527 1510
1NeuAc2LacNAc3Man2GlcNAc 4543 1515 1137
1NeuAc2LacNAc3Man1Fuc2GlcNAc 4689 1564 1173
2NeuAc2LacNAc3Man2GlcNAc 4834 1612 1210
2NeuAc2LacNAc3Man1Fuc2GlcNAc 4982 1662 1247
1GlcNAc2NeuAc2LacNAc3Man1Fuc2GlcNAc 5183 1729 1297

The molecular weight corresponds to the designated peptide plus assigned N-glycan
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3.3 Discussion

In this chapter, we firstly report a complete N-glycan repertoire of native PSG1 (pooled from healthy 
donors, Section 3.2.2.1) and preliminary N-glycosylation site mapping for native PSG1 (Section 
3.2.3.3.1; 3.2.3.5; 3.2.3.6 and 3.2.3.7) by mass spectrometry. The recombinant N-domains of this pro-
tein were also analysed for N-glycan profiling and site mapping (Section 3.2.3.3.2 and 3.2.3.4). This 
study combined glycomics and glycoproteomics techniques utilising systematic mass spectrometric 
strategies based on MALDI-TOF/TOF and LC-ESI-MS systems. Our mass spectrometric data dem-
onstrates that the systematic mass spectrometric methodologies are still advantageous in structural 
and sequential analyses of highly heterogeneous macromolecules such as glycans and glycoproteins.

3.3.1 Glycosylation of native PSG1

3.3.1.1 N-glycosylation

Our data illustrates that native PSG1 N-glycans are dominated by complex structures ranging from 
mono- to tetra-antennary. As agreed with previous findings in the literature (Section 3.1), mono- and 
bi-antennary structures are characteristic in the overall population; and nearly half of all structures 
have core-fucosylation. 

Antennary modifications are highlighted as sialylation which is virtually universal on N-glycans with 
mainly α2,3 linkages. Potential GlcNAc bisecting is on a minor group of N-glycans; poly-LacNAc 
extension is also observed on several glycans after sialidase A digestion. Precedent glycomics studies 
of mammalian placental materials indicated that these antennary modifications were generally con-
sistent on placental N-glycans across species (Chen et al., 2016, Jones et al., 2007). GlcNAc bisecting 
and poly-LacNAc extension were verified on N-glycans from human cyto-(CTB) and syncytio-troph-
oblast (STB) cells by GC-MS linkage and end-β-galactosidase experiments in a previous study (Chen 
et al., 2016). As PSG1 proteins are naturally secreted by these trophoblastic cells, it is logical to reason 
that the same modifications could be retained on PSG1 N-glycans as illustrated in the result section.

However, identified high-mannose structures in the glycomics of these native materials could be con-
taminations from other serum glycoproteins because there was no detection of high-mannose link-
ing glycopeptides from PSG1 via glycoproteomics (Section 3.2.3). Simultaneously, Mascot search for 
this material identified other serum glycoproteins, such as IgM (Table 3.12). The presence of high-
mannose structures could be attributed to the N-glycosylation of IgM (Arnold et al., 2005) and other 
presented glycoproteins in the list. 
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Table 3.12 Mascot proteomics search result list for native PSG1 (the batch presented for N-glycan analy-
sis)

prot_accession prot_description
Pro-
tein

score

PSG1_HUMAN Pregnancy-specific beta-1-glycoprotein 1 OS=Homo sapiens GN=PSG1 PE=2 SV=1 474

PSG3_HUMAN Pregnancy-specific beta-1-glycoprotein 3 OS=Homo sapiens GN=PSG3 PE=2 SV=2 420

PSG4_HUMAN Pregnancy-specific beta-1-glycoprotein 4 OS=Homo sapiens GN=PSG4 PE=2 SV=3 366

PSG2_HUMAN Pregnancy-specific beta-1-glycoprotein 2 OS=Homo sapiens GN=PSG2 PE=2 SV=2 341

TRFE_HUMAN Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3 341

PSG11_HUMAN Pregnancy-specific beta-1-glycoprotein 11 OS=Homo sapiens GN=PSG11 PE=2 SV=3 291

PSG8_HUMAN Pregnancy-specific beta-1-glycoprotein 8 OS=Homo sapiens GN=PSG8 PE=2 SV=2 267

PSG5_HUMAN Pregnancy-specific beta-1-glycoprotein 5 OS=Homo sapiens GN=PSG5 PE=1 SV=3 243

FETUA_HUMAN Alpha-2-HS-glycoprotein OS=Homo sapiens GN=AHSG PE=1 SV=1 222

PSG7_HUMAN Putative pregnancy-specific beta-1-glycoprotein 7 OS=Homo sapiens GN=PSG7 
PE=5 SV=2

189

HPT_HUMAN Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1 181

IGHG3_HUMAN Ig gamma-3 chain C region OS=Homo sapiens GN=IGHG3 PE=1 SV=2 148

IGHA1_HUMAN Ig alpha-1 chain C region OS=Homo sapiens GN=IGHA1 PE=1 SV=2 128

MUCB_HUMAN Ig mu heavy chain disease protein OS=Homo sapiens PE=1 SV=1 123

IGHA2_HUMAN Ig alpha-2 chain C region OS=Homo sapiens GN=IGHA2 PE=1 SV=3 90

IGHG1_HUMAN Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 90

IGHM_HUMAN Ig mu chain C region OS=Homo sapiens GN=IGHM PE=1 SV=3 87

PSG9_HUMAN Pregnancy-specific beta-1-glycoprotein 9 OS=Homo sapiens GN=PSG9 PE=2 SV=2 84

A1AG1_HUMAN Alpha-1-acid glycoprotein 1 OS=Homo sapiens GN=ORM1 PE=1 SV=1 62

LAC1_HUMAN Ig lambda-1 chain C regions OS=Homo sapiens GN=IGLC1 PE=1 SV=1 51

IGKC_HUMAN Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1 50

PSG6_HUMAN Pregnancy-specific beta-1-glycoprotein 6 OS=Homo sapiens GN=PSG6 PE=2 SV=1 44

IGHG2_HUMAN Ig gamma-2 chain C region OS=Homo sapiens GN=IGHG2 PE=1 SV=2 40

KV113_HUMAN Ig kappa chain V-I region Lay OS=Homo sapiens PE=1 SV=1 37

 3.3.1.2 O-glycosylation

The status of O-glycosylation of native PSG1 is unclear due to the inconsistent observations of O-
glycosylation between different batches of native PSG1 materials. These native PSG1 materials were 
collected and pooled from donors. Natural variations of O-glycosylation could exist in these materials 
from different individuals due to the possible heterogeneity of their genetic backgrounds. Besides, var-
ious trophoblast cells can secrete PSG1 proteins during gestation. CTB cells are capable of producing 
hyper-glycosylated secretory proteins with heavy N- and O-glycosylation as hyperglycosylated human 
chorionic gonadotropin (H-hCG) at the first trimester of gestation (Evans et al., 2015, Handschuh et 
al., 2007, Camolotto et al., 2010). As CTB is also a source of PSG1, it might assemble O-glycans onto 
PSG1 proteins as H-hCG during the same period of pregnancy recruiting a shared glycosylation ma-
chinery. Glycoproteomics experiments for the latest batch of samples (without detection of O-glycans 
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in Glycomics) helped to confirm that there is no glycopeptide from native PSG1 proteins carrying O-
glycan. Because there is neither a fragmentation ion corresponding to serine/threonine glycosylation 
in MS/MS nor a molecluar ion corresponding to a potentially co-presence of N- and O-glycosylation 
in MS. However, this approach for verifying the O-glycosylation of the other analysed native PSG1 
materials is unachievable, due to no availability of previous batches of samples for this experiment. 

In future,  another glycoproteomics experiment employing electron transfer dissociation (ETD) as the 
fragmenting technique for further native PSG1 preparations could provide another layer of informa-
tion to address the presence of O-glycosylation (Mechref, 2012). Briefly, ETD MS/MS offers a char-
acteristic fragmentation of glycopeptides producing CZ ions. Instead of a dominant fragmentation of 
glycans in CID, ETD mainly leads to fragmentation of peptide backbones leaving glycan sequences 
mostly intact. Both N- and O-glycosylations could subsequently be preserved and detected on frag-
mentated glycopeptides. Simultaneously, the site-occupancy for both N- and O-glycosylations could 
also be elucidated.

3.3.1.3 Site-specific N-glycosylation of PSG1

Site-specific glycosylation on the native PSG1 sequence is preliminarily elucidated from the results 
of glycoproteomics experiments (Section 3.2.3). Characterised PSG1 N-glycans are not uniformly 
distributed on N-glycosylation sites. Generally, all the N-glycosylated sites (Asn 61, 199, 268 and 303) 
have mono- and bi-antennary structures, whereas further branched tri- and tetra-antennary struc-
tures are found on two of the four N-glycosylation sites. N-glycosylation sites Asn 61 and 268 on N and 
A2 domains exhibit tri-antennary structures, respectively; tetra-antennary structures are exclusively 
found on site Asn61. This site-specific glycosylation of multi-antennary structures could correlate to 
differentiated accessibility of each N-glycosylation site for glycosyltransferases and monosaccharide 
substrates. Interestingly, excluding site Asn61 on the N-domain, all other three N-glycosylation sites 
have a nearby cysteine residue around their conserved sequons, especially sites Asn 268 (C262) and 303 
(C310). Some early studies suggested that cysteine residues near to N-glycosylation sequons could be 
capable of impairing or even inhibiting N-glycosylation processing via introducing conformational 
constraints by local disulfide bonding (Bause et al., 1982, Hasegawa et al., 1992, Mellquist et al., 1998). 
The relatively restricted branching of N-glycans on these three sites (Asn199, 268 and 303) could be a 
consequence of this hindering effect. 

Bisected GlcNAc is also observed on N-glycans at sites Asn 61, 268 and 303 while not Asn199. The lack 
of such modification on Asn199 could indicate a more severe conformational restriction on this site as 
bisected GlcNAc is sequentially assembled on N-glycans after the formation of N-glycan di-antennae 
(Section 1.3.1.3). 

Unlike the site-specific N-glycan branching, partial core-fucosylation is generally uniform on N-gly-
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cans at all glycosylated sites. The level of core-fucosylation of PSG1 might associate with physiological 
conditions. For instance, patience with gestational diabetes mellitus was found to have PSG1 with 
elevated level of core-fucosylation (Ngalla et al., 2015). Elevated core-fucosylation was found on the 
α subunit of hCG (hCGα), which is a protein likely to be secreted from the same trophoblast cells as 
PSG1, around 14-17 weeks after the last menstrual period (Nemansky et al., 1998). Moreover, the β 
subunit of hCG (hCGβ) from patients with testicular cancer or mole invasion exhibits even a site-spe-
cific elevation of core-fucosylation on N-glycans at its Asn13 N-glycosylation site (Valmu et al., 2006). 

3.3.2 Functional implication of native PSG1 N-glycan structures

As summarised in the previous Section 3.3.1, sialylation, partial core-fucosylation, GlcNAc bisection 
and mono-antennary structures are highlighted as characteristic for the N-glycosylation of native 
PSG1. These features of PSG1 N-glycans might correlate with the potential functions of PSG1 in pla-
cental developments and  immune regulation to ensure a successful pregnancy.

3.3.2.1 Potential functions of NeuAc sialylation

Sialylation is beneficial for secretory glycoproteins in circulation as it can help to extend their retention 
time in serum (Fukuda et al., 1989). In addition, most immune cells express siglec family receptors 
to monitor environmental sialic acid ligands (Macauley et al., 2014). Ligation with siglec receptors 
enables a “self” recognition of ligand conjugates to maintain an immunomodulatory effect. For in-
stance, induction of siglec 1 and 9 on macrophages resulted in increased production of immunosup-
pressive cytokines such as TGF-β1 and IL-10 (Wu et al., 2016, Matsumoto et al., 2016). Notably, these 
two siglec receptors have a shared reactivity to α 2,3-linked sialyl-LacNAc moieties (Blixt et al., 2003, 
Crocker et al., 2007). As native PSG1 proteins have a high content of such moieties, it is likely that the 
PSG1 induced productions of these cytokines during pregnancy could employ these siglec signalling 
mechanisms (Blois et al., 2014). Additionally, PSG1 could also activate DC to produce TGF-β and IL-
10 for immunomodulation (Martinez et al., 2012). As DCs also share the expression of siglec 9 with 
macrophages, it is likely that the same signalling mechanism might also be recruited by macrophages 
for immunomodulation.

Moreover, CTB and STB cells have no presentation of class I and II human leukocyte antigens (HLA) 
on their plasma membrane(Clark and Schust, 2013, Hunt et al., 1987, Apps et al., 2009). It is an ex-
clusive strategy recruited by trophoblastic cells to evade adaptive immune surveillance by blocking 
the initiation of a classic “self” and “non-self” discrimination. Theoretically, without HLA antigens, 
trophoblastic cells should become more susceptible to being attacked by the innate immune system, 
such as NK cells. In particular, their local subset, decidual natural killer (dNK) cells, constitute 70% of 
immune cells at the maternal-foetal interface(King et al., 1996). In reality, trophoblastic cells maintain 
a harmonious relationship with them. This relationship might not only rely on the local dNK cells 
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as a special subset lacking expression of CD16 receptor (Koopman et al., 2003), but also benefit from 
the predominant expression of inhibitory receptors on NK cells, siglec 7 and 9 (Macauley et al., 2014, 
Nicoll et al., 1999). The binding affinity of siglec 7 is also nearly equivalent toward α2,3 and α2,6-
linked terminal sialic acids (Yamaji et al., 2002). Thus, PSG1 could be a candidate to bind both siglec 
receptors on NK cells and ensure a desirable immunomodulatory effect.

3.3.2.2 Potential functions of LacNAc moiety

The expression of galectins in human trophoblast was initially reported in the 1980s as human pla-
cental tissue protein 13 (PP13 and Galectin 13) and human placenta β-galactoside-binding lectin (Ga-
lectin 1), although the protein family had yet been named galectin (Bohn et al., 1983, Hirabayashi and 
Kasai, 1984). During the mid-1990s, the importance of placental galectins was recognised after know-
ing that galectin 1 plays a vital role in regulating T cell apoptosis (Perillo et al., 1995). 

Currently, there are five galectin family proteins recorded as highly expressed members at the mater-
nal-foetal interface: galectin 1, 3, 8, 9 and 13 (Blois and Barrientos, 2014). They may generally synergise 
together in gestation for facilitating multiple events at this interface including immune modulation, 
embryo implantation and angiogenesis (Blois and Barrientos, 2014). Galectins primarily function 
through cross-linking glycoproteins via recognition of their LacNAc moieties (Figure 1.26). The for-
mation of a galectin 3 lattice is a classic example for the cross-linking found on the cell surface in mice 
to block immune responses (Demetriou et al., 2001). However, the functions and formation of cross-
linking between secretory glycoproteins or secretory/membrane glycoproteins via galectins remain 
largely unclear. As the N-glycans of PSG1 have multi-antennary and poly-LacNAc elongated moieties 
with mainly 2, 3-linked sialic acid terminals, it is highly likely that this human protein would be a 
ligand to some studied galectins (Section 1.6.4.1).

β integrins have been preliminarily shown in our collaborator’s laboratory to mediate cell adhesion of 
endothelial cells and a trophoblast cell line (HTR-8) on PSG1 coated wells (Moore and Dveksler, 2014). 
Although there is an RGD-analogue, KGD motif, on the PSG1 N-domain, so far there is no evidence 
to support a direct interaction between this domain and integrins (Shanley et al., 2013).  Instead, the 
PSG1-integrin interaction might be through an indirect association via galectin cross-linking. An 
early work suggested that galectin 8 could directly bind to β integrins on trabecular meshwork cells 
to mediate their cell adhesion on the galectin 8-coated wells (Diskin et al., 2009). Addition of lactose 
could abolish this cell adhesion, and cell spreading on the galectin-coated wells could even be inhib-
ited by supplying NeuAcα2-3Galβ1-4GlcNAc tri-saccharide. Recently, galectin 1 was also shown to 
bind β1 integrin on human trophoblast via a glycan-lectin interaction in vitro (Bojic-Trbojevic et al., 
2018). Major galectins have no possession of RGD or analogous motifs, so that integrin glycans could 
likely be the sole determinant for these galectin-integrin interactions. Moreover, galectin 1 was shown 
to bind a single β1 integrin but did not cross-link between β1 integrins (Moiseeva et al., 2003). This 
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ligand selectivity would favour the formation of heterogenous cross-linkings between ECM and mem-
brane glycoproteins. A more recent preliminary study in our collaborator’s laboratory validated the 
interaction between galectin 1 and recombinant PSG1 N-domain from CHO-K1 cell lines indicating 
the availability of PSG1 N-glycans to this lectin-glycan interaction. Other studies testing integrin-
fibronectin-mediated cell adhesion also reported that disruption of N-glycan maturation or complete 
de-glycosylation led to reduced cell adhesion (Hsiao et al., 2017, von Lampe et al., 1993, Duksin and 
Bornstein, 1977, Oz et al., 1989). Taken together, PSG1 N-glycans could possibly facilitate galectins to 
connect with β integrins on cells as a complementary approach for manipulating cell adhesion and 
migration, such as trophoblast.

In addition, it is very likely that PSG1 N-glycans could engage with galectins to indirectly connect 
PSG1 proteins with receptors/signalling molecules on immune cells. For instance, T-cell immuno-
globulin mucin 3 (TIM-3)/ galectin 9 ligation on macrophages has recently been shown to alleviate in-
duced preeclampsia-like impairments in rats (Li et al., 2018). The signalling after this ligation induced 
the production of IL-10 and TGF-β cytokines and switched polarisation of decidual macrophages to 
the M2 subtype. Although the ligation between galectin 9 and TIM-3 might not be related to TIM-3 
N-glycosylation (Lee et al., 2009), it would still be interesting to validate whether the TIM-3 ligated 
Galectin 9 could cross-link with PSG1 N-glycans simultaneously to tune the oberseved immunomod-
ulatory effect.

3.3.2.3 Potential functions of bisecting GlcNAc

Bisecting GlcNAc is believed to play a role in regulating the functions of NK cells in immunity. In a 
seminal experiment, a human chronic myelogenous leukemia cell line, K562, was transfected with 
MGAT-3 gene which encodes GlcNAc-T III transferase responsible for GlcNAc bisecting. The Glc-
NAc-T III transfected cells showed an increased level of bisecting-GlcNAc and, importantly, were 
found to be resistant to killing by NK cells. However, the underling mechanism of suppression of NK 
cytotoxicity was not established (Yoshimura et al., 1996). As PSG1 has a small proportion of putative 
GlcNAc-bisecting structures, it will be of interest in future work to investigate whether its bisected 
glycoforms are capable of suppressing the cytotoxicity of NK cells for trophoblasts.

3.3.3 Glycosylation of recombinant PSG1N-Fc

The glycosylation of recombinant PSG1 constructs produced in three different CHO expression sys-
tems was evaluated in this study. As shown in Section 3.2.2.5, stable and transient transfected CHO 
cells can equivalently produce the same level of structural complexity, forming tetra-antennae and 
even poly-LacNAc chains on the N-glycans of PSG1N-Fc. This similarity indicates that the glycosyla-
tion machinery was not largely changed or affected in terms of functionality in both systems. There-
by, recruiting both transfection approaches could technically generate equivalent protein products 
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in terms of the quality of post-translational modifications. However, a principally semi-quantitative 
comparison of the structures characterised in both systems indicates that there is a higher content of 
complex glycans assembled onto the proteins produced in CHO cell system with stable transfection. 
Stable transfection normally introduces controllable copies of gene into cells, whereas the transient 
transfection can introduce numerous copies of gene into cells. Thereby, the difference in the processed 
glycan content could possibly be caused by a relative shortage of relevant components for glycosylation 
in the transient transfection system. In addition, the second batch of PSG1N-Fc from stable CHO-K1 
system exhibited a glycoform with more truncated N-glycan structures. However, this feature might 
not reflect a conventional glycosylation of CHO-K1. Updated with our collaborator, the quality of gly-
cosylation for this batch of materials might be compromised by technical issues in our collaborator’s 
laboratory, and the causes are under inspection to clarify.

