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Abstract 

Protein glycosylation is responsible for modulating the numerous properties of 

secreted and membrane proteins. The glycan structures that are produced by the cell 

in the Golgi apparatus are only partially a result of the transcriptome of the enzymes 

responsible. As the activity of glycosylation enzymes is specific and sequential, a 

complementary factor in regulating glycan structure is the organisation of these 

enzymes within the Golgi apparatus. However, the organisation of glycosylation 

enzymes, including levels and localizations within the Golgi apparatus has only been 

accessible with advanced microscopy techniques and is limited to a small number of 

enzymes. In this work a computational model capable of predicting changes in Golgi 

enzyme localizations and activities informed by glycan profiles has been developed. 

This model is used to predict the localization of N-linked glycan-modifying enzymes in 

three human cell lines and then to predict changes in enzyme homeostasis in Cog4-

deficient cell lines and upon osteogenic differentiation. The results demonstrate the 

ability to infer Golgi enzyme organisation from glycan profiles and how this can be 

used to predict alterations to enzyme levels and localizations as a result of perturbation 

to the Golgi apparatus trafficking machinery or differentiation. This methodology could 

be used for the generation of tailor-made treatments for sufferers of congenital 

disorders of glycosylation, for example by suggesting appropriate monosaccharide 

supplements. The model also has the potential to link glycan function and Golgi-

enzyme organisation to differentiation, allowing for targeted glyco-engineered bone 

regeneration therapies.   
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Chapter 1: Introduction 

 

1.1 Membrane trafficking  

Mammalian cells are compartmentalised into membrane-bound organelles. Proteins 

and other biological material are often required to move between organelles and 

across lipid membranes. One manner in which macromolecules can be transported 

within the cell is through membrane trafficking. During membrane trafficking, 

molecules are encased in a lipid-based membrane such as a vesicle which is then 

transported to its destination. Vesicles contain specific cargo that does not mix with 

cytosolic proteins, and have designated sites of delivery. The secretory pathway 

makes use of membrane trafficking to transport de novo synthesised proteins from the 

ER to the cell exterior (figure 1.1) in order to modify the cell’s external environment. 

 

 

 

 

Figure 1.1 | Mammalian secretory pathway 

Showing the route of secretory proteins from the ER to the Golgi apparatus which acts as the 
protein-sorting hub of the cells. After traversing the Golgi apparatus proteins are sorted and 
sent to other organelles where the proteins perform their function.  Golgi-resident proteins are 
maintained in the Golgi by the action of coatomer protein complex-I (COPI) vesicles. 
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1.1.1 Golgi apparatus 

The Golgi apparatus is a dynamic cellular organelle that was discovered by and named 

after the Italian biologist Camillo Golgi in the 1890s. The Golgi apparatus is made from 

flattened disc-shaped cisternae (1) that form the Golgi stack. Mammalian Golgi stack 

formation involves the complementary action of GRASP55 and GRASP65 (Golgi 

reassembly stacking protein of 55 kDa/65 kDa) (2). The Golgi stack may be further 

compartmentalised into the cis cisterna, medial cisterna, trans cisterna and the trans 

Golgi network (TGN).  The cis cisterna of the Golgi stack faces the ER and receives 

newly synthesised proteins, while the trans cisterna and trans Golgi network are the 

exit sites from the Golgi apparatus. Typically for a mammalian Golgi stack, each 

cisterna is approximately 1 µm across (3) and the stack consists of between 3 and 8 

cisternae (4).   

 

In mammalian cells, the Golgi apparatus is peri-nuclear, is located near the 

centrosome and forms an interconnected twisted ribbon-like network, termed the Golgi 

ribbon (5). Vesicle traffic from the ER to the Golgi apparatus is dependent on the 

microtubule network. During mitosis the microtubule network becomes depolymerised, 

resulting in dispersion of the Golgi ribbon into mini-stacks (6). Golgi ribbon 

fragmentation can also be achieved with the microtubule depolymerising drug, 

nocodazole (7). The structure of the Golgi can vary between organisms. For example, 

in mammalian cells the Golgi stacks fuse with adjacent stacks to form the Golgi ribbon 

(8, 9). Ribbon formation has been demonstrated to be driven through GRASP65  

interacting with the mammalian protein Enabled, to promote actin polymerization and 

facilitate GRASP65 oligomerization between adjacent Golgi stacks (10).  The Golgi 

ribbon in mammalian cells differs from the Golgi of Saccharomyces cerevisiae, which 

appears as single dispersed cisternae (11), and also from the Golgi of Drosophila 

melanogaster and plants, which exist as individual Golgi mini-stacks (12, 13). Golgi 

morphology can also vary across cell types and pathologies (14, 15).   