A comparison of glycosylation of recombinant samples from Epxi-CHO and CHO-K1 cell lines re-
veals some differences. We found that the CHO-K1 cell system can assemble multi-antennary complex 
glycans with antennary elongation by poly-LacNAc moieties as well as high levels of sialylation and 
galactosylation. On the contrary, the Expi-CHO system generally produced a much limited amount 
of complex glycans with galactosylation and sialylation. It is dominant in producing highly truncat-
ed structures to expose more terminal GlcNAc residues as confirmed by MS/MS analysis. Generally 
speaking, the Epxi-CHO cell line would be for secretory protein production with less requirements of  
glycosylation, in particular galactosylation and sialylation.

Connecting these results with the performed integrin binding in our collaborator’s laboratory, it is 
difficult to suggest structural features of glycans on the PSG1N-Fc made in transient CHO-K1 that 
can explain suggested interactions. The reasons are obvious: 1) the protein from transient transfected 
CHO-K1 system has a similar N-glycan repertoire to its stable transfected counterparts; and 2) even 
the materials which have similar interactions against tested integrin were found to have significant 
variations in their glycomes. For example, there are differences of glycomes between different batches 
of PSG1N-Fc made in stable CHO-K1 system as well as between PSG1N-Fc from stable CHO-K1 and 
Expi-CHO.

In contrast, the occupancy of N-glycosylation sites examined by glycoproteomics shows some degree 
of consistency with integrin binding outcomes among experimental groups. As described in Section 
3.2.3.2, all recombinant (PSG1N-Fc) and even native (PSG1) materials have N-glycosylation at site 
Asn61 on their N-domains. The examined stable CHO-K1 material as an exception that shows a pre-
dominant glycosylation for its IgG1 Fc-tag while a reduced glycosylation for Asn61. Putative N-glycan 
structures on Asn61 are summarised in Table 3.7 matching with the characterised higher mass range 
structures from glycomic profiling (Figure 3.9, Section 3.2.2.5). 
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Glycosylation of N-glycosylation sites Asn104 and/or 111 on PSG1 N-domain was exclusively found 
on transient CHO-K1 material. The glycoproteomic study indicates that N-glycans on these two sites 
are mainly immature oligo-mannose structures. Steric constraint around these N-glycosylation sites 
could be the main cause of limited processing as close sequon arrangements could be inhibitive for the 
development of N-glycans.  Ph. D. work of Dr. O’Riordan included a mutagenesis study for the N-gly-
cosylation site-occupancy of PSG1 N-domain with a C-terminal histone tag (PSG1N-His, O’Riordan, 
2014). In that work, Asn61 and Asn111 were suggested as conserved glycosylation sites on the se-
quence which was transiently expressed in a Freestyle human embryonic kidney 293 (HEK-293) cell 
system. The suggested Asn111 glycosylation is compatible with that of the transient CHO-K1 material 
since we observed single-occupancy of the tryptic peptide spanning the Asn104 and 111 consensus se-
quences. However, as the glycosylation for the sites Asn104 and/or 111 were only found in transiently 
transfected cell systems, it is likely that the glycosylation on these two sites could be an artefact of the 
expression system.

Finally, tested PSG1 materials are generally interactive to integrin α5β1, but with an exception for 
transient CHO-K1 material. An early study assessed the impacts of glycosylation on integrin-ligand 
binding (Diamond et al., 1991). They carried out site-specific mutagenesis of the Mac1 ligand ICAM 1, 
to disrupt its N-glycosylation sequons. It was found that the binding between ICAM 1 and Mac 1 was 
enhanced after silencing N-glycosylation on the third domain of ICAM1 (Diamond et al., 1991). Re-
cently, our collaborator preliminarily generated a recombinant PSG1N-Fc with mutation of all three 
N-glycosylation sites. Except for a significantly low production, the “naked” backbone peptides were 
still reactive with α5β1 protein. Thus, the N-glycosylation of site Asn104 and/or 111 on PSG1 N-do-
main could be responsible for interfering in its binding to integrin α5β1. 
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Chapter IV. Canine Melanoma
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Chapter 4 Canine melanoma

4.1 Introduction

Melanoma is a life threating and mostly untreatable disease which is estimated to cause 
near 55,500 cases of mortality worldwide (Schadendorf et al., 2018). The disease is gener-
ally caused by the transformation of rarely dividing melanin-producing melanocytes to 
melanoma with high load gene mutations and uncontrollable proliferation under intrinsic 
and environmental triggers (Jimbow et al., 1975, Shain et al., 2015). It becomes fatal and 
untreatable once it reaches the metastatic stage. Melanoma can be morphologically cat-
egorised by the appearance of tumour lesions at primary sites: cutaneous, acral, mucosal, 
conjunctival and uveal melanomas. The pathogenic mechanism of this lethal disease is still 
not fully understood. Current genomic and genetic studies on mouse models and human 
cell lines facilitate the identification of key gene mutations and cell signalling transduc-
tions which are highly correlative to the development of malignant melanoma (Hodis et al., 
2012, Cancer Genome Atlas, 2015, Testa et al., 2017). Inhibitory medication for identified 
signalling transductions can improve therapy response and survival rate (Schadendorf et 
al., 2018). However, drug resistance, persistent side effects and high variation of active gene 
mutation between different melanoma subtypes restrict the eligible population to receive 
this medication (Cancer Genome Atlas, 2015, Gencler and Gonul, 2016, Hayward et al., 
2017). Hence, immunotherapy with high specificity to individual tumours has become an 
alternative approach to pursuing a potential cure.

A compatible in vivo animal model is required to underpin immunotherapy studies of 
melanoma. There are three fundamental preconditions for compatible animal models: 1) 
high load gene mutation; 2) morphologically and physiologically consistent tumour devel-
opment; 3) immunocompetence. However, widely applied mouse animal models cannot 
fully fulfil these criteria. Importantly, mouse is not a vulnerable species for melanoma since 
it normally has a very limited population of melanocytes in its epidermis at restricted loca-
tions such as hair bulb and tail (Walker et al., 2011). Consequently, induced or spontaneous 
murine melanoma does not generally result in epidermal changes and metastasis (Damsky 
and Bosenberg, 2010, Walker et al., 2011, Stei et al., 2016). Engineered immunocompetent 
mouse models can mimic several features of human melanoma, but their limitations re-
strict their usefulness. For example, a transgenic mouse model can exhibit consistent mela-
noma development with immunocompetence, but its gene mutation load is lower than the 
natural melanoma (Walker et al., 2011). Syngeneic injection of melanoma cells can induce 
melanoma, but metastasis is not generally developed in this model (de Lange et al., 2012, 
Grossniklaus et al., 1995). Moreover, carcinogens can also induce murine melanoma, how-
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ever, it is generally uncontrollable with no promising outcomes (Dithmar et al., 2000). Practically, 
mouse models also require a stringent housing environment with diet requirements (Park et al., 2016). 

In contrast to the mouse, dogs appear to be a more ideal models for human melanoma. Canine mela-
noma mainly occurs as spontaneous mucosal melanoma in the tongue cavity with high incidence 
rate. The primary tumour of canine melanoma is normally visible and has high metastatic capability. 
The mutation distribution of canine melanoma is similar to its human counterpart, and its tumour 
progression is also consistent (Hernandez et al., 2018, Khanna et al., 2006). Moreover, as a compan-
ion animal, it is very likely that canines were exposed to very similar environmental triggers as their 
human counterparts (Nishiya et al., 2016). In a study, whole-cell vaccination of human gp100 trans-
fected canine melanoma cell lines to naturally occurring canine melanoma patients was well toler-
ated, and resulted in an extended life-span and even regression in six patients (6 of 34) (Alexander et 
al., 2006).  This study highlights the compatibility and efficiency of canine melanoma models to pre-
clinical research of immunotherapy. More recently, our collaborators at the University of Missouri 
have innovated a whole-cell vaccination strategy which is based on inactivating tumour-associated 
glycosylation. A highly promising pre-clinical outcome was obtained on this novel canine melano-
ma model. For example, complete remission was reached on 35% of canine patients without adverse 
effects (Dr Gary Clark, personal communication of unpublished work). This is an unprecedented 
outcome. Hence, it is of great interest to investigate the equivalence of the biochemical properties of 
canine melanoma, especially glycosylation, with its human counterpart to validate whether the excit-
ing outcomes on canines could be translated to humans. 

Cancer glycosylation is dominantly different from that of most normal cells. Glycomics studies of 
melanoma have been mainly carried out on human cell lines and a spontaneous murine melanoma 
cell line named B16 and its variants (Overwijk and Restifo, 2001). The N-glycosylation of human 
melanoma was consistently portrayed as having progressively increasing β 1,6 branching on the tri-
mannosyl core and varying sialylation between different cell lines, whereas the level of high mannose 
was unchanged (Litynska et al., 2001, Ochwat et al., 2004, Przybylo et al., 2008, Kolasinska et al., 
2016). Uveal melanoma was found to have a higher content of β 1,6 branched structures than cutane-
ous melanoma and the higher content of β1,6 branching was correlated to superior cell mobility (Pr-
zybylo et al., 2008, Pochec et al., 2015). An early screening for Selectin ligands on human melanoma 
cells suggested that sialyl LewisX/A epitopes were not on glycoproteins so are likely to be carried by 
glycolipids  (Miller et al., 1996). A later study examined the expression level of FUT1 and FUT4 (Fuc-T 
I and IV) which increased in human melanoma cell lines from primary to metastatic states, thereby 
an increased fucosylation was suggested to be associated with the progression of melanoma (Ciolczyk-
Wierzbicka et al., 2007). However, a more recent study into the signalling regulation of melanoma 
found that the fucosylation on glycoproteins was negatively regulated by fucokinase along with the 
cancer progression (Lau et al., 2015). The latter study is more consistent with recent reports on the 
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N-glycosylation of human melanoma cell lines. These studies showed that core, but not antennary 
fucosylation is abundantly expressed during cancer progression. This was consistently observed on 
N-glycans among all tested human cell lines (Sweeney et al., 2018, Magalhaes et al., 2017, Hoti et al., 
2018). There is one study of Bowes melanoma which proposed the presence of sulphation on the core-
fucosylated chitobiose (Zamze et al., 2001). In addition, Poly-LacNAc extension on N-glycans was 
also observed in recent studies and the ratio of linear to branched poly-LacNAc chains on N-glycan 
antennae was substantially higher in melanoma cell lines than controls(Sweeney et al., 2018, Kinoshita 
et al., 2014). The N-glycosylation on murine melanoma was suggested to be generally consistent with 
the observations in humans including poly-LacNAc extension and branching (Srinivasan et al., 2009, 
Kawano et al., 1991). The sialylation on murine melanoma was found to be generally α2,3-linked and 
the expression of these linkage specific sialic acid residues positively correlated to the metastatic po-
tential of murine melanoma (Chang et al., 2006).

O-glycosylation has been less studied on melanoma. There is one report involving antibody detection 
which suggests that less than 30% of human cutaneous tumours express T and Tn antigens.  These 
antigens were not detected on non-epithelial melanoma (Kanitakis et al., 1998).  Melanoma glycolipids 
have been more rigorously investigated than O-glycans. Thus, studies of the gangliosides of human 
or murine melanoma suggested that GM and GD families of glycolipids were prominently expressed 
on melanoma cell surfaces. GM2 and GD2 were observed as the most complex GSL glycans in major 
examined human cell lines. GM2 and GD2 had high abundance but the level of GD2 was dependent 
on that of GD3 (Yamashiro et al., 1993, Ruan and Lloyd, 1992). Because the B16 murine melanoma 
cell line can efficiently convert the short chain ceramide to GM3, this glycolipid predominates in this 
murine cell model (Komori and Ito, 1995).

Until now, no glycomics investigations have been undertaken for canine melanoma. Therefore, in 
this study, my objective was to fully characterise the N-, O- and lipid- linked glycans expressed by 
melanoma cells derived from a canine patient that had been successfully vaccinated at the University 
of Missouri.  We aimed to enhance the understanding of canine melanoma from a glycobiological 
viewpoint and to verify the compatibility of this animal model for human melanoma research. Hope-
fully, we would also provide vital evidence to assist investigations of the underlying mechanisms of 
glycan-related immunomodulation.
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4.2 Results

4.2.1 Research strategy

We are collaborating with Professor Gary Clark and his colleagues at the University of Missouri in the 
United States. Our collaborators prepared and provided the primary cells of canine melanoma from 
a stage III patient for my comprehensive glycomics study. The overall research strategy is summarised 
in Figure 4.1.

4.2.2 N-glycosylation of canine melanoma 

The MALDI-TOF spectrum of canine melanoma showed a sophisticated N-glycan repertoire, which 
consisted of high mannose and complex glycans (Figure 4.2). The high mannose glycans have the 
overall significance of high relative abundance. Some studies in other cancers, such as breast cancer, 
reported this feature of tumour N-glycans (Sindhura et al., 2017). However, it is important to bear in 
mind that the N-glycome was directly recovered from the homogenates of cell lysates and will include 
glycans derived from the secretory pathway. Thus, detection of the high mannose precursor m/z  2600 
with an un-cleaved Glc is indicative for the presence of glycans from glycoproteins in the ER compart-

Canine melanoma cells
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Figure 4.1 Schematic paradigm of research strategies for canine melanoma cells
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 Figure 4.2 Overview of the MALDI-TOF spectrum of canine melanoma N-glycans. 
For more details see Fig 4.3.  The MS data were acquired from the 50%Acetonitrile fraction of permethylated N-gly-
cans purified by C18 reversed-phase chromatography. Molecular ions are detected as [M+Na]+. The structural assign-
ments of all the peaks are based on knowledge of biosynthetic pathway and compositional information.

ment which have not yet passed the quality control for folding. It is possible that the exceptionally 
high abundance of high mannose glycans might not be surface-associated. 

The dominant peaks for complex glycans correspond to bi-antennary structures with NeuAc sialic 
acid and putative α-Gal on LacNAc forming sialyl-LacNAc (e.g. m/z 2966) and Gal-α-Gal (e.g. m/z 
2652) terminal moieties. The Gal-α-Gal moiety widely exists in mammals with the exception of hu-
man beings because the gene for the biosynthesising enzyme, α1,3 galactosyltransferase, is only par-
tially transcribed in humans (Lanteri et al., 2002). Tri- and tetra-antennary structures are also ob-
served with the shared terminal modifications (e.g. m/z  3305 and 3602) and potential poly-LacNAc 
extension (e.g. m/z  3911 and m/z 4069).

Higher m/z  signals corresponding to complex glycans were detected reaching the screened upper-
limit of m/z  7000. To more effectively present the complexity of canine melanoma N-glycans, the 
higher mass range of spectrum is spread out from m/z  2900 to 6900 (Figure 4.3). There is an ex-
tensive poly-LacNAc elongation on antennae of the higher mass complex glycans ranging from bi-, 
tri- to tetra-antennary. There are up to seven internal LacNAc units found on a N-glycan sequence 
excluding terminal epitopes (e.g. m/z  6450). The predominant population of complex glycans is core-
fucosylated, and the termini of antennary LacNAc are generally occupied by either sialic acid or 
α-Gal residues.
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 4.2.2.1 Fragmentation analysis for melanoma N-glycans

To validate the presence of suggested terminal epitopes and poly-LacNAc extension, fragmentation 
analyses were conducted on three selected N-glycan ions (m/z  3258, 4069 and 5463) by MALDI-TOF/
TOF (Figure 4.4). 

The ion m/z  3258 (Figure 4.4A) could putatively be assigned as either a bi- or tri-antennary structure 
as the LacNAc moiety could be terminal or internal with two suggested terminal moieties. Its single 
fucose reisdue is validated as core-fucose on the reducing end GlcNAc by the b-ion m/z  2807. 
The suggested terminal moieties are firstly validated as the co-presence of pairing b and y ions for 
sialyl-LacNAc (b-ion m/z  847 and y-ion 2434) and Gal-α-Gal (b-ion m/z  690 and y-ion 2591). Internal 
LacNAc is identified on antenna with either terminal moiety via the observation of y-ions at m/z  1984 
and 2142. The y-ion at m/z  2795, corresponding to loss of a terminal LacNAc, validates the existence of 
a tri-antennary structure. Hence, three structural variants contribute to this molecular ion. These are 

Figure 4.3 The MALDI-TOF spectrum of canine melanoma N-glycans from m/z  2900-6900.
The spectrum is displayed in four panels, each normalised to the most abundant peak in the mass range defined by 
the panel:  m/z  2900-3900 (A), 3900-4900 (B), 4900-5900 (C) and 5900-6900 (D). . See the legend of Figure 4.2 for as-
signments.
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Figure 4.4 MALDI-TOF/TOF spectra for m/z  3258, 4069 and 5463 from the N-glycans of canine melanoma.
Three ions m/z 3258(A), 4069(B) and 5463(C) were selected to validate the terminal epitopes and antennary arrange-
ments. All the ions are observed as [M+Na]+. The fragmentation ions are annotated based on knowledge of fragmen-
tation pathways. All possible structures are presented at the up-left of each panel and the major structure is marked 
with an “M” above the structure. Peaks for fragment y-ions containing terminal sialyl-LacNAc, Gal-α-Gal and LacNAc 
are separately highlighted in red, green and purple. 

depicted in the insets in Fig 4.4A. Interestingly, m/z  1984, 2142 and 2795 have a similar relative abun-
dance in this MS/MS spectrum. This similarity might imply that there is a nearly equivalent probabil-
ity for the structures to be branched or extended without a special preference for terminal moieties. 
 

The ion at m/z  4069 (Figure 4.4B) was also subjected to fragmentation analysis for verifying the pres-
ence of LacNAc extensions. It is not surprising that three fragment y-ions are found corresponding 
to terminal LacNAc (m/z  3605) and internal LacNAc associated with the Sialyl-LacNAc (m/z  2796) 
or Gal-α-Gal (m/z  2952). This co-presence of internal and terminal LacNAc validates the presence of 
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the tri- and tetra-antennary structures shown in the insets on panel B. Besides, the relative abundance 
of m/z  2952 and 3605 is nearly equivalent but that of m/z  2796 is relatively higher. This difference of 
relative abundance corresponds to the number of each putative terminal moiety and is consistent with 
the suggestion above of an equivalent distribution of terminal or internal LacNAc.

The ion m/z  5463 (Figure 4.4C) was fragmentated to further validate the distribution of internal 
LacNAc units on antennae. The composition of this molecular ion (NeuAc1Hex13HexNAc9Fuc1) sug-
gests tetra-antennary glycans containing one sialylated antenna and three α-Gal capped antennae. In 
addition the composition predicts three internal LacNAc moieties. The abundant y-ions at m/z  4796, 
4347 and 3898 are consistent with the presence of three Gal-α-Gal terminals on antennae that have up 
to two LacNAc repeating units. Sialyl-LacNAc with one internal LacNAc is confirmed by the pair of 
ions m/z  1296 and 4190.  The latter has an abundance less than one third of that of its Gal-α-Gal coun-
terpart (m/z  4347), which is consistent with there being only one sialylated antenna in these tetra-
antennary glycans. Sialyl-LacNAc with two internal LacNAc units is also observed as a minor y-ion at 
m/z  3741. However, no signal was detected corresponding to an antenna with three internal LacNAc 
units. Hence, five structures are assigned for this molecular ion with LacNAc extensions on multiple 
antennae (structures are shown on Panel C in Fig 4.4). In addition, the abundance distribution of an-
tenna fragments with from one to two internal units follows a successive decrease as expected for the 
fragmentation of linear poly-LacNAc sequences (e.g. m/z  4347 to 3898 and m/z  4190 to 3741). 

Taken together, these MS/MS analyses verified the suggested structural features as core-fucosylation, 
poly-LacNAc extension, sialyl-LacNAc and Gal-α-Gal. With the exception of Gal-α-Gal, all the other 
structural features are compatible with the conclusion of recent glycomics work on human melanoma 
cell lines in our laboratory (Sweeney et al., 2018).

4.2.2.2 sialidase A and S digestion

To verify the linkage of sialic acids, sialidase S was conducted on an aliquot of native canine melanoma 
N-glycans. The glycome after Sialidase S digestion is shown in Figure 4.5B &4.6B in comparison with 
the untreated control (Figure 4.5A &4.6A).  There is a nearly complete digestion of terminal sialic ac-
ids, with an exception of a minor signal m/z  2809 which has one sialyl-LacNAc antenna (Figure 4.5B). 
This digestion outcome shows that the vast majority of sialic acids on canine melanoma N-glycans 
are α2,3-linked.  Besides, benefiting from the near complete removal of sialic acids which enhanced 
our ability to detect low abundance high mass ions , the signals for desialylated poly-LacNAc carry-
ing structures reach a ceiling up to m/z  6042 which corresponds to a structure carrying ten LacNAc 
moieties (Figure 4.6B).
 

In addition, Sialidase A digestion (Figure 4.5C &4.6C) was carried out to improve the detection for 
poly-LacNAc extended structures by eliminating sialic acids with all type of linkages. The spectrum 
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Figure 4.5 Low mass range comparison of MALDI-TOF spectra of untreated, Sialidase S and A treated canine 
melanoma N-glycans. 
Permethylated N-glycans of canine melanoma are shown as untreated (A), sialidase S treated(B) and Sialidase A 
treated(C) in different panels.Peaks for sialic acid containing structures are highlighted in red. Peaks for digested 
product structures are highlighted in green. See the legend of Figure 4.2 for assignments. In addition, the assign-
ments of Gal-α-Gal or Sialyl-LacNAc on extended antennae based on general understandings of biosynthetic path-
way, but other localisations of these eptiopes are still possible.
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of sialidase A digestion is generally identical to that of sialidase S, although an improved digestion is 
noticeable by the disappearance of m/z  2809 (Figure 4.5C). Detection for the highest m/z  signal is 
also slightly improved in this experiment. Thus, a weak signal for m/z  6246 (Figure. 4.6C) becomes 
visible corresponding to a structure with one more Gal-α-Gal than the m/z  6042 component in the 
sialidase S digestion. 
 

In summary the sialidase experiments showed that the major sialic acid residues on canine melanoma 
N-glycans are α2,3-linked and the detectable largest number of LacNAc moieties is ten in an indi-
vidual N-glycan structure.
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4.2.2.3 Endo-β-galatcosidase digestion

Endo-β-galatcosidase digestion was carried out to determine whether there is branching of the inter-
nal LacNAc units and to provide information on the number of extended antennae in multi-anten-
nary glycans. This enzyme should cleave the internal β1,4 galactoside on unbranched Poly-LacNAc 
chains. Branched poly-LacNAc sequences are resistant to cleavage. The enzyme activity would pro-

Figure 4.6 High mass range of MALDI-TOF spectra of untreated, Sialidase S and A treated canine melanoma 
N-glycans. 
Permethylated N-glycans of canine melanoma are shown as untreated (A), sialidase S treated(B) and Sialidase A 
treated(C) in different panels. Higher mass range of spectra for Sialidase S and A are presented on the up-right cor-
ners of panel B and C, respectively. See the legend of Figure 4.2 for assignments. In addition, the assignments of Gal-
α-Gal or Sialyl-LacNAc on extended antennae based on general understandings of biosynthetic pathway, but other 
localisations are still possible.
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duce a series of characteristic low molecular weight digestion products from the non-reducing end 
terminal and internal LacNAc units. The product from cleavage of internal LacNAc is a di-saccharide, 
GlcNAc-Gal, with m/z  518 in the MALDI-TOF. Due to the presence of the three types of terminal 
epitopes suggested above, there are predicted to be three terminal products: 1) Gal-GlcNAc-Gal, m/z  
722; 2) Gal-Gal-GlcNAc-Gal, m/z  926; and 3) NeuAc-Gal-GlcNAc-Gal, m/z  1083.

Figure 4.7 shows the low mass range of canine melanoma N-glycans after this enzyme digestion. The 
terminal products m/z  722, 926 and 1083 are discerned with a limited abundance, whereas no signal 
for internal digestion, m/z  518, is detectable above the chemical background which makes detection 
of low levels of low molecular weight glycans difficult. The quality of the data suggested that very little 
digestion had occurred. 
 

Examination of the higher mass range confirmed this tentative conclusion. Although no signals above 
m/z  6000 were detectable (Figure 4.8B) after digestion, poly-LacNAc extended structures are still 
present (e.g. m/z  4653 and 4810). Surprisingly, there are unexpected changes in the abundance for m/z  
3602 and 3305 in comparison with a reference ion m/z  3462 since all the three structures are neither 
poly-LacNAc extended nor expected to be reactive to the enzyme. It is possible that the enzyme prepa-
ration could have other catalytic activities to these structures, such as de-sialylation, to cause the shift 
of relative abundance.

The spectrum ranging from m/z  1820 to 2890 was also assessed for the abundance of products corre-
sponding to complete digestion (Figure 4.9). The relative abundance of the putative bi-antennary fully 
digested product, m/z  1835, is slightly increased after digestion in comparison with a high mannose 

500 640 780 920 1060 1200M ass ( m/ z)
0

50

100

926722 1083

Figure 4.7 Low mass range of MALDI-TOF spectrum of canine melanoma N-glycans after endo-β-
galactosidase digestion.
Peaks for digested products are highlighted in read and interpreted. The assignments are based on the enzyme speci-
ficity and expectable digestion products. 
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Figure 4.8 High mass range of MALDI-TOF spectra of untreated and endo-β-galactosidase treated canine 
melanoma N-glycans.
Permethylated N-glycans of canine melanoma are shown as untreated (A) and endo-β-galatosidase treated (B) in two 
panels. An expansion of the higher range of the spectrum is displayed in the upper-right corner of each panel. The 
peaks for the comparison of relative abundance are highlighted in red and a reference peak is highlighted in green. 
See the legend of Figure 4.2 for assignments.
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Figure 4.9 MALDI-TOF spectra of canine melanoma and endo-β-galactosidase treated N-glycans ranging 
from m/z  1820 to 2890. 
Permethylated N-glycans of canine melanoma are shown as untreated (A) and endo-β-galatosidase treated (B) in two 
panels. Peaks for putative fully-digested products are highlight in red and a peak for reference as a high mannose 
structure is highlighted in green. See the legend of Figure 4.2 for assignments.

structure, m/z  2192, as a reference. However, this shift of relative abundance may not be significant 
because the abundances of high mannose and complex-type glycans are known to be differently af-
fected by sample complexity. Also two other putative digest products (m/z  2080 and 2326) are found 
in both spectra without a significant increase of relative abundance. 
 
Ions whose masses corresponded to compositions predicted to be derived from digestion of poly-
LacNAc-containing glycans were subjected to MS/MS analysis. However, instead of observing a frag-
ment ion that corresponds to loss of a GlcNAc from the non-reducing end of the predicted structure 
(e.g. m/z  3707, Fig 4.10A), the MS/MS data identified two non-digested glycans whose structures are 
shown in Fig 4.10B. Similar results were obtained from all ions that had been selected for MS/MS 
analysis on the basis that their compositions might correspond to digested products. Hence the endo-
β-galactosidase was not degrading the sample as expected. This could be due to either an inactive 
enzyme for the poly-LacNAc sequences or the poly-LacNAc sequences themselves that are resistant 
to the digestion.

To investigate which of these explanations was more likely, the N-glycans of murine lung, which 
have a rich population of poly-LacNAc antennae known to be sensitive to endo-β-galactosidase (Bern 
et al., 2013), were purified and subjected to digestion with three commercially available endo-β-
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Figure 4.10 A putative digestion of endo-β-galactosidase and MALDI-TOF/TOF spectrum of m/z  3707 from 
canine melanoma N-glycans treated with endo-β-galactosidase. 
A putative digestion is shown from a precursor m/z  4561 to product m/z  3707 after enzyme treatment(A) and pos-
sible product ion was subsequently fragmentated for verification (B). See the legend of Figure 4.4 for assignments. 

galactosidases. Disappointingly, no low molecular weight digestion products were found in the N-gly-
can spectra of mice lung tissue after digestion by all enzymes (Figure 4.11). In addition, poly-LacNAc-
containing glycans were observed at high mass after digestion (Figure 4.12). Therefore we concluded 
that, at this time, commercial endo-β-galactosidase preparations were not reliable for characterising 
poly-LacNAc structures. 

In summary, the observation of minor quantities of cleaved terminal products confirmed the pres-
ence of linear poly-LacNAc but the limited activity of the commercial endo-β-galactosidase precluded 
further investigation. Therefore GC-MS linkage analysis was attempted as an alternative means of 
assessing whether the poly-LacNAc antennae are branched. 
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Figure 4.11 Low mass range of MALDI-TOF spectra of murine lung N-glycans treated with endo-β-
galactosidases from commercial sources under consistent condition.
Untreated murine lung N-glycans are shown in (A). Three enzymes were obtained from Calbiochem (B), Sigma (C) and 
QA (D) for treatment. No corresponding digestion product is perceivable.
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Figure 4.12 High mass range of MALDI-TOF spectra of murine lung N-glycans and treated with endo-β galac-
tosidases from different commerical sources.
Untreated murine lung N-glycans are shown in (A). Three enzymes were obtained from Calbiochem (B), Sigma (C) and 
QA (D) for treatment. Peaks corresponding to putative structures with Poly-LacNAc are highlight in read and inter-
preted. See the legend of Figure 4.2 for assignments.
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Table 4.1 Monosaccharide elution and characteristic fragment ions from canine melanoma N-glycans
Elution Time/min Charateristic Fragment Ions Assignment Relative Abundance

12.774 89+102+115+118+131+162+175 Terminal Fuc 0.144

14.223 87+102+118+129+145+161+162+205 Terminal Man 0.856

14.486 87+102+118+129+145+161+162+205 Terminal Gal 0.178

15.327 87+88+101+129+130+161+190+205+234 2-linked Man 1

15.65 101+118+129+161+202+217+234 3-linked Gal 0.347

16.129 87+102+118+129+162+189+233 6-linked Gal 0.034

16.455 87+99+113+130+233 2,4-linked Man 0.178

16.852 87+99+129+190 2,6-linked Man 0.195

17.038 87+118+129+189+234 3,6-linked Man 0.44

18.579 117+129+143+159+189+346 4-linked GlcNAc 0.678

19.876 117+159+261 4,6-linked GlcNAc 0.11

4.2.2.4 GC-MS linkage analysis for canine melanoma N-glycans

To collectively identify the linkage of each monosaccharide from the N-glycan repertoire, GC-MS 
analysis was conducted for canine melanoma N-glycans. Briefly, all N-glycans were hydrolysed and 
the monosaccharide products were chemically converted to partially methylated alditol acetates 
(PMAAs) for GC-MS analysis. Linkage information can be deduced from the characteristic frag-
mentation patterns of the modified molecules in combination with gas-phase chromatography which 
retains each monosaccharide differently in time. The linkage information would help to confirm the 
linkage related details, such as the type of LacNAc linkage or the presence of bisecting GlcNAc. In 
addition, sialic acids would normally be hydrolysed without detection.

The elution and characteristic fragment ions of each detected PMMA are listed in Table 4.1, and rela-
tive abundance is given by normalising the signal intensity of 2-linked Man to 1. The presence of 
4-linked instead of 3-linked GlcNAc verifies the existence of type II poly-LacNAc extension. The 
absence of 3,6-linked Gal confirms the linear arrangement of poly-LacNAc sequences on antennae. 
The relatively high abundance of 3-linked Gal correlates to the presence of α-Gal, α2,3-linked sialic 
acid and the LacNAc units. 6-linked Gal is also detected at a trace level which is consistent with the 
described results of sialidase digestion (Section 4.2.2.2). The presence of 2,4- and 2,6-linked Man 
confirms the detection of tri- and tetra-antennary structures and core-fucosylation is verified by the 
presence of 4,6-linked GlcNAc. The absence of 3,4,6-linked Man rules out the presence of bisected 
GlcNAc. This is consistent with the glycomics data described earlier.
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4.2.3 O-glycosylation of canine melanoma

There are three core 1 O-glycans (Figure 4.13) found in canine melanoma as neutral (T-antigen), 
mono-(sialyl-T antigen) and di-sialylated Core 1 structures (m/z  534, 895 and 1256). The di-sialylated 
T antigen is the most abundant O-glycan in the spectrum. They are expected O-glycan sequences on 
tumour cells in cancer progression that have been reported from previous studies (Fu et al., 2016).
 

MS/MS fragmentation analysis was performed for these structures to verify their identities. Figure 
4.14 shows two representative MALDI-TOF/TOF spectra for m/z  895 and 1256. For the fragmenta-
tion of m/z  895 (Figure 4.14A), β-elimination gives the pair of ions at m/z  298 and 620. These ions are 
diagnostic for the β 1,3 linkage between Core 1 Gal and GalNAcitol. A pair of b and y ions at m/z  398 
and 520 validate the present of sialic acid on this tri-saccharide structure.
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Figure 4.13 MALDI-TOF spectrum of canine melanoma O-glycans.
35% Acetonitrile fraction after purification by C18 reversed phase chromatography. O-glycans were reduced and per-
methylated. Signals are detected in the form as [M+Na]+. Structures are assigned based knowledge of biosynthetic 
pathway and compositional information. Peaks corresponding to glycan structures are highlighted in read and an-
notated.
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MS/MS fragmentation of m/z  1256 (Figure 4.14B) generated five fragment ions from the putative O-
glycan structure. The pair of b and y ions at m/z  398 and 881 indicates the presence of sialic acid. The 
y-ion at m/z  506 corresponds to loss of two sialic acids from different non-reducing ends because it 
has an extra 14Da decrement when compared with the single-cleaved core 1 y-ion at m/z  520 in Fig 
4.14A. A β-elimination of the Core 1 arm gives the pair of ions at m/z  620 and 659 which correspond 
to NeuAc-Gal and NeuAc-GalNAcitol fragments, respectively. 
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Figure 4.14 MALDI-TOF/TOF spectra of canine melanoma O-glycans for selected ions m/z  895 and 1256. 
O-glycans m/z 895 (A) and 1256 (B) are selected for structure identification. All the fragment ions are observed as 
[M+Na]+. β-elimination on monosaccharide to lose an extra water molecule is labelled as H2O with fragment ions, and 
corresponding bond cleavage on the structure is represented by dashed lines with arrows. 



141

4.2.4 Glycosylation of melanoma glycolipids

Glycolipids were physiochemically extracted from the cell lysates of canine melanoma, and further 
fractioned by their polarity and enzymatically digested to release the glycans from their lipid carri-
ers.  The released glycans were tagged by a deuterium (+2Da) at the C-1 of their reducing end Glc after 
reduction to assist data interpretation.

There are three prominent structures shared in two recovered fractions (Fraction A: Figure 4.15 and 
Fraction B: 4.16) of lipid-glycans. These are monosialylated glycans derived from GM1, GM2 and 
GM3 (m/z  1304, 1100 and 855, respectively). The glycan from GM3 is the most abundant component 
in both spectra. Di-sialylated glycans GD1, GD2 and GD3 were detected in fraction A at m/z  1665, 
1461, and 1216 (Figure 4.15). In fraction B, there are three exclusive structures which are putatively 
extended from the asialo-GM1 precursor with additional LacNAc, sialyl-LacNAC and Gal-α-Gal 
epitopes (m/z  1392, 1596 and 1753; Figure 4.16). 

MS/MS fragmentation analysis was performed on structures which might have variants in sequential 
arrangement. MS/MS spectra for m/z  1304, 1665 and 1753 are shown in Figure 4.17. The presence 
of two variants for m/z  1304, as GM1a and GM1b, is confirmed by y ions m/z  480 and 841 (Figure 
4.17A). They correspond to loss of a Gal-GalNAc or NeuAc-Gal-GalNAc saccharide fragment. Com-
parison of their relative abundance indicates a majority of GM1a in the glyco-repertoire. The ion m/z  
466 corresponds to a Gal-Glc di-saccharide fragment with double-cleavage which is diagnostic for the 
identification of GM1a. Besides, MS/MS analysis for m/z  1665 verifies the presence of GD1a rather 
than other variants (Figure 4.17B). The presence of a y-ion m/z  841 correlates to the loss of a NeuAc-
Gal-GalNAc fragment from the non-reducing end. The ion m/z  466 is indicative for double-cleavage 
which should correspond to the losses of a Neu-Gal-GalNAc tri-saccharide and a NeuAc from two 
non-reducing ends. 

In addition, m/z  1753 is validated as an extension of asialo-GM1 due to the presence of b-ion m/z  847 
and y-ion m/z  929 which correspond to loss of a sialyl-LacNAc from the non-reducing end. The pres-
ence of pairing b and y ions m/z  480 and 1296 also validates the linear extension and the presence of 
the novel asialo-GM1 based structure.
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Figure 4.15 Split MALDI-TOF spectra of canine melanoma lipid-glycans from fraction A (Non-Polar). 
35%Acetonitrile after purification by C18 reversed phase chromatography which was cleaned up by butanol extrac-
tion. Structures are reduced and labelled with deuterium at reducing end. All ions are observed as [M+Na]+. Peaks for 
lipid-glycans are highlighted in red and interpreted based on knowledge of biosynthetic pathway and compositional 
information

Figure 4.16 Split MALDI-TOF spectra of canine melanoma lipid-glycans from fraction B (Polar) 
The glycans were cleaned up by tC18 chromatography before enzymatic release of glycans. Peaks corresponding to 
glycans are labelled in red and interpreted. See the legend of Figure 4.15 for assignments.
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Figure 4.17 MALDI-TOF/TOF spectra of canine melanoma lipid-glycans for m/z  1304 , 1665  and 1753 from 
fraction B. 
Three ions, 1304(A), 1665(B) and 1753(C), are selected to verify the position of their sialylation. See the legend of 4.14 
for assignments.

4.2.5 Sulpho-glycomics analysis of canine melanoma glycans does not de-
tect sulphation 

To investigate the possible existence of sulphation on the glycans of canine melanoma, we conducted 
sulphoglycomics experiments on canine melanoma glycans and on murine small intestine O-glycans 
(positive control) following a previously established protocol (Yu et al., 2009, Holmen Larsson et al., 
2013). The successfully permethylated sulphated glycans would have an increment of 88Da for each 
sulphate group when compared with its non-sulphated counterpart. This is because the sulphate group 
(80Da) and charge-balancing sodium cation (23Da) is observed instead of the methyl group (15Da). 