 

1.1.2 Intra-Golgi trafficking 

The Golgi apparatus is the trafficking and sorting hub within the cell, that must be able 

to move secretory and cell surface proteins concurrently in the cis to trans direction 

(anterograde), while retaining and sorting resident Golgi proteins into the correct 

cisternae. A number of Golgi trafficking models have been suggested based on varying 
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amounts of evidence to describe the nature of intra-Golgi trafficking. Two of the most 

well-known and well-studied models are the anterograde vesicular model (16, 17) and 

the cisternal maturation model (8, 18). Other models of Golgi trafficking have been 

advocated (19, 20), but lack the volume of evidence compared with the vesicular and 

cisternal maturation models. That said, segregation of cargo prior to arrival at the TGN 

seems feasible (21) which could support a rapid partitioning-based model. The lack of 

consensus in the field on a Golgi trafficking mechanism is in part down to the inability 

of each model to explain all the experimental observations. 

 

The anterograde vesicular model of Golgi trafficking is perhaps the most intuitive Golgi 

trafficking model. This model envisages the Golgi cisternae as static vessels and that 

each cisterna contains a unique set of Golgi-resident proteins that include 

glycosidases and glycosyltransferases (22), thus maintaining the polarity of the 

organelle.  Proteins traversing the secretory pathway to the TGN are transported in 

COPI-coated vesicles that bud off from cisternae and move in an anterograde direction 

to adjacent cisternae, with which they fuse. Proteins that are to be retained in the Golgi 

cisternae are excluded from the COPI vesicles, thus preventing their exit from the 

Golgi apparatus. This model cannot explain analysis of COPI vesicles, which have 

been found to contain significant amounts of retrograde cargo including MAN2 (23). 

The vesicular model also cannot explain the secretion of larger cargoes, such as 

procollagen, which do not fit into COPI vesicles (24).  

 

The cisternal maturation model addresses some of the weaknesses of the vesicular 

transport model. The cisternal maturation model views the Golgi cisternae as the 

transport carriers of proteins in the anterograde direction. The COPI-coated vesicles 

containing Golgi-resident proteins move in a retrograde direction in the face of the 

anterograde travelling cisterna, thus retaining these proteins in the Golgi apparatus 

(figure 1.2). A new cis cisterna is formed through the fusion of coatomer protein 

complex-II (COPII) vesicles leaving the ER. The newly formed cis cisterna matures 

into medial, then trans, then into the TGN, thus carrying proteins forward in the 

secretory pathway. The non-linear, unique distributions of Golgi-resident proteins can 

be explained either by differential recycling efficiencies (25) or by the targeting of 

specific cargo-containing vesicles to specific cisternae (26). From a modelling 

perspective the distinction is irrelevant as long as traffic functions. 
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Figure 1.2 | Cisternal maturation model of Golgi trafficking 

Secretory proteins are packaged into COPII vesicles and fuse with COPI vesicles to form the 
endoplasmic reticulum-Golgi intermediate compartment (ERGIC). The ERGIC facilitates 
trafficking to the cis cisterna of the Golgi apparatus. The secretory proteins then remain within 
the Golgi cisternae which mature through the stack thus moving the secretory proteins to the 
medial and then trans face of the Golgi apparatus. In order to maintain and recycle Golgi-
resident proteins such as glycosyltransferases, COPI vesicles transport these proteins in a 
retrograde fashion. 

 

 
1.1.3 Conserved oligomeric Golgi complex 

The conserved oligomeric Golgi (COG) complex is a hetero-octameric protein 

complex, consisting of subunits termed Cog1-8, that has been implicated in retrograde 

intra-Golgi vesicle trafficking. The COG complex is a member of the complexes 

associated with tethering containing helical rods (CATCHR) family of proteins (27, 28). 
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Early images of the COG complex revealed a structure with two similarly sized lobes 

(29) composed of two heterotrimeric assemblies, Cog2/3/4 and Cog 5/6/7 bridged by 

a Cog1/8 dimer (30). Following the elucidation of this bi-lobed structure of the COG 

complex, Cog1-4 subunits are referred to as lobe A and Cog5-8 as lobe B (figure 1.3A). 