In the parallel experiments, we successively identified mono-sulphated O-glycans from the positive 
control at m/z  867, 1071 and 1275 (shown in Figure 4.18). The ion m/z  867 corresponds to the mono-
sulphated Core 2 structure. Substitution of this sulphated core structure by Gal and a further α-Gal 
gives the mature Core 2 structures at m/z  1071 and 1275. 
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MS/MS for these structures validated their identities. Figure 4.19A (MS/MS of m/z  867) shows that 
cleavage at the 6-arm of GalNAcitol produced the b-ion m/z  370 and the y-ion m/z  520. The b-ion 
corresponds to a GlcNAc residue plus a charge balanced sulphated group indicating the presence of a 
sulphate group on this GlcNAc residue. A β-elimination on the 3-arm is observed via the presence of 
the ion at m/z  631. 

MS/MS of m/z  1071 further confirms the presence of the sulphate group (Figure 4.19B) on the 6-arm 
antenna via the b-ion m/z  574 and the y-ion m/z  520. The b-ion at m/z  574 has an increment of 204 
from the b-ion at m/z  370 derived from m/z  867. This reflects an addition of a methylated Gal residue 
consistent with the established pathway of core 2 O-glycan biosynthesis.

In contrast, there was no detection of sulphation in all types of examined canine melanoma glycans 
following the same procedure in parallel. An example is shown in Figure 4.20 as the spectrum of 
canine melanoma N-glycans after sulphate-permethylation. Structures with incompletely permethyl-
ated sialic acid are found in this spectrum while there is no detection of any structure corresponding 
to sulphated N-glycans. However, it is hard to draw a negative conclusion merely from these results 
without multi-dimensional verifications. Further efforts are required to optimise the methodology 
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Figure 4.18 MALDI-TOF spectrum of sulphated O-glycans from murine small intestine. 
The data acquisition was performed on 25% Acetonitrile fraction after purification by C18 reversed-phase chromatog-
raphy. The 88Da mass shift from non-sulphated to sulphated glycans are labelled and the peaks for identified sulphat-
ed glycans are highlighted in red. The sulphation on glycans is presented as SO4Na reflecting the detected composi-
tion. All the ions are observed as [M+Na]+ and structures are assigned based the knowledge biosynthetic pathway 
and compositional information. The Na on sialic acid indicate a counter-balance sodium cation for its carboxyl group.
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Figure 4.19 MALDI-TOF/TOF spectra of sulphated O-glycans m/z  867 and 1071 from murine small intestine. 
Selected putative sulphated O-glycans m/z 867(A) and 1071(B) from murine small intestine were fragmentated to 
verify their sulphation status. See the legend of 4.14 for assignments.

for permethylation of sulphated glycans and to provide a comprehensive detection strategy for this 
modification.
 

4.3 Discussion

In this chapter, we firstly characterised the glycomes of canine melanoma including N-linked, O-
linked and lipid-glycans from a stage III patient. Detailed structural definitions were carried out for 
glycan sequences, glycosidic linkages and absence of sulphation via multiple biochemical and mass 
spectrometric technologies. The comprehensive structural characterisation enables a direct compari-
son of human and canine melanoma models from a glycobiological viewpoint. The results of this 
work will help to enhance our understandings of the consistent alterations of glycosylation in can-
cer progression. Moreover, this work should be immediately beneficial for the studies of veterinary 
medication to help improve the medical design for targeting canine melanoma with vaccines based on 
global inactivation of immunosuppressive carbohydrate sequences on the tumour cells(Clark, 2017). 

Our results demonstrated that the canine melanoma cells have a large repertoire of bi- to tetra-an-
tennary and elongated N-glycans with terminal sialylation or Gal-α-Gal. There is abundant core fu-
cosylation but no antenna fucosylation was detected. MS/MS fragmentation analysis confirmed the 
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Figure 4.20 MALDI-TOF/TOF spectrum of canine melanoma N-glycans after sulphate-permethylation. 
Na is labelled for the counter-balance sodium cations on imcompletely permethylated NeuAc residues. See the leg-
end of Figure 4.2 for assignments.

exclusive existence of NeuAc sialic acids; sialidase digestions and linkage analysis verified that the 
NeuAc sialic acids on N-glycans are mainly α2,3-linked at LacNAc terminals and there is only a trace 
level of α2,6-linked sialic acid. A β 1,6 branching on the 6-arm of tri-mannosyl core is validated by the 
presence of 2,6-linked Man in GC-MS linkage analysis. Type II poly-LacNAc is indirectly validated 
by the exclusive presence of 4-linked GlcNAc in GC-MS linkage analysis as well as the partial diges-
tion by endo-β-galactosidase. Moreover, no detection of 3,6-linked GlcNAc in the GC-MS linkage 
analysis verifies that there is no further branching on the poly-LacNAc sequences. Besides, there is a 
small population of N-glycans without core-fucosylation. Due to the primary cells being cultured to 
expand the population in vitro, this minor group of N-glycans might come from the cell culture. The 
trace amount of α2,6-linked sialic acid could also be from the N-glycans of glycoproteins in the cell 
culture. Taken together, apart from the species-specific expression of the Gal-α-Gal, the characterised 
canine melanoma N-glycans are highly comparable to those found in human melanoma cell lines (see 
Section 4.1).  This similarity would imply that the canine model being developed at the University of 
Missouri has promise for translating to humans. 

In a recent study of human melanoma, an identical mass spectrometric analysis was conducted for 
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its N-glycans (Sweeney et al., 2018). This enables a direct and detailed comparison of our results of 
canine melanoma N-glycans to its human counterpart. In that study, two melanoma cell lines (G361 
and A375) have been analysed. The de-sialylated glycome of each cell line is publicly available for 
comparison. In the two human cell lines, core-fucosylated structures with poly-LacNAc antennae are 
dominated in high mass range (m/z  4600-6500). Up to five LacNAc motifs have been assigned on a 
single antenna of a N-glycan structure, and a poly-LacNAc chain with three LacNAc moieties (two 
internal LacNAc) is the major species assembled onto the N-glycans of human melanoma. Moreover, 
bi- and tri-antennary structures are dominant within the high mass range, it could indicate that form-
ing a long linear poly-LacNAc chain could be preferable in human melanoma than forming the fourth 
antenna on the N-glycans. In our characterised N-glycans of canine melanoma, the assigned poly-
LacNAc chains (Section 4.2.2.2) are relatively shorter than that of human melanoma as observed in 
an equivalent desialylated batch. The major species of the poly-LacNAc chains contains mainly two 
LacNAc moieties (one internal LacNAc), and most structures in the high mass range (m/z  3900-6400) 
developed the fourth antenna. Moreover, due to the precisely low abundance of several large structures 
(e.g. m/z 6042) with multiple LacNAc in composition in high mass range, no sufficient information 
can be gained from the MS/MS experiments to fully define the maximal length of its poly-LacNAc 
antennae. It still possible that the longest poly-LacNAc chains on canine melanoma could have similar 
length to that of human counterpart. Besides, it is not surprising that the length of the N-glycan poly-
LacNAc chain of canine melanoma could be shorter than that of human melanoma. Because the α1,3 
galactosyltransferase expressed in canine melanoma could serve as the second type of suppressor for 
the poly-LacNAc extension after sialylaltransferases. Both glycosyltransferases can result in capping 
the Gal residues of terminal LacNAc by a sialic acids/Gal residue on N-glycans antennae to terminate 
atennary elongation, so that the biosynthesis of poly-LacNAc chains on N-glycans from canine mela-
noma could have a higher probability to be terminated earlier than that in human melanoma. In ad-
dition, due to there is no data publicly available about the sialidase-untreated N-glycans from the same 
study of human melanoma, the difference of sialylation levels between human and canine melanoma 
cannot be comparatively evaluated. However, it is likely that the sialylation level of human melanoma 
could be higher in some extent than that of canine melanoma. Because the α1,3 galactosyltransferase 
also competes with sialyltransferases for the terminal LacNAc acceptor. This is also reflected on the 
high mass range structures that even after sialidase digestion, the vast majority of high mass range of 
structures carry at least one terminal Gal-α-Gal. The functional impact of these structural features 
could be reflected on the reactivity of galectins. For instance, galectin-1 would have a greater binding 
on canine melanoma cells rather than human melanoma cells because of its binding specificities for 
terminal Gal and branched structures. Conversely, galectin-3 could have a superior binding on hu-
man melanoma cells rather than their canine counterparts due to the binding preference of galectin-3 
to internal Gal on a longer poly-LacNAc chain. Thereby, it could be interesting to evaluate the reactiv-
ity and expression of galectins in the tumour microenvironment of canine melanoma. This could pos-
sibly enhance our understandings of the cancer progression in this animal model and also facilitate 



148

detailed evaluation of the compatibility of this animal model and potential differences.

Because a study of tissue plasminogen activator from Bowes melanoma cell lines revealed that some of 
its N-glycans have sulphation on the chitobiose GlcNAc (Zamze et al., 2001) we investigated whether 
sulphate is found on the canine melanoma N-glycans. None was detected. This is perhaps not surpris-
ing because the glycosylation of tissue plasminogen activator from Bowes melanoma is very different 
from that reported for other human melanoma cell lines. For example, it carries lacdiNAc glycans that 
are typical of neuro-endocrine glycoproteins (Chan et al., 1991). Such glycans have not been found on 
other human melanoma cell lines (Sweeney et al., 2018).  Nevertheless, further work will be required 
to establish whether sulphation could be present in the canine melanoma cells at levels not currently 
detectable by our sulphoglycomics methodologies (Clark, 2017). 

Although we were able to verify the presence of type II poly-LacNAc extension by indirect link-
age analysis, concerns are still drawn for the enzyme activities of commercially available endo-β-
galactosidases. In our laboratory, we have historical records of using a well-established condition (so-
dium acetate buffer) to perform this digestion with the recombinant enzyme from Escherichia freundii 
which is commercially discontinued (Choo et al., 2017, Walther et al., 2013). In this study, we exam-
ined all the other available recombinant enzymes from Bacteroides Fragilis. It is very surprising that 
there was nearly no activity of all tested enzymes; and even some of them might have other emzymatic 
effects on tested glycans such as de-sialylation. An early study examined the efficiency of this form of 
recombinant enzymes from the B. Fragilis origin, but no compromise of biological activities was sug-
gested to be caused by applying the sodium acetate condition (Scudder et al., 1983). Therefore, it might 
be likely that all the enzymes were inactive in this study; future studies utilising these enzymes from 
B. Fragilis should have control sets or verification of their biological activities prior to investigation. 

The O-glycosylation of canine melanoma generally matches the expectation of cancer associated gly-
cosylation as there is abundant expression of T antigen and its sialylated forms (Fu et al., 2016). Some 
studies suggested the reactivity of T antigen and possibly its α2,3 monosialylated form to galectin 3 
(Glinskii et al., 2012). The predominantly expressed mono- and di-sialylated T antigens would be reac-
tive to siglec receptors such as siglec-4 that has a remarkably high affinity for both sialylated T antigens 
to facilitate cancer invasion (Swanson et al., 2007). However, these suggestions and the functionalities 
of O-glycans are still in need to be evaluated for melanoma. 

Our results illustrate a lipid glycan repertoire which is dominated by GM3 and GM2 structures with 
identification of less-dominant GD2, GD1, GD3 and GM1 structures.  All these structures are associ-
ated with the malignancy of tumours as they can affect cell signalling and mobility to favour cancer 
progression (Kannagi et al., 2018). Moreover, GD2 and GD3 have also been shown to be highly reac-
tive with siglec-7, which is an inhibitory lectin receptor commonly expressed on NK cells to modulate 
their cell cytotoxicity (Jandus et al., 2014). In addition, the structural and quantitative significances of 
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the other identified lipid-glycan structures in this study might require a further validation via a com-
parison with that of original canine melanocytes.

Overall, the glycosylation of canine melanoma is highly consistent with previous glycomics studies of 
melanoma on human cell lines (summarised in Section 4.1) except for the expression of the Gal-α-
Gal moiety. This exception is a common case in most mammalian systems, and the presence of this 
terminal moiety might not have a significant impact on glycan-lectin related interactions in canine 
models because there is no characterised lectin to specifically recognise Gal-α-Gal. It is very likely that 
the underlying LacNAc moiety is still reactive to galectins such as galectin 1 since the α1,3 Gal might 
be equivalent to α2,3-linked sialyl-LacNAc which galectin 1 can bind to but not to α2,6-linked sialyl-
LacNAc (Zhuo and Bellis, 2011). Thus, the lectin receptor engagements of canine melanoma should be 
generally similar to human counterparts as the identical structural features are shared and the canine 
melanoma model should be capable to serve as a representative pre-clinical model (Pinho and Reis, 
2015, Sweeney et al., 2018).
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Chapter V. Fc Fusion Protein
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Chapter 5 Fc Fusion Protein

5.1 Introduction

The fragment crystallisable region (Fc) is a part of the sequence of constant region of the Ig heavy 
chains which retains most biological effector activities of an antibody, such as interactions with Fc 
Receptors (FcRs), but without antigenic recognition. In 1989, this sequence was firstly combined with 
a CD4 membrane protein sequence to specifically inhibit viral infection of T cells by human immune 
deficiency virus (Capon et al., 1989). This technique was then broadly recruited for pharmaceutical 
applications to treat various immune relevant diseases utilising the advantages of the Fc region as well 
as its jointed sequence. The basic structure of Fc fusion proteins are to combine the Fc with an ad-
ditional peptide or to modify the Fc structure alone (Czajkowsky et al., 2012). This enables the entire 
sequence to have a longer half-life in circulation due to altered interaction with the salvage neonatal 
FcR (Roopenian and Akilesh, 2007) as well as a slow-down of renal clearance (Kontermann, 2011). 
With the retention of this Fc region, Fc fusion molecules would be interactive with FcRs expressed on 
immune cells to enhance effector function or suppress unwanted immune responses. For instance, 
the major approved therapeutical antibodies are the IgG class. IgG1-Fc can be structurally modified 
to improve its binding to FcγRIIIA on NK cells for enhancing NK directed ADCC (Strohl, 2009). On 
the other side, IgG1-Fc fused with CD19 could dramatically increase the binding affinity of this hy-
brid molecule to inhibitory FcgammaRIIb which can lead to suppression of immune responses (Chu 
et al., 2008). In addition, due to the varied binding affinity of Fc’s to cellular receptors, mainly FcRs, 
polymerisation could be employed to form Fc immune complexes for improving avidity and potency 
(Bruhns et al., 2009). Particularly, major protective FcRs including FcγRIIA, FcγRIIB and FcRL5 re-
quire to interact with high avidity immune complexes of antibodies or Fc-fusion proteins for inducing 
their protective immune responses (Wilson et al., 2012, Nimmerjahn and Ravetch, 2008).

N-glycosylation on human IgG is conserved at the N297 site in its Fc sequence, this N-glycosylation 
site generally accommodates a glycoform that is dominated by core-fucosylated bi-antennary complex 
structures with varied levels of galactosylation and subsequent terminal sialylation. The N-glycosyla-
tion on this site is required to enable the effector functions of IgGs and Fc fusion proteins (Jefferis, 
2009). For instance, the core-fucosylation of N-glycans on IgG-Fc can reduce its binding affinity to 
FcγRIIIA leading to suppression of ADCC activities (Ferrara et al., 2011), and subsequent removal of 
this monosaccharide residue can reverse the effect to enhance the binding and activation of FcγRIIIA 
in vitro and in vivo (Ferrara et al., 2011, Umana et al., 1999). Moreover, lack of galactosylation and 
subsequent sialylation has long been associated with rheumatoid arthritis (Parekh et al., 1985), and 
engineered Fc fusion proteins with full galacosylation might minimise their interaction with C-type 
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lectins on DCs as well as subsequent internalisation and antigen presentation (Carrillo-Conde et al., 
2011). In addition, sialylation, in particular α2,6-linked, on the N-glycans of recombinant Fc-fusion 
proteins can interact with DC-SIGN on macrophages to induce its expression of FcγRIIb receptor and 
subsequently suppress arthritic inflammation (Anthony et al., 2011). Thus, the N-glycosylation on Fc-
fusion protein is a vital target for pharmaceutical design to optimise diverse immunological functions.
 
To utilise the immune suppressive role of Fc fusion protein, attempts to alter the sialylation of N-
glycans on Fc fusion proteins have been attempted. The natural content of sialylated structures at 
N297 is less than 2% on Fc sequence expressed in a CHO-K1 cell system (Blundell et al., 2017), and the 
assembled N-glycans are largely buried in the cavity formed by the Fc CH2 and CH3 domains (Sub-
edi et al., 2014, Frank et al., 2014). Chemical modifications of glycans and mutagenesis programs for 

Table 5.1 IgG-Fc constructs

Fc Construct Heavy chain composition

HexaFc

C575A

N297A/C575A

N563A/C575A

D221N/C575A

D221N/N297A/C575A

D221N/N563A/C575A

D221N/N297A/N563A
/C575A

Table 5.1 IgG1-Fc constructs

Stars represent N-glycosites (N221, N297 and N563) on recombinant IgG1-Fc mutants. The yellow 
bar represents the sequence of hinge region, the blue bar represents the sequence of IgG1-Fc and
the brown bar represents the sequence of attached IgM tailpiece. Cys575 is mutated to creat the 
C575A panel of mutants. Adapted from (Blundell et al., 2019) 

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 C575A

Hinge IgG1-Fc µ-tailpiece

Cys309 Cys575
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Fc Construct Heavy chain composition

C309L

C309L/C575A

N297A/C309L/C575A

C309L/N563A/C575A

D221N/C309L/C575A

D221N/N297A/C309L
/C575A

D221N/C309L/N563A
/C575A

D221N/N297A/C309L
/N563A/C575A

Table 5.1 IgG1-Fc constructs (continued) 

Stars represent N-glycosites (N221, N297 and N563) on recombinant IgG1-Fc mutants. The yellow 
bar represents the sequence of hinge region, the blue bar represents the sequence of IgG1-Fc and
the brown bar represents the sequence of attached IgM tailpiece.  Cys309 and Leu310 are mutated
on the C575A panel to Leucine and histidine to create C309L/C575A panel of mutant. Adapted from
(Blundell et al., 2019).

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A

Hinge IgG1-Fc µ-tailpiece

C309L C575A
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altering the protein carbohydrate surface have been used to improve the overall sialylation content on 
pre-existing glycans. However, neither approaches have been shown to be efficient and cost-effective 
(Dekkers et al., 2016, Yu et al., 2013). 

Recently, our collaborator introduced two alternative modifications to improve the sialic acid content 
of Fc glycans and polymerisation of Fc regions. The first is to add a tailpiece from IgM (18aa) to the 
C-terminal of the Fc sequence, the second is to add an extra N-glycosylation site onto the N-terminal 
part of the Fc at position 221 (Blundell et al., 2017). This approach resulted in a radical increase of sia-
lylation on glycans to above 75% on mono- and multi-mers of Fc molecules. IgG-Fc with an increased 
sialic acid content can bind to glycan receptors including Siglec 1 and myelin-associated glycoprotein, 
which are functionally implicated in manipulating neuropathology (Wong et al., 2016).

The previously established Fc sequence contains two Cysteine residues (C309 and C575) and two N-
glycosylation sites (N297 and N563), which can form homo-hexamers of Fc between Fc sequences, 
named Hexa-Fc (Blundell et al., 2017, Czajkowsky et al., 2015) to improve their binding affinity with 
FcγRIIb. In this study, two panels of mutants were established on this sequence, generally named 
IgG1-Fc, listed in Table 5.1. The two panels of IgG1-Fc differed in relation to the presence of cysteine 
residue, C309; and the insertion of a possible third N-glycosylation site (D221N). These different mu-
tants are associated with varied polymerisation status, electrophoretic and chromatographic migra-
tions (Table 5.2) as well as divergent binding capabilities to Fc and glycan receptors. Hence, it raised a 

Table 5.2 Polymeric status of engineered IgG1-Fc construct made in CHO cell system assessed by SDS-
PAGE and SEC-HPLC

Fc-construct
Polymeric Status

SDS-PAGE SEC-HPLC

Hexa-Fc barrel barrel
C575A monomer >dimer >trimer monomer >dimer
N297A/C575A monomer >dimer >trimer monomer >dimer
N563A/C575A ladder monomer, multimer
D221N/C575A monomer >dimer monomer >dimer
D221N/N297A/C575A monomer >dimer monomer
D221N/N563A/C575A ladder multimer
D221N/N297A/N563A/C575A ladder multimer
C309L ladder multimer
N297A/C309L/C575A monomer monomer
C309L/N563A/C575A monomer monomer
N297A/C309L/N563A/C575A monomer multimer
D221N/C309L/C575A monomer multimer
D221N/N297A/C309L/C575A monomer monomer
D221N/C309L/N563A/C575A monomer >dimer multimer
D221N/N297A/C309L/N563A/C575A monomer monomer, multimer >dimer

Adapted from (Blundell et al., 2019)
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great interest to define the N-glycosylation of each mutant structurally and semi-quantitatively.

In this chapter, we analysed these two sets of IgG1-Fc mutants stably produced from CHO and HEK293 
cell expression systems. We aim to understand the impact of these mutations on the N-glycosylation 
of the Fc sequence and subsequent functional consequences.

5.2 Results

5.2.1 Research strategy

The project was undertaken as a collaboration with Prof Richard Pleass from The Liverpool School 
of Tropical Medicine. They generated and provided two sets of recombinant Fc fragments stably ex-
pressed in either CHO or HEK293 cell systems. The recombinant sequences of the Fc fragments are 
summarized in table 5.1.1 and detailed research methodology are described in chapter 2. Briefly, pro-
vided IgG1-Fc material was lyophilised and their N-glycans were directly released by rapid PNGase F. 
Released N-glycans were purified and permethylated for MALDI-TOF analysis.

5.2.2 N-glycosylation of IgG1-Fc mutants from CHO cell system.

The general N-glycosylation of CHO cell system was described in Chapter 3. Briefly, N-glycans as-
sembled on glycoproteins by this system feature as core-fucosylated, well-branched and elongated N-
glycan structures with exclusive α2,3 linked NeuAc sialylation. Minimal levels of non-human glycans 
such as NeuGc or Gal-α-Gal in CHO cell lines have been noted. Therefore, this cell system is still a 
practical model for the production of human-like glycoprotein (North et al., 2010, Canis et al., 2018).

5.2.2.1 N-glycosylation at N221, N563 and N297 of IgG1-Fc mutants from CHO cell sys-
tem

The N-glycosylation of N563 from the IgM tailpiece and N221 by insertion of the (D221N) hinge onto 
IgG1-Fc is characterised from multimeric mutants N297A/C575A (Figure 5.1A) and D221N/N297A/
N563A/C575A (Figure 5.1B). They both have a single N-glycosylation site available. Both recombi-
nant sequences share prominent sialylated bi-antennary structures (m/z  2605 and 2966) as well as bi-
antennary structures with mono- and di-galactosylation on antennae (m/z  2040 and 2244). Tri- and 
tetra-antennary structures with sialylation (e.g. m/z  3776 and 4226) and even antennary elongation 
(e.g. m/z  4314 and 4675) are also detectable in the spectra. Mutant N563A/C575A was also analysed 
for N297 glycosylation (Figure 5.1C). A human-like Fc N-glycosylation pattern recovered from N297 
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Figure 5.1 MALDI-TOF spectra of IgG1-Fc mutants made in CHO cell system with diverse single N-glycosyla-
tion site availability on sequence. 
N297A/C575A mutant for N563 (A), D221N/N297A/N563A/C575A mutant for N221 (B) and N563A/C575A mutant for 
N297 (C).  Data acquisition was conducted in the positive mode of MS and all ions are observed as [M+Na]+ . The 
structures are assigned upon knowledge of biosynthetic pathway of N-glycans as well as compositional information. 
Saccharides placed above bracket indicate their undetermined antennary linkages.
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indicating the compatibility of CHO cell system for antibody glycosylation on this conserved N-gly-
cosylation site (Kiyoshi et al., 2017, Blundell et al., 2017). The observed glycome on this site is domi-
nated by the core-fucosylated bi-antennary structures (m/z  1835, 2040 and 2244), and trace amounts 
of core-afucosylated mono antennary (m/z  1661) as well as mono-sialylated bi-antennary structures 
(m/z  2605).

The levels of sialylation on glycans from each mutant were principally and semi-quantitatively ana-
lysed by comparing the ratio of summed intensity of sialylated structures to the total intensity of all 

N297A/C575A

74.29%  Sialylated
25.71%  Netural

N297A/C309L/C575A

52.79%  Sialylated
47.21%  Netural

C309L/N563A/C575A

3.55%  Sialylated
96.45%  Netural

D221N/N297A/N563A/C575A

81.82%  Sialylated
18.18%  Netural

D221A/N297A/C309L/N563A/C575A

24.25%  Sialylated
75.75%  Netural

N563A/C575A

1.56%  Sialylated
98.44%  Netural

A

B

C

D

E

F

Multimeric Monomeric

Figure 5.2 Semi-quantitative estimation of sialylation levels of IgG1-Fc mutants made in CHO cell system 
with single available N-glycosylation site in multimeric and monomeric statuses. 
The levels of sialylated (purple) and netural (grey) glycans are reflected in percentage from their summed intensity.
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observed glycan structures. Percentages of sialylated and neutral structures were calculated and visu-
alised as pie charts in Figure 5.2. Mutants N297A/C575A and D221N/N297A/C575A have 74.29% and 
81.82% of their intensity contributed from sialylated structures, respectively. This predominance of 
intensity contribution shows their high levels of sialylation. In contrast, only 1.56% of the overall in-
tensity of N297 N-glycans (N563A/C575A) is from sialylated structures which matches with previous 
suggestion that less than 2% of glycans structures were sialylated on this site on Fc expressed in CHO 
cell systems(Blundell et al., 2017). 

To assess the possible impacts of disulphide bonding on multimerization of Fc sequences and N-gly-
cosylation of these individual sites, a set of monomeric mutants with a substitution of CL309-310LH 
(C309L) was also analysed to validate the impacts on the described site-specific N-glycosylation. 
MALDI-TOF spectra of the set of mutants (D221N/N297A/C309L/N563A/C575A, N297A/C309L/
C575A and C309L/N563A/C575A) are shown in Figure 5.3. The N-glycosylation of N563 (N297A/
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Figure 5.3 MALDI-TOF spectra of N-glycans of IgG1-Fc mutants with monomeric status and single N-glyco-
sylation site on sequence made in CHO cell system. 
The recombinant constructs are N297A/C309L/C575A (A), D221N/N297A/C309L/N563A/C575A (B) and C309L/N563A/
C575A. See the legend of Figure 5.1 for assignment. Poly-Hexose contamination is highlighted by red crosses in spec-
tra. 
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C309L/C575A, Figure 5.3A) in the monomeric status still retains a substantial presence of sialylated 
complex glycans. Bi-, tri- and tetra-antennary N-glycans with varied sialylation levels are the major 
members of complex class glycans (e.g. m/z  2966, 3776 and 4226). Two core-afucosylated structures 
were also identified as m/z  2792 and 3602; and Man5 high mannose structure is also prominent in 
spectrum indicating a population of relatively less processed N-glycans in this monomeric status. The 
N-glycome of N221 site on monomeric mutant D221/N297A/C309L/N563A/C575A (Figure 5.3B) is 
dominated by three core-fucosylated bi-antennary structures as m/z  1835, 2040 and 2244 with varied 
galactosylation levels. Other complex structures are mainly sialylated and core-fucosylated bi- or tri-
antennary (e.g. m/z   2605, 2966 and 3776), with an exception of m/z  3602 which is core-afucosylated. 
The relative abundance of sialylated structures is generally lower than the predominant three bi-an-
tennary structures. This might indicate a relatively less sialylation and galactosylation in comparison 
with its multimeric counterparts; Man5 high mannose structure, m/z  1579, was also detected with 
a minor abundance. In addition, the N-glycans observed on N297 (Figure 5.3C) in the monomeric 
mutant C309L/N563A/C575A are dominant by three core-fucosylated bi-antennary structures as m/z  
1835, 2040 and 2244. Two sialylated structures are found as mono- (m/z  1981) and tri-antennary (m/z  
3602) with minor amounts. A high mannose structure, m/z  1579 as Man5, and core-afucosylated 
truncated bi-antennary structures are also observable.

The level of their sialylation was also assessed for these three mutants as shown in Figure 5.2. Sia-
lylated N-glycans contribute 52.79% (Figure 5.2D) and 24.25% (Figure 5.2F) of the overall intensity of 
glycans on mutants D221N/N297A/C309L/C575A and N297A/C309L/C575A, respectively. However, 
there is only 3.55% of overall intensity on mutant C309L/N563A/C575A contributed from sialylated 
structures (Figure 5.1.2E). A higher level of sialylations on sites N221 and N563 is observed by com-
paring to that on N297. In addition, a cross-set comparison of these multi- and monomeric IgG1-Fc 
mutants shows a significant decrease of sialylation on site N221 (81.82% to 24.25%) and N563 (74.29% 
to 52.79%) while a slight increase on N297 (1.56% to 3.55%) from multimeric to monomeric. 

5.2.2.2 The impact of multiple N-glycosylation sites on IgG1-Fc glycosylation from the 
CHO cell system

To investigate the impacts of interplay among N-glycosylation sites on the overall N-glycosylation, 
four mutants were established as C575A, D221N/N563A/C575A, D221N/N297A/C575A, and D221N/
C575A in multimeric status. They differ in the number of potential N-glycosylation sites, for example, 
N297 & N563, N221 & N297, N221 & N563 and N221 & N297 & N563. Their overall glyco-profiles 
are shown in Figure 5.4. The glycosylation of sites N297 &N563 (Figure 5.4A) is dominated by three 
core-fucosylated bi-antennary structures with a-, mono- and di-galactosylation (m/z  1835, 2040 and 
2244). There is only one sialylated structure found as m/z  2605, whereas no tri- or tetra-antennary 
structures were detected; a core-afucosylated bi-antennary structure, m/z  1661, with truncated anten-
nae was also detected with trace amounts. On the multimeric mutant D221N/N563A/C575A (Figure 
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Figure 5.4 MALDI-TOF spectra of N-glycans of IgG1-Fc mutants with multimeric status and two or three 
available N-glycosylation sites on each sequence. 
The recombinant IgG1-Fc constructs are C575A (A), D221N/N563A/C575A (B), D221N/N297A/C575A (C) and D221N/
C575A (D). See the legend of Figure 5.1 for assignments. Na labelled above a sialic acid residue indicates the presence 
of a counter-balance sodium which exists on the detected ions indicating an incomplete permethylation for sialic 
acid residues.
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5.4B), the major glycans are core-fucosylated bi-antennary structures as m/z  1835, 2040 and 2244; 
core-afucosylated bi-antenanry structure with truncated terminal is also observed as m/z  1661. Two 
weak signals were detected corresponding to sialylated bi-antennary structures with core-fucosylation 
as m/z  2613 and 2966. 

N-glycosylation of sites N221 &N563 (Figure 5.4C) exhibits a high degree of sialylation as m/z  2605 
and 2966 are the most predominant pair of structures in relative abundance. Major N-glycan struc-
tures ranging from mono- to tetra-antennary are core-fucosylated and sialylated to varied levels (e.g. 
m/z  2156, 2605, 3776 and 4226). Structures without sialylation are also observable as mono- or bi-
antennary structures with mono- or di-galactosylation (m/z  1590, 1795, 2040 and 2244). In addition, 
mutant D221N/C575A (Figure 5.4D) exhibits a glycan repertoire which has only complex glycans 
with predominant abundance of three bi-antennary structures at m/z  1835, 2040 and 2244. The other 
complex glycans are all sialylated bi-, tri- and tetra-antennary.
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C575A
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95.46%  Netural
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78.65%  Sialylated
21.35%  Netural

D221N/C575A
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84.34%  Netural

C309L/C575A
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78.26%  Sialylated
21.74%  Netural

D221N/C309L/C575A

6.96%  Sialylated
93.04%  Netural

Multimeric Monomeric

A

B

C

D

E

F

G

H

Figure 5.5 Percentage of sialylation of N-glycans on IgG1-Fc mutants with multiple N-glycosylation sites. 
The recombinant constructs are indicated above these pie chart. 
See the legend of Figure 5.2 for detailed interpretation.
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Figure 5.6 MALDI-TOF spectra of N-glycans of recombinant IgG1-Fc mutants with monomeric status and 
multiple available N-glycosylation sites. 
The recombinant constructs are C309L/C575A (A), D221N/C309L/N563A/C575A (B), D221N/N297A/C309L/C575A (C) 
and D221N/C309L/C575A (D). See the legend of Figure 5.1 for assignments.
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The levels of sialylation on these multimeric mutants were subsequently evaluated as described above 
(Section 5.2.2.1) and their pie charts are shown in Figure 5.5. N-glycosylation of N297 &N563 (Figure 
5.5A) and N221 &N297 (Figure 5.5B) was largely restricted to neutral glycans with a limited contribu-
tion to the overall intensity from sialylated glycans at 1.84% and 4.54%, respectively. Mutant D221N/
C575A (Figure 5.5D) with all three sites available for N-glycosylation has 15.66% of intensity contribu-
tion from sialylated glycans. Nevertheless, sialylation is predominant on the mutant with N221& N563 
(Figure 5.5C) on sequence as its contribution reaches 78.65%. Therefore, the presence of N-glycosyla-
tion site N297 might negatively correlate with the overall sialylation on available N-glycosylation sites 
in these constructed Fc fusion proteins.

The monomeric mutants for these N-glycosylation site combinations are also analysed as shown in 
Figure 5.6. N-glycosylation of monomeric mutant C309L/C575A (Figure 5.6A) and D221N/C309L/
N563A/C575A (Figure 5.6B) shows an identical pattern to their multimeric counterparts (Figure 
5.4A&B). Mutant D221N/N297A/C309L/C575A(Fgiure 5.6C) exhibits a similar glycosylation pattern 
to its multimeric counterpart (Figure 5.4C) but with loss of signals for tetra-antennary structures as 
well as truncated mono- or bi-antennary structures. On mutant D221N/C309L/C575A, signals for tri- 
and tetra-antennary structures are not visible, and three core-fucosylated bi-antennary structures are 
still predominant in the spectrum at m/z 1835, 2040 and 2244 (Figure 5.6D).
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The sialylation of these monomeric mutants was also examined via the semi-quantitative apporach 
(Figure 5.5E, F, G and H), and consistent patterns of sialylation are also found on their matching mon-
omeric mutants. There is a nearly equivalent level of sialylation on mutants D221N/N297A/C575A 
(Figure 5.5C) and D221N/N297A/C309L/C575A (Figure 5.5G). Besides, a slight increase of sialylation 
is observed on mutants C309L/C575A (Figure 5.5E) and D221N/C309L/N563A/C575A (Figure 5.5F) 
in comparison with their multimeric counterparts (Figure 5.5A and 5.5B). However, a decrease of sia-
lylation presents on mutant D221N/C309L/C575A (Figure 5.5H) from its counterpart D221N/C575A 
(Figure 5.5D). 

5.2.2.3 Impacts of cysteine residues on the N-glycosylation of IgG-Fc from CHO cell system

The impacts of two cysteine residues, C309 and C575, on the Fc N-glycosylation was evaluated on four 
selected mutants with N-glycosylation site N297 &N563 available on sequence as Hexa-Fc, C309L, 
C575A and C309L/C575A. The N-glycomes of these mutants are shown in Figure 5.7. Hexa-Fc (Fig-
ure 5.7A) has a glycome mainly consisted of core fucosylated bi-antennary complex glycans. Tri- and 
tetra-antennary structures as well as high mannose structures have a minor abundance. Sialylation is 
observed on three complex structures at m/z  2605, 3054 and 3503 ranging from bi-antennary to tetra-
antennary. On the mutant C575A, three core-fucosylated bi-antennary structures are still dominant 
(Figure 5.7B), only one sialylated (m/z 2605) and one tri-antennary (m/z 2693) structure were detected 
as well as a core-afucosylated bi-antennary structure with terminal truncation (m/z 1661). In mutant 
C309L (Figure 5.7C), bi-, tri- and tetra-antennary N-glycan structures are found having varied sialyla-
tion levels with limited abundance; core-fucosylated bi-antennary structures m/z  1835 and 2040 are 
still dominant in the spectrum. In addition, mutant C309L/C575A (Figure 5.7D) exhibits a glycome 
with six structures, three of them are the core-fucosylated bi-antennary at m/z 1835, 2040 and 2244. 
Two sialylated structures are identified as mono-sialylated bi- or tri-antenanry structures at m/z 2613 
(2605) and 3062 (3054).

The levels of sialylation were compared between these mutants as shown in Figure 5.8. Sialylation 
of Hexa-Fc (11.48%) and C309L (11.23%) are generally equivalent, whereas the sialylation for C575A 
(1.84%) is nearly one tenth of that for Hexa-Fc or C309L. Mutant C309L/575A with knockouts of both 
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Figure 5.7 MALDI-TOF spectra of N-glycans of IgG1-Fc mutants with available N-glycosylation site N297 
&N563. 
The recombinant constructs are unmodified Hexa-Fc (A), C575A (B), C309L (C) and C575A/C309L. See the legend of 
Figure 3.1 for assignments.
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Figure 5.8 Semi-quantitative estimation of sialylation level of IgG1-Fc with variable availabilities of cysteine 
residues. 
Multimeric Hexa-Fc with two cysteines (A); multimeric IgG1-Fc with one cysteine at C309 (B); multimeric IgG1-Fc with 
one cysteine at C575 (C); monomeric IgG1-Fc without C309 and C575 cysteine residues (D)
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cysteine residues has a slightly higher sialylation than mutant C575A as 3.21%. Taken together, these 
results might suggest that the presence of disulfate bonding could have impacts on protein glycosyla-
tion. 
5.2.3 N-glycosylation of HEK293 cells

Unlike the relatively simple glycosylation of the CHO cell systems, HEK cells are capable of producing 
more complex N-glycan structures on their glycoproteins. The N-glycosylation of the secretory prod-
ucts from HEK 293 cells have been previously investigated in our laboratory (Lo et al., 2013). Their 
N-glycans are featured with core-fucosylation as well as diverse antennary arrangements and modifi-
cations such as LacdiNAc (GalNAcβ1-4GlcNAc), fucosylation and sialylation. Moreover, as a human 
cell line, HEK cells can express α2,6 linked sialic acids on glycans. This linkage of sialic acid has been 
demonstrated to contribute to the anti-inflammatory effect of IgGs in vivo (Anthony et al., 2011).