More recent electron microscopy images suggest that a bi-lobed architecture of the 

COG complex may be simplistic, as the yeast lobe A resembles a “y” with flexible legs 

(31). The structure of the complete yeast COG complex displays multiple legs with 

curvature well suited for vesicle capture (figure 1.3B) (32). Crystal structures of the 

whole COG complex do not exist at the time of writing, however, the crystal structure 

of the Cog5-Cog7 sub-complex has been solved and is similar in structure to other 

multi-subunit tethering complexes (33).  

 

 

 

Figure 1.3 | Subunit organisation of the COG complex 

Showing the original bi-loped (A) and the splayed “y” shaped (B) structures of the COG 
complex.   

 

 

In the context of the cisternal maturation model of Golgi traffic, the COG complex is 

responsible for tethering COPI-coated vesicles to Golgi cisternae in order to facilitate 

the delivery and therefore retention of Golgi-resident proteins, including glycosylation 

enzymes. Interestingly, and in support of the COG complexes’ role in retrograde 

vesicle trafficking, the vesicular stomatitis virus G protein (VSV-G), an anterograde 

cargo, was not altered as a result of Cog3 depletion, although the trafficking of a 

retrograde cargo was inhibited (34). It has been hypothesised that the COG complex 

plays a sorting role in the trafficking process, by ensuring that the glycosylation 
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machinery is recycled to the correct cisterna, thus maintaining the fidelity of 

glycosylation (26). Mitochondrial re-localization assays have been used to 

demonstrate the ability of different COG subunits to recruit different intra-Golgi 

vesicles. For example, Cog4 or Cog8 recruited vesicles containing different cargo to 

the mitochondria (35), supporting a role for the COG complex in sorting.  

 

The COG complex has been shown to interact with a plethora of other proteins that 

are involved in Golgi trafficking (table 1). One family of proteins involved in Golgi 

vesicle trafficking are the golgins. Golgins are long coiled-coil proteins that extend out 

from the Golgi into the cytoplasm. The ability of golgins to extend into the cytoplasm 

makes them ideal for the initial tethering of COPI-coated vesicles, a function that has 

been demonstrated in vitro (36). Furthermore, different golgins have also been shown 

to target different subsets of vesicles (37) complementing the hypothesized role of the 

COG complex in vesicle sorting.  The Rab family of proteins are small GTPases and 

can be found distributed throughout the cell, however particular Rab GTPases are 

found on specific parts of the Golgi apparatus (38). The role of Rab GTPases in 

membrane trafficking is considered to be in defining the discrete steps of the trafficking 

pathway by cycling between a membrane associated GTP-bound state and a 

GDP-bound off state (39, 40). Soluble N-ethylmaleimide attachment protein receptors 

(SNAREs) play a vital role in the final stage of vesicle trafficking, vesicle fusion. 

SNARE proteins are active on vesicles (v-SNARE) or target membranes (t-SNARE) 

(41). The coming together of cognate pairs of SNARE proteins and the resulting 

assembly of a SNARE complex drives the fusion of the two opposing membranes (42, 

43). The interactions between the COG complex and different subsets of golgins, Rab 

GTPases and SNAREs result in the delivery of vesicles with specific cargo to target 

cisternae.  

 

The mechanism of COG-dependent tethering or the existence of multiple mechanisms 

has not yet been proven. However, there is evidence that lobe A and B are present on 

cisternae or vesicular membranes respectively as independent sub-complexes (44). 