5.2.3.1 N-glycosylation at N221, N297 and N563 on IgG1-Fc from HEK293 cells

To validate the N-glycosylaiton of each individual site in the HEK cell system with available C309, 
mutants N297A/C575A (N563), D221N/N297A/N563A/C575A (N221) and N563A/C575A (N297) 
were analysed as shown in Figure 5.9. A core-fucosylated bi-atnneary structure without antennary 
galactosylation, m/z  1835, is the base peak of spectra from all IgG1-Fc mutants produced in this 
system. N-glycosylation of N297 (Figure 5.9B) is dominated by three core-fucosylated bi-antennary 
glycans (m/z  1835, 2040 and 2244) with varied galactosylation levels, and a Man5, m/z  1579, high 
mannose structure is also observed in this spectrum. Besides, glycosylation on N-glycosylation site 
N563 (Figure5.9A) is dominated by putative truncated structures at m/z  2081 and 2285 which have 
potential antennary GlcNAc or terminal GalNAc. Branch fucosylation is also identified on structures 
as m/z  2820 which could assemble a sialylated LacNAc, Sialyl-Lewis x/a antigen or a sialylated Lacdi-
NAc. The presence of m/z  2674 confirmed the existence of fucosylated LacdiNAc moiety on glycans 
assembled onto this site. The glycosylation in this system for N563 is different to that in the CHO cell 
system as CHO cells mainly assemble more sialyl-LacNAc as the terminal moiety, whereas this system 
assembles more diverse structures and is relatively less efficient for sialylation. In addition, the N-
glycosylation site, N221, as mutant D221N/N297A/N563A/C575A (Figure 5.9C) exhibits a N-glycome 
with mainly bi-antennary complex structures. Excluding the base peak m/z 1835, four structures are 
identified as potentially truncated complex structures as m/z  2081, 2285, 2459 and 2646; and they 
could all possibly form LacdiNAc based moiety due to the presence of uncapped GlcNAc and sialic 
acid and/or fucose residues.

The levels of their sialylation were also semi-quantitatively assessed as shown in Figure 5.10. There is 
only 0.8% and 2.88% of overall intensity contributed from sialylated glycans for N297 (Figure 5.10B) 
and N221(Figure 5.10C), respectively. N563 (Figure 5.10A) has the highest content of sialic acid among 
these three mutants at 46.74%.
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Information about the polymeric status of these Fc proteins has not been determined. For the set of 
C309 absent mutants, N563 (C309L/N297A/C575A, Figure 5.11A) exhibits a similar N-glycome to that 
of its counterpart with C309 available. The glycome is dominated by the abundance of potential Lac-
diNAc or truncated structures and with structural diversity for the antennary modifications. N297 
shows a restricted glycan repertoire (mutant C309L/N563A/C575A, Figure 5.11B) the most abundant 
glycan is a bi-antennary structure with mono-galactosylation and core-fucosylation (m/z  2040), and 
there is no detection of sialylated structures. In addition, the N-glycosylation of N221 (D221N/N297A/
N563A/C575A; Figure 5.11C) shows that a dominance of putative truncated or LacdiNAc forming 
structures (e.g. m/z  2081, 2285 and 2459). Minor sialylation could be found on peaks close to the 
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Figure 5.9 MALDI-TOF spectra of N-glycan repertoires of IgG1-Fc mutants with diverse single N-glycosyla-
tion site and C309 residue. 
The recombinant constructs are N297A/C575A (A), N563A/C575A (B) and D221N/N297A/N563A/C575A (C). Linkage 
undetermined monosaccharides are positioned above the bracket on a structure. Poly-hexoses contaminants are 
highlighted with red crosses. See the legend of Figure 3.1 for assignments.
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Figure 5.10 Estimation of sialylation level of single N-glycosylation site IgG1-Fc mutants from HEK293 cell 
system semi-quantitatively. 
The recombinant constructs are indicated above these pie chart. See the legend of Figure 5.2 for detailed interpreta-
tion.

N297A/C575A

46.74%  Sialylated
53.26%  Neutral
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0.80%  Sialylated
99.20%  Neutral

D221N/N297A/N563A/C575A

2.88%  Sialylated
97.12%  Neutral

N297A/C309L/C575A

23.50%  Sialylated
76.50%  Neutral

C309L/N563A/C575A

100.00%  Neutral

D221N/N297A/C309L/N563A/C575A

1.13%  Sialylated
98.87%  Neutral
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Figure 5.11 MALDI-TOF spectra of N-glycans of IgG1-Fc mutants with single N-glycosylation site but no C309 
residue. 
The recombinant constructs are C309L/N297A/C575A (A), C309L/N563A/C575A(B) and D221N/N297A/C309L/N563A/
C575A (C). See the legend of Figure 5.1 for assignments.
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baseline. Hence, the sialylation of these C309 absent Fc mutants was also evaluated (Figure 5.10), and 
sialylation of these mutants is 1.13% for N221 (Figure 5.10F), 0% for N297 (Figure 5.10E) and 23.50% 
for N563 (Figure 5.10D). A decline of sialylation is observed between the pair of mutant N297A/
C575A (Figure 5.10A) and N297/C309L/C575A (Figure 5.10D) as the percentage of sialylation drops 
from 46.74% to 23.50%. The other two mutants also have a minor decline of sialylation percentage 
from their C309 available counterparts.

5.2.3.2  The impact of multiple N-glycosylation sites on IgG1-Fc glycosylation from the 
HEK293 cell system 

There are abundance shifts of sialylation on glycans from mutants with multiple N-glycosylation 
sites expressed in the CHO cell system. Comparably, the levels of sialylation on mutants with multi-
ple N-glycosylation sites of constructs from the HEK cell system are shown in Figure 5.12.

Consistent with the CHO cell system, the presence of N221 on sequences enhanced the expression 
of sialic acids on mutants D221N/N563A/C575A and D221N/N297A/C575A (Figure 5.12B and C). 
However, the synergistic effect of N221 and N563 for sialylation observed in the CHO cell system is 
not present on mutant D221N/C575A in this system (Figure 5.12D). The levels of sialylation is also 
affected once the mutation for C309L is included (Figure 5.12E, F, G and H). Sialylation is enhanced 
on mutants C309L/C575A than C575A (Figure 5.12 A and E; Figure 5.16 B and D), and this generally 
agrees with the observation in the CHO cell system for the same mutants. A relatively equivalent 
level of sialylation on D221N/N297A/C575A and D221N/N297A/C309L/C575A in this system is also 
consistent with the observation of these two mutants in the CHO cell system. However, the changes 
of sialylation on mutants from D221N/C575A to D221N/C309L/C575A and D221N/N563A/C575A 
to D221N/C309L/N563A/C575A are reversed in this system from that observed in the CHO cell 
system. 

To understand the absence of synergistic effect for sialylation on mutant D221N/C575A, a comparison 
of MALDI-TOF spectra of this mutant to D221N/N563A/C575A is present in Figure 5.13. A similar 
glycan distribution in the low mass range of these two mutants is observed. At higher mass D221N/
C575A exhibits a higher content of asialylated multi-antennary structures with potential LacdiNAc 
antennae, truncated GlcNAc and fucosylation (e.g. m/z  2867, 2908 and 2938; Figure 5.13A). D221N/
N563A/C575A presents mainly sialylated bi- and tri-antenanry structures with relatively lower level 
of fucosylation (e.g. m/z  2966 and 3054; Figure 5.13B). Furthermore, D221N/N297A/C575A is in-
cluded in comparison as the mutant without the proposed suppressive effect of N297 for sialylation 
(Figure 5.13C). There is an increase of the abundance of structures with potential LacdiNAc epitopes, 
truncation and branch fucosylation (e.g. 2081, 2285 and 2459) in this mutant, which are more abun-
dant than sialylated structures. This may imply a competing advantage of these antennary modifica-
tions to sialylation in this system. 
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1.80%  Sialylated
98.20%  Neutral
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82.78%  Neutral

D221N/N563A/C575A
15.13%  Sialylated
84.87%  Neutral

D221N/C309L/N563A/C575A
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90.63%  Neutral
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Figure 5.12 Sialylation level of multiple N-glycosylation site IgG1-Fc mutants from HEK293 cell system.
The recombinant constructs are indicated above these pie chart. See the legend of Figure 5.2 for detailed interpreta-
tion.
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Figure 5.13 MALDI-TOF Spectra comparison of IgG1-Fc mutants with multiple N-glycosylation site with 
C309.
D221N/C575A (A), D221N/N563A/C575A (B) and D221N/N297A/C575A (C). m/z  2840 to 3825 was zoomed in to visual-
ise. m/z  is assigned on spectra and corresponding cartoons are summarised in the bottom. See the legend of Figure 
5.1 for assignments.
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This suggested competition was also assessed in the set of C309 absent mutants as shown in Fig-
ure 5.15. In mutants D221N/C309L/C575A (Figure 5.14A) and D221N/N297A/C309L/C575A (Fig-
ure 5.14C), sialylation is low in abundance as a dominant appearance of various structures carrying 
potential LacdiNAc epitopes or truncated antennae. Mutant D221N/C309L/N563A/C575A (Figure 
5.14B) shows a limited glycan repertoire with mainly truncated bi-antennary complex structures with 
high mannose and mono-antennary structures indicating even less sialylation than its counterpart 
with C309 available.
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Figure 5.14 MALDI-TOF spectra of N-glycans of IgG1-Fc mutants with multiple N-glycosylation sites and 
C309 absence.
 The recombinant constructs are D221N/C309L/C575A (A), D221N/C309L/N563A/C575A and D221N/N297A/C309L/
C575A. See the legend of Figure 3.1 for assignments.
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5.2.3.3 Impacts of cysteines interplay on N-glycosylation of IgG1-Fc mutants from HEK293 
cell system

The impacts of the presence of cysteine residues on the mutants (Figure 5.15 and 5.16) was assessed as 
that on the mutants from the CHO cell system (Section 5.2.2.3). The N-glycan profiles of Hexa-Fc, 
mutant C575A and C309L are highly similar in terms of structures and relative abundance. In these 
three materials, the pool of complex glycans are mainly constituted of bi- and tri-antennary structures 
with trace amounts of sialylation that is detectable, such as m/z 2605. Truncated structures, m/z  1835 
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Figure 5.15 MALDI-TOF spectra of N-glycans IgG-Fc mutants. 
The recombinant constructs are Hexa-Fc (A), C575A (B), C309L (C) and C309L/C575A (D). See the legend of Figure 3.1 
for assignments.
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and 2040, are dominant in spectra; the content of high mannose structures varied in between these 
three materials to reach up to intermediate level of relative abundance. N-glycosylation of the fourth 
mutant, C309L/C575A, is still dominated by m/z  1835 and 2040, whereas signals for tri- and tetra-
antennary structure carrying sialic acid residues are detected in this mutant to show its distinction 
(Figure 5.15D). 

Unlike the same mutants expressed in CHO cell system, there is no precise difference between mu-
tants C575A and C309L (Figure 5.16B and C) for their sialylation, but they have a slightly higher ratio 
of sialylated structures than that of Hexa-Fc (0.63%, Figure 5.16A) as 1.8% and 1.51%, respectively. 
Even higher ratio (17.22%) of sialylation is observed on mutant C309L/C575A without both cysteine 
residues (Figure 5.16D). 

5.3 Discussion

In this study, we characterised the N-glycosylation of recombinant Fc fragments with varied numbers 
of N-glycosylation sites and cysteines in two popular cell line systems, CHO and HEK293, structur-
ally and semi-quantitatively. N-glycosylation on these Fc fusion mutants generally retain the bi-anten-
nary complex structures as the major species and acquired cell-specific structural features from these 
two recruited cell lines (North et al., 2010, Lo et al., 2013).  N-glycosylation of each mutant is mainly 

Hexa Fc
0.63%  Sialylated
99.37%  Neutral

C309L
1.51%  Sialylated
98.49%  Neutral

C575A
1.80%  Sialylated
98.20%  Neutral

C309L/C575A
17.22%  Sialylated
82.78%  Neutral

A

B

C

D

Figure 5.16 Estimation of sialylation level of IgG1-Fc mutants with varied disulfide bonding status. 
The recombinant constructs are indicated above these pie chart. See the legends of Figure 5.2 &5.8 for detailed in-
terpretation.
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different in the ratios of branching and antennary modifications. In particular, the levels of sialylation 
on N-glycans varied with the changes of N-glycosylation sites and cysteine residues between mutants.

In the CHO cell system, the previously described patterns of sialylation on Hexa-Fc mutants (Blun-
dell et al., 2017) are generally consistent in this study on matching mutants with knockouts of one or 
both cysteine residues forming relatively reduced multimers or monomers. N-glycosylation sites from 
insertion (N221) or tailpiece addition (N563) can be highly glycosylated. Their co-presence on a Fc 
sequence can contribute to a maintenance of the level of sialylation regardless of the status of multi-
merisation via disulfide bonding (Section 5.2.2.2). However, once the N297 site is presented on the 
sequence, a relatively lower ratio of sialylation is detected, and this might indicate that the presence 
of N297 could have a negative correlation with the overall sialylation.  Glycoproteomic experiments 
should be conducted to assess the exact location of each glycans on these glycosites to clarify the gly-
coform on each site in future with more materials. This would be very helpful to determine the actual 
contribution of the profiled structural features such as sialylation or branching or antennary modifica-
tions from each N-glycosylation site. This information would also help to understand the mechanism 
of this observed enhancement of certain structural features on a site-specific basis. In addition, the 
influence of cysteine residues on the levels of sialyation was compared. An interesting phenomenon is 
observed between the groups with/without the presence of N297. Mutants without N297 have higher 
sialic acid contents in their multimeric forms (C575A) than the monomeric ones with an exception of 
a pair of mutants D221N/N297A/C575A and D221N/N297A/C309L/C575A which have nearly equiva-
lent levels of sialylation. Nonetheless, the mutants with N297 have slightly higher contents of sialic acid 
in their monomeric forms (C309L/C575A) than the multimeric ones with the exception for one pair of 
mutants D221N/C575A and D221N/C309L/575A. This observation might indicate that multimeriza-
tion of Fc mutants might form preferred quaternary structures for the sialylation of N221 and N563. 
Instead, the increased sialylation on mutants with N297 might correlate to an improved exposure of 
their N-glycans for relevant components in the monomeric forms.

The HEK cell system has been employed in the production of IgGs to overcome the limitation of the 
CHO cell system which cannot assemble α2,6 linked sialic acids onto glycans. Although the HEK cell 
system is more capable of producing human glycan epitopes such as α2,6 linked sialic acid, our results 
agree with previous studies to suggest that the total level of sialylation on Fc mutants produced in the 
HEK cell system is dramatically lower than that in the CHO cell system (Gugliotta et al., 2017, Croset 
et al., 2012). The lowered sialylation may be mainly caused by the poor galactosylation of glycans on 
mutants expressed in the HEK cell system because terminal sialylation is dependent on the availability 
of Gal, but the truncated bi-antennary structure, m/z  1835, is always the base peak in all examined 
mutants. This downregulation of sialylation may also correlate to the capability of HEK cells to ex-
press more diverse terminal moieties. For instance, mutant D221N/N297A/C575A with mutation of 
N297A does not lead to a dramatic increase in the abundance of sialylated structures in comparison 
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with D221N/C575A. Instead, it leads to a significant increase of potentially truncated, branch fuco-
sylated, or LacdiNAc forming structures (Figure 5.12C). This would imply a competition of these vari-
ous modifications on N-glycans antennae with sialylation in the HEK cell system. The effect of N221 
and N563 to enhance total sialylation is limited to a few mutants in this system, and the suggested 
influence of cysteine residues are also not generally consistent with that observed in the CHO cell 
lines. Interestingly, regardless of the cell system employed or the multimerization status, there is a pair 
of mutant D221N/N297A/C575A and D221N/N297A/C309L/C575A that always maintain a relatively 
high level of sialylation. This observation would indicate that there might be preferences for sites and/
or protein conformations to accommodate terminal modifications such as sialylation.

Multiple studies have compared the glycosylation of CHO and HEK cell systems for secretory protein 
production (Croset et al., 2012, Heffner et al., 2018, Bohm et al., 2015). The CHO cell system is more ca-
pable of producing well branched, highly sialylated and even LacNAc elongated N-glycans. The HEK 
cell system can assemble more neutral, less branched and sialylated structures with various human 
glycan moieties. The impacts of these featured glycans on glycan-lectin interactions was investigated 
by our collaborator who examined all the Fc mutants expressed in CHO cell system against a range 
of lectin receptors (Table 5.3). The results indicate that the sole presence of N563 on sequence such as 
N297A/C575A or N297A/C309L/C575A would confer a consistent moderate binding affinity of these 
mutants to Siglec-1. This indicates the accessibility of the enhanced sialylation on this N-glycosylation 
site to Siglec-1 lectin in either polymeric or monomeric status. Besides, the sole presence of N221 would 
confer a broad range of lectin reactivities on these two mutants as D221N/N297A/N563A/C575A and 
D221N/N297A/C309L/N563A/C575A to Siglec 1-4 and C-type lectins (e.g. CD23 and Dectin-2). Ex-
panded binding reactivities are observed on the monomeric mutant, and its interactions with C-type 
lectin might not only depend on the presence of glycan ligands but also their accesability. Because 
neither of the monomeric C309L/N297A/C575A nor C309L/N563A/C575A with different available 
N-glycosylation site had binding affinity to the examined C-type lectins, even though they might 
have a higher content of high mannose structures than the mutant D221N/N297A/C309L/N563A/
C575A which could be a ligand for these types of lectins. Thereby, the glycan and nearby sequence 
of the N221 N-glycosylation site could be a research target to identify a favourable binding moiety 
for C-type lectins on this recombinant Fc domain. In the presence of multiple N-glycosylation sites, 
the reactivity of mutants to Siglec receptors was generally enabled, with exception of mutant C309L 
which was only reactive to tested CD23. The monomeric mutants were generally conferred with a 
higher binding affinity and/or a broader binding reactivity to C-type lectins. For instance, the multi-
meric mutant D221N/C575A had binding affinity to Siglec 1-4 and occasionally to CD23, whereas its 
monomeric counterpart enabled binding to all tested C-type lectin with a high binding and enhanced 
binding strength to Siglec 1-4, simultaneously. There is only one exception that a monomeric mutant 
was less reactive to glycan receptors as C309L/N563A/C575A which could only occasionally bind to 
Siglec 4, but its multimeric counterpart was bound by Siglec 1-2 as well as Dectin-1, -2 and DC-SIGN 
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occasionally.  

Functionally, the binding of mutants to Siglec-4 would be beneficial to control neuropathy (Wong 
et al., 2016) and Siglec-2 binding can be involved in attenuating BCR signalling (Seite et al., 2010). 
However, due to Siglec-2 does not bind to α2,3 linked sialic acid which is normally produced in CHO 
cells, it is likely that the observed Siglec-2 binding might follow a glycan-independent approach but 
the enhanced glycosylation might still be involved in promoting the binding of glycan-independent 
ligands to Siglec-2 receptors (Alborzian Deh Sheikh et al., 2018). 

Besides, dectin-1 was shown to be able to associate with FcγRIIB via linking by IgG1 to block com-
plement signalling via tyrosine phosphorylation by syk family kinase to attenuate C5a receptor func-
tions (Karsten et al., 2012). As the binding IgG1 was required to be well galactosylated to achieve 
such binding, relatively high level of galactosylation on the N-glycans of mutants as D221N/C309L/
C575A and C309L/C575A, but less abundant sialylation, might provide the desired ligands to bind 
this lectin and engage in the suggested biological events. Monomeric mutants such as D221N/C309L/
C575A and C309L/C575A could both bind to DC-SIGN, this binding would be beneficial for immune 
cells to express inhibitory FcRs and consequently suppress immune responses (Anthony et al., 2011). 
In addition, branching and even antennary elongation observed on mutants such as D221N/N297A/
C309L/N563A/C575A or N297A/C575A could be a ligand candidate for galectin family lectins. Due 
to the CHO system only being able to produce α2,3 linked terminal sialic acids, it is very likely that 
galectin family proteins such as galectin-1 and -3 can be reactive to the branched and/or elongated 
N-glycans assembled on these mutants. Thereby, it could be interesting to examine the reactivities of 
these mutants with galectin family proteins, and potential functional implications such as to engage 
in or interfere with certain protein cross-linking by galectins.
 
Mutants with enhanced glycosylation also obtained reactivities against other receptors. For instance, 
D221N/C309L/N297A/N563A/C575A was shown to have a broad range of interactions with FcRs 
(FcγRI, FcγRIIb AND FcγRIIIA) and even influenza hemagglutinins (Blundell et al., 2019). This 
would indicate a pronounced contribution of the N-glycans assembled on the Fc mutants by the CHO 
cell system. This also highlights the importance of understanding the functions of the structural fea-
tures obtained from the CHO cell system, as branching, sialylation and antennary elongation all im-
pact on lectin dependent/independent interactions. 

However, to date there is no comparable information available for these mutants expressed in the 
HEK cell system, which present more varied terminal moieties such as LacdiNAc and Lewis antigens. 
Lewis-x antigen has been shown to be able to induce potent immune responses (Hsu et al., 2007), 
whereas the expression of lewis antigens in cancers has also been correlated to the cancer progression 
(Blanas et al., 2018). LacdiNAc was also proposed as a ligand, expressed on helminths parasites, which 
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could be bound by galectin-3 from macrophages to induce immunorecognition, and the fucosylated 
version of this moiety could also be expressed on parasites and be recognised by immune system 
(van den Berg et al., 2004). Besides, glycodelin expressed mainly in the uterus system can also express 
LacdiNAc with sialylation or fucosylation (Dell et al., 1995), and the expression of LacdiNAc epitopes 
has been reported positively or negatively related to the progression of different cancers (Hirano et 
al., 2014). Thus, it is possible that LacdiNAc might be engaged in relevant events to regulate tumour 
progression or foetus developments. Subsequently, without a precise improvement of sialylation of 
Fc mutants expressed in the HEK cell system, the effects of these various epitopes should be criti-
cally evaluated to ensure their compatibility and effectiveness. Alternatively, a genetic modification 
for the CHO cell system has been successfully conducted in which the relevant glycosyltransferases 
to produce α2,6 linked sialic acids onto IgG1 could be introduced (Raymond et al., 2015). Thereby, 
a further modification on this described system to knockout α2,3 sialyltransferases combines with 
the N-glycosylation site manipulation technique applied in this work could be a considerable avenue 
for achieving the biomedical purpose to generate consistent and efficient Fc-fusion protein with α2,6 
linked sialic acid to promote strong immunomodulation effects for countering autoimmune diseases.

Due to the limitations of time the antennary organisation and modification were unable to be fully 
defined. However, these undefined structural features can be continued by further MS/MS experi-
ments and GC-MS linkage analysis. Moreover, glycoproteomics experiments are also needed to ver-
ify the exact glycoform on each N-glycosylation site to evaluate the applicability of these glycans in 
lectin-glycan interactions as well as to understand the manner of site-specific glycosylation on these 
N-glycosylation sites.
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Chapter VI. Cryoglobulin
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Chapter  6 Cryoglobulin

6.1 Introduction

Cryoglobulin is a subgroup of pathogenic immunoglobulins which features as reversible precipitation 
under low temperature in vitro. Cryoglobulins can principally cause a type of vasculitis (Braun et al., 
2007), named cryoglobulinaemic vasculitis, in small to medium sized vessels in vivo. 

Historically, Wintrobe and Buell first described cold-precipitating proteins identified from the serum 
of a multiple myeloma patient in 1933 (Wintrobe. and Buell., 1933). The name, cryoglobulin, was 
then given by Lerner and Waston to these temperature-dependent precipitating proteins (Lerner and 
Watson, 1947). In 1974, Brouet proposed a widely accepted classification of cryoglobulins based on 
the observation of clonality and constitutions of immunoglobulins from clinical practices (Brouet et 
al., 1974). In this classification, cryoglobulins are classified into three categories as type I, II and III 
(Figure 6.1). 

Type I cryoglobulins refer to cryoglobulins with a single constituent of monoclonal immunoglobulins, 
mainly IgG. The monoclonality of these cryoglobulins results from the expansion of a single clone, 
possibly in malignancy or indolence or secondary to other lymphoproliferative disorders (Auscher 
and Guinand, 1964, Somer, 1966, Meltzer et al., 1966, Slavin et al., 1971, Klein et al., 1972).

Type II and III cryoglobulins are both mixed cryoglobulins which are featured as an antigen-anti-
body association of IgM and IgG (Lospalluto et al., 1962, Auscher and Guinand, 1964, Costanzi et al., 

Figure 6.1 Schematic paradigms of the classification of cryoglobulins
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1965). The type II cryoglobulins commonly consist of polyclonal IgGs and monoclonal IgM which 
has rheumatoid factor (RF) activity. The RF activity enables monoclonal IgM to interact with the Fc 
of polyclonal IgGs. Type III cryoglobulins are immune complexes consisting of polyclonal IgM and 
IgG. These two types of mixed cryoglobulins are often relevant to chronic infectious diseases, includ-
ing viral (hepatitis B and C), bacterial or parasitic infections, and auto-immune diseases as systematic 
lupus erythematosus or rheumatoid arthritis (Lospalluto et al., 1962, Auscher and Guinand, 1964, 
Costanzi et al., 1965).

Cryoglobulins are not significantly different from normal immunoglobulins in general structure, and 
they have similar electrophoretic mobility to serum mono- or polyclonal immunoglobulins (Meltzer 
and Franklin, 1966, Shihabi, 1996, Musset et al., 1992). Their heterogeneous origins complicates the 
determination of identical sequences that could correlate to their cryogenic properties, and thereby 
no consistent protein sequence or characters have been suggested to be responsible for the cryogenic 
activities.

Even if there is no identical sequence moiety that could be correlated to the cryogenic properties of 
cryoglobulin, the impacts of glycosylation on the formation of cryoprecipitate have been progressively 
studied on a particular subtype of IgGs—murine IgG3. Human and murine IgG3s can self-associate 
via spontaneous Fc-Fc interaction as type I cryoglobulins (Grey et al., 1968, Capra and Kunkel, 1970). 
This complex formation could lead to a temperature dependent insolubility of IgG3 molecules, where-
as formation of IgG3 cryoprecipitate required RF activities of IgG3 to cause relevant biological con-
sequences (Berney et al., 1992). Panka and colleagues firstly reported that a direct mutagenesis on a 
N-glycosylation site (N471S) of the CH3 domain of IgG3 RF could reduce its ability of self-association 
(Panka, 1997). A study with hybrid IgG which had identical heavy chain sequences expressed in dif-
ferent cells found that the pathogenic activity of IgG3 cryoglobulins was decreased while there was an 
increase in the level of galactosylation (Mizuochi et al., 2001). Another study investigated cryogenic 
activities of IgG3 RF antibodies with the same heavy chain sequence plus a knockout of N471 (N471T) 
on the CH3 domain. They concluded that the CH3 domain N-glycosylation site was not involved in 
the cryo-precipitation and suggested that the level of galactosylation was negatively correlated to the 
cryogenic activities of IgG3 RF cryoglobulins (Kuroki et al., 2002). The same group then amended 
their suggestion in the following study to that the level of sialylation was responsible for the cryogenic 
activities of IgG3 cryoglobulins as they examined more cryogenic variants of IgG3 (Kuroda et al., 
2005). They found that the galactosylation level of these variants was not identical, and the cryogenic 
IgG3s, which remained in solution after the initial cryo-precipitation in vitro, was then unable to form 
cryoprecipitate and had a relatively higher content of sialic acids (Kuroda et al., 2005). This evidence 
might imply that the cryogenic activities of cryoglobulins could solely be determined by the status of 
their glycosylation. The protective effect of sialylation on IgG3 cryoglobulin was further assessed by a 
group using mutagenesis approaches to enhance the level of sialylation on IgG3 sequences. They found 
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that the nephritogenic activity of IgG3 cryoglobulin was dependent on the level of sialylation which 
also negatively regulated the cryogenic activity (Otani et al., 2012).

As glycosylation was shown to have possible regulatory impact on the cryogenic activity of IgG3 cryo-
globulins, it was hypothesised that the observed role of glycosylation on murine IgG3 cryoglobulin 
could be translated to that of mixed type cryoglobulins. Thereby, a system that employed an estab-
lished cryoglobulin mouse model which overexpresses thymic stromal lymphopoietin (TSLP) to pro-
duce type III mixed cryoglobulins was assessed (Taneda et al., 2001). TSLP is a cytokine which was 
originally found to facilitate the development of IgM+ B cells (Friend et al., 1994, Sims et al., 2000). 
Overexpressing this cytokine in mouse models could result in a systematic increase of polyclonal IgM 
and IgG production and the deposition of these antibodies in kidney (Taneda et al., 2001, Astrakhan 
et al., 2007). The cryogenic activities of these deposited polyclonal antibodies resulted in the develop-
ment of cryoglobulinaemic glomerulonephritis and type III cryoglobulins in model animals (Taneda 
et al., 2001, Astrakhan et al., 2007). This recruited mouse model is identified to mimic two important 
features of human cryoglobulinaemic glomerulonephritis: 1) macrophage influx and 2) occlusion of 
glomerular capillaries (Taneda et al., 2001). However, in vivo pathogenic studies of this mouse model 
indicated that the pathogenesis of their cryoglobulins were independent from Fcγ receptors and com-
plement cascade (Muhlfeld et al., 2004, Guo et al., 2009). 

In this chapter, we aim to characterise the N-glycan repertoires and verify the protein compositions of 
IgG and cryoprecipitate from the TSLP transgenic mouse model. By combing information from both 
aspects, we aim to understand the role of glycosylation in the cryogenic activity of type III cryoglo-
bulins. 

6.2 Results

6.2.1 Research Strategies

The study was undertaken in collaboration was with Professor Alan Salama of Royal Free Hospital, 
University College London, London. They maintained the model animal resources and provided IgG 
materials and cryo-precipitates for analysis. We received two sets of samples to analyse: 1) murine 
IgG materials which were purified from TSLP and WT murine sera by a protein G column; 2) cryo-
precipitates harvested from TSLP murine serum had been incubated at 4 ºC for 24 hours for cryopre-
cipitation. The glycomics and proteomics strategies for this project are summarised in Figure 6.2
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Figure 6.2 Schematic paradigm of research strategies applied in this project

6.2.2 N-glycosylation of murine IgG from transgenic TSLP and WT mice

To profile the N-glycan repertoires of IgG materials from both mouse groups, MALDI-TOF MS based 
glycomic analysis was performed.  Figure 6.3 shows a comparison of IgG N-glycan profiles between 
TSLP (Figure 6.3A) and WT mice (Figure 6.3B). The N-glycan profile of WT IgGs N-glycans is gener-
ally consistent with previous publications (Blomme et al., 2011). Bi-antennary structures are exclu-
sively observed in this spectrum, and three core-fucosylated bi-antennary structures (m/z  1835, 2040 
and 2244) are predominant in abundance with varied galactosylation levels (n=0-2). Sialylation on the 
antennary LacNAc is also observed (m/z  241, 2635, 2852 and 3026). Instead of observing a NeuAc 
sialic acid capped terminal, NeuGc is found on all sialylated terminals of antennae. A di-sialylated bi-
antennary structure at m/z  2852 is the only one without core-fucosylation which could indicate possi-
ble origin from other serum glycoproteins as it was the base peak in the spectrum of previous analysis 
of total murine serum glycome (Blomme et al., 2011). In addition, a core-fucosylated bi-antennary 
structure, m/z  2839, is identified near the baseline carrying a sialyl-LacNAc and a putative Gal-α-Gal. 

IgG materials from TSLP mice exhibit a comparable glycoform to that of WT with an exception for 
two other high-mannose structures in the spectrum as Man5 (m/z  1579) and Man6 (m/z  1783). Be-
sides, semi-quantitatively, a decrease of sialylation in TSLP is discernible as the relative abundance of 
mono-sialylated bi-antennary structure m/z  2635 becomes lower in comparison with its asialylated 
precursor m/z  2244. The ratio of relative abundance of m/z  2635 to 2244 becomes 63% in the TSLP 
from 134% in the WT control. 
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6.2.3 Fragmentation analysis for m/z  2839 from TSLP IgG N-glycans

To verify the presence of NeuGc and Gal-α-Gal moieties on this murine N-glycans from the IgG of 
TSLP murine serum, fragmentation analysis was carried out on a MALDI-TOF/TOF instrument with 
CID fragmentation. Figure 6.4 presents the spectrum of interested ion m/z  2839. Sialyl-LacNAc with 
NeuGc on this structure is validated by the presence of a pair of b- and y-ions as m/z  877 and 1984. 
The linear arrangement of this sialyl-LacNAc antenna is verified by observing a series of y ions as m/z  
2434, 2230, 1984 and 1780. The antenna with Gal-α-Gal is also unambiguously validated as discerning 
a sequential fragmentation from its terminal Gal to base Man as y ions m/z  2621, 2417, 2172 and 1967. 
Core-fucosylation on reducing end GlcNAc is verified as observing m/z  2388 which corresponds to a 
loss of reducing end Fuc-GlcNAc di-saccharide. 

1550 2040 2530 3020 3510 4000Mass (m/ z)
0

50

100

1579

1783

1835

2040

2244
2431 2635

2839
2852

3026

A

1550 2040 2530 3020 3510 4000Mass (m/ z)
0

50

100 1835
2040

2244
2431 2635

2852
3026

B

Figure 6.3 MALDI-TOF spectra of murine IgGs from TSLP and WT serum. 
N-glycoprofiles of IgG N-glycans are shown for TSLP(A) and WT(B). A protein G purification was performed after sam-
ple collection. N-glycans were extracted from the purified IgGs. N-glycans were then permethylated and 50% Ace-
tonitrile/Water fractions were employed for data acquisition. All the ions are observed as [M+Na]+, and all the assign-
ments are based on knowledge of biosynthetic pathway as well as compositional information.
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Figure 6.4 MALDI-TOF/TOF spectrum of m/z  2839 selected from TSLP IgG glycans. 
The ion is selected from the screened N-glycan repertoire (Section 6.2.2) and to verify the suggested structural 
feature. All ions were observed as [M+Na]+ and all the assignments are based on knowledge of the fragmentation 
pathway for permethylated glycans.

6.2.4 Proteomics analysis for protein composition of TSLP and WT murine 
IgGs

To simultaneously verify the purity of IgG preparations, deglycosylated peptides of both materials 
were subject to a standard proteomics analysis by an LC-MS/MS on the Waters Synapt system. A Mas-
cot search was conducted for acquired MS and MS/MS data automatically to verify protein identities 
in both samples.

The Mascot Search automatically assigned different hits across species for each material, so that these 
hits were manually filtered to the experimental species, mus musculus (mouse). 45 hits remain in the 
filtered list of TSLP material (Table 6.1), major hits are immunoglobulin kappa (IgK) chains from Fab 
region. Three hits for the constant region of Immunoglobulin γ (IgG) chain are found as IgG1 (se-
creted/membrane bound) and IgG2B. Interestingly, hits for immunoglobulin mu (IgM) and joining 
(J-chain) chain are also found in this list which could indicate the presence of IgM pentamers in this 
material (Yoo et al., 1999).  The ratio of IgG to IgM is preliminarily evaluated by their protein product 
intensity sum (MS/MS) as approximately above 10:1 (summed intensity of IgG secreted form and 
IgG2 γ chain: IgM=5734061:555021). 
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 Unlike the TLSP material, there are 48 hits in the filtered list of WT material (Table 6.2) without any 
hit correspond to J-chain or IgM. Instead, other serum proteins and common protein contaminants 
were detected in this material including hemoglobulin, serum albumin and keratin at relatively trace 
amounts. Besides, hits of IgK are still high-scored in the list, and four hits for IgG chains have been 
identified including a new IgG3 hit. The listed contaminants are not N-glycosylated (Ku et al., 2010, 
Anguizola et al., 2013), therefore the characterised glycome for WT IgG material should be representa-
tive for its N-glycosylation.
 
6.2.5 N-glycosylation of cryo-precipitate from TSLP transgenic murine sera

The glycomics analyses for cryo-precipitates were performed on three independent batches of cryo-
precipitates harvested from multiple TSLP model mice. As described in Section 6.1, the employed 
mouse strain was characterised as producing type III cryo-globulins which consisted of polyclonal 
IgMs and IgGs. In addition, to gain a maximum quantity of cryoprecipitates, protein G columns were 
not applied to these materials for purification in our collaborator’s laboratory.

Figure 6.5 MALDI-TOF spectra of three independent batches of TSLP cryopreicipitates
These three batches are first batch (A), second batch (B) and third batch (C). They were all directly analysed without a 
prior protein G purification. See the legend of Figure 6.3 for assignments.
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Figure 6.5 shows the spectra of N-glycans from all batches of tested cryoprecipitate materials. The 
first and second batches of cryoprecipitate generally share simmilar glycoforms (Figure 6.5A and B). 
Their glycoforms consist of a full range of N-glycans from high-mannose to complex type. Sialyla-
tion is a common modification on these multi-antennary hybrid and complex glycans, such as m/z  
2216 and 3026. The overall glycomes are dominated by sialylated bi-antennary structures with and 
without core-fucosylation (e.g. m/z  2461, 2635, 2852 and 3026). However, the previously described 
three core-fucosylated bi-antennary structures (m/z  1835, 2040 and 2244) become less dominant in 
abundance than in the characterised TSLP IgG (Section 6.2.1). Structures at m/z  3243 and 4083 are 
found in both spectra which have an extra NeuGc residue in composition with all LacNAc antennary 
terminals already fully capped with sialic acids. Thus, this observation raised a speculation that both 
batches of materials contain transferrin. This is because transferrin has been characterised as a serum 
glycoprotein specifically carrying N-glycans with di-sialylated LacNAc antennae (Freeze, 2006, Ry-
men et al., 2012). 

In contrast to the above two cryoprecipitate materials, there is no detection of tri- and tetra-antennary 
structures in the third batch of cryoprecipitates (Figure 6.5C). Fully galactosylated bi-antennary struc-
tures such as m/z  2244, 2635 and 2839 are of relatively low abundance. High mannose glycans are 
predominant in this batch of N-glycans at m/z  1579 and 1783. Two core-fucosylated bi-antennary 
structures at m/z  1835 and 2040 as well as truncated mono-antennary structure m/z  1590 are also 
dominant in the spectrum. 

As the third batch of materials has a strikingly less complex N-glycoform, remaining materials was 
subject to further verification for of both glycan structures and protein identities. 
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Figure 6.6 MALDI-TOF/TOF spectrum of m/z  3243 selected from the first batch of TSLP cryoprecipitates. 
This ion wask peaked for validation of the presence of di-sialylated antenna. See the legend of Figure 6.4 for the as-
signments.

6.2.6 Fragmentation analysis for m/z  3243 of N-glycans from TSLP cryo-
precipitate 

To verify the proposed di-sialylated LacNAc, m/z  3243 was subject to fragmentation analysis as shown 
in Figure 6.6. A pair of b- and y-ions are identified in the spectrum at m/z  1268 and 1998 which cor-
respond to the cleavage of a di-sialylated LacNAc sequence. Notably, a β elimination of NeuGc-Gal 
di-saccharide is also observed as a pair of cz ions at m/z 650 and 2616 which reflects the presence of a 
β1,3 linkage Type I arrangement of terminal sialylated LacNAc moieties. NeuGc Sialyl-LacNAc was 
also verified by the presence of a by ion pair as m/z  877 and 2389. 

6.2.7 Proteomics analysis for cryo-precipiate from transgenic TSLP mice

There are 79, 17 and 89 hits identified after species filtration as described in Section 6.2.3 for the first, 
second and third batches of cryoprecipitate materials (Section.6.2.5, Table 6.3, 6.4 and 6.5), respec-
tively. Hits for IgG1 and IgM are consistently present in all cryoprecipitate materials which agrees 
with the previous suggestion for mixed-cryoglobulins yielded from this animal model (Taneda et 
al., 2001). However, other serum proteins also abundantly appear in these materials including sero-
transferrin, hemoglobulin, serum albumin and apolipoprotein; the serum components and their rela-
tive abundance are varied between different batches. The complexity of cryoprecipitate components 
could be the result of random association or steric trapping with these serum components during the 
process of cryoglobulin precipitation. Besides, the ratio of IgM to serotransferrin to IgG is generally 
evaluated as in Section 6.2.4 as approximately 7.7:4.8:4.5 in the first batch, 2.1: 0.6: 0.11 in the second 
batch and 4.5:0.6:0.19 in the third batch. The dominant presence of serotransferrins and IgM in these 
cryo-precipitates could imply their contributions to the profiled N-glycan repertoire of each batch of 
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materials. Moreover, other Ig proteins such as immunoglobulin epsilon (IgE), alpha (IgA) and hap-
toglobulin are found in some batch of these materials. Hence the profiled overall N-glycan repertoire 
for each cryo-precipitate material would rather be composed of a complex mixture dominated by IgM 
and serotransferrins other than that of IgGs.
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 6.3 Discussion

In this chapter we characterised the N-glycan repertoire of IgG and cryoprecipitate materials from 
the TSLP transgenic mouse model (Section 6.2.2 and 6.2.5) and verified their protein compositions 
by proteomics (Section 6.2.4 and 6.2.7). These results exhibit the complexity of this type of cryopre-
cipitation.

The glycomics study of murine IgGs illustrated a relatively similar glycome between the materials 
from the TSLP overexpressing mouse model and wide-type control, with a minor semi-quantitative 
difference of sialylation. Both glycomes are dominated by bi-antennary core-fucosylated N-glycans 
with varied galactosylation and sialyaltion. Proteomic studies reveal that impurities exist in both IgG 
materials. The WT IgG material has a relatively less severe contamination as its major contaminants 
were not reported to have N-glycosylation, therefore there is a minor impact of the characterised 
glycome for WT IgG. Instead, TSLP IgG material has a minor content of IgM and its joint J chain 
contaminants. These two Ig contaminants can be N-glycosylated with heterogeneous structures rang-
ing from high mannose to complex type. Their actual contributions to the abundance of structures 
presented in the glycome of TSLP IgG are difficult to evaluate. Thereby, it is challenging to make an 
accurate semi-quantitative comparison of glycan features such as sialylation between the actual TSLP 
and WT IgGs. In addition, even the TSLP mouse model was suggested to circulate a high load of cryo-
globulins in its body, it would still have an extent of immunoglobulins which are not cryo-precipita-
tive (Taneda et al., 2001). The recruited approach to harvest IgGs from murine sera is not specifically 
designed to separate cryogenic and non-cryogenic antibodies. Thus, it is likely that the glycoforms of 
both groups of antibodies were mixed in the TSLP IgG and then the significance of targeted alteration 
on glycans might be diluted.

The study of cryoprecipitates exhibits more diverse results. As the glycomics analysis was directly 
performed on cryoprecipitates without pre-purification, the results of glycomic profiling show a col-
lection of polyclonal IgM and IgG glycans from type III mixed cryoglobulins with possibly some 
degree of contamination from serum proteins. Inconsistent glyco-profiles were recovered from three 
independent batches of TSLP cryoprecipitates. Sialylation is dominant in 2 of 3 batches, whereas only 
trace level of sialylation was found in the third batch of cryoprecipitates. Moreover, fragmentation 
analysis for selected glycans from the highly sialylated batches of cryoprecipitates verified the pres-
ence of di-sialylated LacNAc antennae which are a typical glycan moiety of serotransferrin N-glycans. 
Subsequent proteomics analysis confirmed the presence of serotransferrin in all cryoprecipitate mate-
rials with varied abundance which generally corresponds to the observed levels of sialylation in each 
batch of cryoprecipitates. IgM which is highly ranked in the proteomics list might mainly contribute 
to the dominant high mannose, hybrid and non-sialylated complex type of glycans as observed in the 
third batch of cryoprecipitate with the relatively lowest levels of serotransferrin and IgG. There are few 
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glycomic studies of murine IgM glycosylation via various technologies (Anderson et al., 1985, Leibiger 
et al., 1998, Wang et al., 2003) and they have a consistent observation for a complicated N-glycan rep-
ertoire ranging from high mannose to complex type. But they had various suggestions for the exact 
glycoforms of murine IgM due to the difference of employed cell lines for IgM production. There was a 
report to suggest that heterogeneity of glycosylation did exist between murine IgM’s and even another 
report suggested that glycosylation of a human IgM produced in a hybridoma cell was different from 
that at its parental cells (Fukuta et al., 2000, Wright et al., 1990). Hence, it is necessary to validate the 
major N-glycosylation patterns of TSLP IgM, and this might be helpful to clarify the contribution of 
IgM glycans to the observed glycomes of cryo-precipitates. In addition, the contribution of IgG for the 
glyco-profile might be indistinguishable in the analysed cryoprecipitates as it has the lowest protein 
abundance in the compared glycoproteins and a glycoform that is likely to partly overlapped with the 
combined glycomes of serotransferrin and IgM. There is still an approach to clarify the glycomes of 
IgG in these cryo-precipiates. A glycoproteomic study would allow site-specific identification of the 
glycan structures and linking peptide backbones, simultaneously. Due to the complexity of the cryo-
precipiate composition, an enrichment of IgM or IgG should be undertaken before the glycoproteom-
ics experiments by methods such as electrophoresis and affinity chromatography. 

Based on our mass spectrometric data, we would suggest that the analysed cryoprecipiates of type III 
cryoglobulins produce a complicated N-glycan repertoire from a mixture of serum components. The 
complex itself contains the suggested IgM and IgG components, with IgM in predominance in protein 
composition. Other serum components such as serotransferrin and other immunoglobulins possibly 
associated with the suggested IgM and IgG complex in a relatively random manner. This random as-
sociation could be the result of a physiochemical restriction or RF activities of various Ig proteins dur-
ing the precipitation process. Therefore, the complex N-glycan repertoire might not directly reflect its 
biological relevance to the proposed modulatory functions of IgG glycans for the cryogenic activities 
of cryoglobulins. However, the research could still be continued on this avenue, because this study was 
mainly restricted to the challenges of recovering optimal Ig materials. Procedures to purify the cryo-
precipitates with affinity chromatography and then re-perform the cryo-precipitation on the purified 
materials for obtaining relatively high degree of cryogenic antibodies would be informative. However, 
obtaining enough experimental material from the TSLP transgenic mice is challenging, and heteroge-
neity might be introduced by a large pool of glycans from various mice. Therefore, an optimisation of 
the sampling strategy would be in a great need to improve the recovery rate and specific separation of 
cryogenic antibodies economically.

After incorporating the glycomics and proteomics results of TSLP cryoglobulins and IgGs, it is hard 
to suggest a structural feature or change of N-glycosylation that correlates to the cryogenic activities of 
the mixed cryoglobulins from TSLP mice. This inconclusive suggestion might reflect the differences 
of this work to the referred IgG3 studies. The TSLP cryoglobulins are mainly consist of IgM, IgG1 and 
IgG2. They are unable to self-associate as IgG3 does, so that their Ig-association and even cryogenic 
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activities could mainly be based on their RF activities to form immune complexes (Kolopp-Sarda and 
Miossec, 2018, Abdelmoula et al., 1989). Murine IgG3 exclusively has two extra N-glycosylation sites 
in its sequence, and one site located at the CH3 domain of IgG3 was studied for its involvement in cry-
ogenic activities (Plummer et al., 1984, Panka, 1997, Kuroki et al., 2002). There have been contradic-
tory suggestions for the involvement of this site (Panka, 1997, Kuroki et al., 2002), but this controversy 
cannot exclude the possibility, because these two studies did not perform a consistent mutation on the 
murine IgG3 sequence. The influence of different amino acid choice for mutation could have cause 
the controversial observations. Moreover, as previous studies shown that additional N-glycosylation 
sites on protein sequence could influence the overall N-glycosylation of glycoproteins (Blundell et 
al., 2017, Picanco-Castro and Swiech, 2018) resulting in hyper-glycosylation. Thus, it is likely that the 
impacts of the two extra N-glycosylation sites of IgG3 on its N-glycosylation and cryogenic activity 
might be underevaluated in previous mutagenesis studies (Panka, 1997; Kuroki et al., 2002). However, 
this potential influence of glycosylation is very unlikely to have on TSLP cryoglobulins. Besides, as a 
monoclonal cryoglobulin, the sequence of the studied IgG3 has been well characterised (Plummer et 
al., 1984), and even some positively charged residues on its heavy chain variable regions were deter-
mined as a secondary factor to influence its cryogenic activities (Panka et al., 1995, Kuroki et al., 2002). 
On the contrary, several early studies suggested that monoclonal cryoglobulins were more negatively 
charged (Erickson et al., 1982, Gerber-Jenson et al., 1981, Middaugh and Litman, 1978) and there have 
been no relevant studies for the polyclonal cryoglobulins from the TSLP mouse model. Thus, detailed 
sequencing studies are necessary to clarify the contribution of amino acid sequence to the cryogenic 
activities of polyclonal cryoglobulin. 
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Concluding Remark

In this thesis, the focus of study is on the mass spectrometry-based structural elucidation of glycans 
from three different systems: PSG1, IgG (Fc) and canine melanoma, which are all immunologically 
important. They modulate or facilitate immune systems to induce or suppress immune responses for 
particular objectives .The obtained structural information of their glycans is assisting investigations 
of their roles in immunity. Their correlation with immune system mechanisms could be invaluable to 
guide medical design to facilitate or inhibit certain functionalities to cure patients from challenging 
diseases by patient’s own immunity. In addition, the observed macro- and/or micro-heterogeneity of 
these three glycosylation systems also highlights the importance of mass spectrometric strategies for 
studying such heterogenous glycans and even larger glycoconjugates.

In the PSG1 project (chapter 3), I carried out glycomics and glycoproteomics studies for the structural 
definition of glycans as well as their site-occupancy on the sequence of PSG1. The results of native 
PSG1 N-glycosylation illustrated a quantitatively well-regulated core-fucosylation as well as a site-
specific branching on N-glycan structures.  The characterised N-glycome indicated potential reac-
tivities between PSG1 and immunomodulatory lectins such as galectins and siglecs. These potential 
reactivities might be associated with the unsolved interacting mechanism of PSG1 to a range of im-
mune cells, including macrophages, to trigger cytokine-dependent immunomodulation. In addition, 
the distribution of N-glycans on this protein sequence has been revealed by the glycoproteomics study. 
This information could be helpful for future studies to refine quaternary structures of this protein to 
predict the possible interaction of its molecular motifs to potential receptors. It is also important for 
future studies to investigate the mechanism of site-specific N-glycosylation as well as related func-
tional studies. This is because the specific site-occupancy on PSG1 N-domain by N-glycans are shown 
by our results and our collaborator’s functional studies to be able to interfere with protein-protein in-
teractions between PSG1 and integrins. Therefore, this aspect of macro-heterogeneity in glycosylation 
could be an interesting direction to investigate for understanding the mechanism to manipulate the 
functionality of a protein by site-specific glycosylation. The importance of combining glycomics and 
glycoproteomics studies in order to identify the structural determinants of glycan related interactions 
is also highlighted by this work.

In the canine melanoma project (Chapter 4), we characterised the N-, O- and glycolipid glycomes of 
a stage III melanoma that was surgically removed from a dog participating in a cancer vaccine clini-
cal trial at the University of Missouri. The glycans of canine melanoma generally share the typical 
structural features such as core-fucosylation, sialylation and linear poly-LacNAc extension with its 
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human counterparts.  This indicates that it could be an excellent model for pre-clinical studies of 
melanoma from a glycobiological viewpoint. The consistent expression of oncofoetal antigens such as 
linear poly-LacNAc shows suggested connections between the reproductive system and cancer by the 
Hu-FEDs hypothesis. Based on knowledge of human and murine immune systems, the presence of 
shared gangliosides would benefit cancer progression through manipulating the cytotoxic activities 
of NK cells via a ligation of ganglioside and inhibitory siglec-7 receptor (Yamaji et al., 2002). More re-
cently, the signalling of murine siglec-G was shown to be able to impair the cross-presentation of the 
MHC I complex on dendritic cells (Ding et al., 2016). The subsequent phosphorylation of NOX2 by 
SHP-1 triggered by siglec-G receptor could result in an excessive hydrolysis of exogenous antigens in 
DCs phagosomes. Consequently, the formation of MHC I complexes was restricted, and the severity 
of this effect was associated with the expression level of siglec-G on DCs. Thus, it is likely that tumour 
cells might recruit this approach to minimise the induction of cross-presentation of their antigens to 
the immune system and successive CTL responses. However, whether these mechanisms could still 
be viable in the canine immune system is still largely unknown, because the functional study of this 
animal model has lagged far behind. Future studies of lectin expression and distribution, in particu-
lar galectins and siglecs, in the tumour microenvironment of the canine system would help to get a 
deeper understanding of glycan interactions with immune cells as well as melanoma cells. Moreover, 
thorough studies of cell signalling triggered by the lectin-glycan interactions on these cells in the ca-
nine system would give invaluable information to critically evaluate the role of glycosylation on the 
development of melanoma as well as the responding mechanism of immune system to them in this 
canine system. More importantly, the comparability of canine melanoma to human melanoma and 
correpsonding immune systems could then be fully understood from a glycobiological viewpoint; and 
the developing glyco-immune strategy would subsequently be optimised to treat human melanoma 
in future. 

In the Fc fusion protein project (chapter 5), we analysed the N-glycosylation of engineered Fc fusion 
proteins from CHO and HEK293 cell systems. Manipulation of N-glycosylation site and polymerisa-
tion status on the Fc fusion proteins was shown to be able to improve the overall sialylation level and 
lectin interactions on glycans for potential treatments of autoimmune disease. In the CHO cell sys-
tem, hyper-sialylation could be observed on Fc fusion proteins and monomeric fusion proteins had a 
superior binding affinity to lectins, while their polymeric counterparts were preferable for Fc recep-
tors. Branching and elongation of N-glycan structures could also be observed on these Fc proteins, 
and this might implicate their interactions with galectins to engage in a wider range of immunological 
events. However, in the HEK293 cell system, a wider range of truncated or LacdiNAc related epitopes 
were found on the N-glycans. This reflects the differences of these two expression systems in terms 
of glycosylation machinery, and the characterised difference could help to choose the optimal cell 
lines for Fc fusion protein production to pursue certain structural features. This engineering approach 
could be a new avenue to study and optimise the N-glycosylation on Fc fusion proteins to regulate the 
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relevant biological functions, especially its immunomodulatory effects. It is also an ideal alternative to 
the original intravenous immunologulin treatment for suppressing auto-immune responses because 
of lower cost in production and more reliable quality control for glycosylation and subsequent clinical 
effects. 

In the cryoglobulin project (Chapter 6), I aimed to rigorously characterise the N-glycosylation of 
mixed type of polyclonal cryoglobulins. However, practical difficulties in sample preparation led 
to a challenge to extract valid information from the obtained results. I carried out direct glycomics 
and proteomics studies for the cryoprecipitates from murine serum. The diverse N-glycan profiles 
of cryoprecipitates indicated a possible heterogeneity between specimens, and proteomics sequenc-
ing verified the complexity of composition in these cryoprecipitates as accommodating a substantial 
population of other serum (glyco)proteins. Hence, the actual extent and features of N-glycosylation 
of cryoglobulins become difficult to be evaluated. Besides, the protein-level structural information of 
this type of cryoglobulins has not been well-defined. It is also necessary to comprehensively character-
ise the biochemical properties of this type of cryoglobulins from protein to post-translational levels .

The mass spectrometry strategy is invaluable in these studies of glycans and glycoconjugates. The 
MALDI-TOF/TOF based characterisation is powerful and sensitive to enable a combined MS and MS/
MS analysis of glycans from merely a few micrograms of protein materials. Glycan terminal moieties 
and antennary arrangement of LacNAc units can generally be characterised, and further glycosidic 
linkages of monosaccharide can be studied with linkage specific enzymatic digestion and GC-MS. 
The structural information obtained via the employed glycomics strategies should be able to facilitate 
unambiguous definition of glycan structures from mammalian glycoproteins and glycolipids. There is 
still a challenge in identifying the sulphation on glycans via permethylation based mass spectrometry 
analysis. To preserve the thermally labile sulphate group, a bespoke permethylation in cold environ-
ment was tried. But the results might not be able to define the presence of low levels of sulphation on 
glycans. Alternatively, as the development of hydrophilic interaction liquid chromatography (HILIC), 
a LC based pre-screening could be employed to verify the presence of sulphation prior to mass spec-
trometric analysis. This chromatography was shown to be able to separate glycan isomers on peptides 
(Badgett et al., 2018), and it is logical that the sulphated glycans could be distinctively separated based 
on their enhanced negative charge and unique composition of sulphate groups to the other glycans. 
The glycomics studies could be specifically carried out on an enriched population of sulphated glycans 
via an off-line LC system. Then the subsequent glycomics procedure for sulphated glycans can be con-
fidently optimised and conducted for structural elucidation.

The outstanding sensitivity of the Q-STAR instrument enabled the glycoproteomic study of PSG1, 
and the results facilitated the identification of site-occupation and site-specific glycoforms. This in-
formation is invaluable to understand the glycosylation machinery and the potential functionality of 
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glycans on specific sites. As a reversed-phase column was incorporated with the instrument, the reten-
tion of peptides without glycosylation could lead to a suppression of detection for glycopeptides. In fu-
ture work,  a HILIC column could be incorporated for enrichment of glycopeptides, possibly gaining 
a more targeting mass spectrometric analysis for glycans and even for the sulphated glycan species.

Overall, in this thesis, I characterised three glycosylation systems. Information arising from my work 
is being used by our collaborators in their ongoing functional studies.  Hopefully some of these stud-
ies could be transferred into clinical application in the near future. Besides, the mass spectrometric 
strategies could even be further developed with more advanced instrumentation as well as improved 
chromatographic separation technologies.
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Aminio acids and their residual molecular weight
Amino Acid Three letter code One letter code Redisue mass(Da)
Alanine Ala A 71.037
Arginine Arg R 156.101
Asparagine Asn N 114.043
Aspartic acid Asp D 115.027
Cysteine Cys C 103.009
Glutamic acid Glu E 129.043
Glutamine Gln Q 128.059
Glycine Gly G 57.021
Histidine His H 137.059
Isoleucine Ile I 113.084
Leucine Leu L 113.084
Lysine Lys K 128.095
Methionine Met M 131.040
Phenylalanine Phe F 147.068
Proline Pro P 97.053
Serine Ser S 87.032
Threonine Thr T 101.048
Tryptophan Trp W 186.079
Tyrosine Tyr Y 163.063
Valine Val V 99.068
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