The assembly of the full COG complex drives vesicle tethering (44). The COG complex 

has also been shown to interact with the distal end of the long coiled-coil golgin Tata 

Modulatory Factor (TMF). This interaction may suggest a mechanism in which the 

initial tethering event is facilitated by TMF, but further docking of the vesicle with the 
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Golgi membrane is achieved by the COG complex (45), potentially through the coming 

together of lobes A and B.    
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Cog subunit Interacting partner Reference 

Cog2 p115 

CASP 

GM130 

TMF 

Giantin 

Golgin84 

(45–47) 

Cog3 p115 

GM130 

Giantin 

Syntaxin-5 

GS28 

(47, 48) 

Cog4 Syntaxin-5 

Syntaxin-16 

GS28 

Vtila 

Vps45 

Sly1 

Rab1 

Rab4 

Rab30 

(35, 49–51) 

Cog5 Rab1 

Rab2 

Rab39 

(45) 

Cog6 TATA element modulatory 

factor (TMF) 

Syntaxin-5 

Syntaxin-6 

GS27 

SNAP29 

Rab1 

Rab2 

(45, 48, 51, 52) 
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Rab4 

Rab6 

Rab10 

Rab14 

Rab36 

Rab41 

Cog7 Golgin84 

Syntaxin-6 

Syntaxin-16 

GS15 

GS28 

Vps45 

(47, 49) 

Cog8 CASP 

Syntaxin-5 

Syntaxin-16 

GS27 

(35, 45, 49) 

Table 1.1 | Interactions of the mammalian COG complex  

Cog1 is known only to interact with Cog8. 

 

 

The depletion or deletion of Cog subunits can have drastic effects in organisms. For 

example, in D. melanogaster the absence of four way stop (Cog5 homologue) results 

in male sterility (53), whereas Cog3 knockdown is embryonic lethal (54). Cog3 or Cog8 

depletion in A. thaliana results in pollen tube growth defects (55) and in humans, 

mutations to the COG complex result in congenital disorders of glycosylation 

(discussed below). However, in S. cerevisae lobe B is expendable, with lobe A 

providing essential function (31), which suggests distinct functions for each lobe.  

 

1.1.4 The COG complex and glycosylation 

The COG complex has no known enzymatic activity, yet disruptions to the COG 

complex have been shown to distress the glycosylation machinery (56, 57) and result 

in alterations to glycosylation (58–61).  Depletion of Cog subunits has been shown to 

result in the degradation of Golgi-resident proteins, including glycosylation enzymes 
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(62). Cog3 knockdown also resulted in the accumulation of untethered vesicular 

structures, which contained Golgi proteins involved in trafficking (34). Furthermore, in 

Cog4 KD HeLa cells myc-tagged MGAT1 was sequestered within the untethered 

vesicles (57).  

 

There is much evidence suggesting that disruption of the COG complex leads to the 

mislocalization of Golgi-resident proteins away from the Golgi. Indeed, mislocalization 

of Golgi proteins through genetic disruption of the COG complex results in altered 

glycosylation. For example, CHO cells lacking the Cog1 or 2 subunit are unable to 

efficiently process glycans, resulting in significant alterations in the glycans produced 

(60, 63). Disruption of the binding interface between Cog5 and Cog7 has also resulted 

in alterations to glycosylation (33). Decreases in the sialylation of N-glycans were 

found to be the result of knocking down Cog3 or Cog4, which is in contrast to Cog6- 

or Cog8- knockdown, which led to slight increases in sialylation (57). This suggests 

different roles for each lobe and/or Cog subunit. This appears to be true in HeLa cells, 

where it has been demonstrated that lobe A contributes to the maintenance of Golgi 

morphology, whereas lobe B regulates trans localised Golgi-resident proteins such as 

β4GalT and ST6Gal1 (64). Other phenotypes of Cog-subunit deficiencies, such as 

abnormal Golgi morphology and defective sorting, cannot be explained by 

glycosylation defects (65).  

 

1.1.5 Congenital disorders of glycosylation 

Defects in glycosylation can lead to a rare set of genetic disorders known as congenital 

disorders of glycosylation (CDG). Due to the highly heterogenic nature of glycan 

biosynthesis, symptoms of CDGs are highly pleiotropic. The glycosylation machinery 

is encoded by 2% of the human genome (66) and, as such, several examples of 

mutations in the monosaccharide-nucleotide transporters and glycosyltransferases 

are known to result in CDGs (67–69).  

 

The more common CDGs are those that come from defects in proteins that are directly 

involved in glycosylation.  Due to improvements in diagnostics and whole exome 

sequencing, a subset of CDGs has been discovered that all arise as a result of 

mutations in the COG complex (table 2). It is worth noting that many of the COG 

mutations that will be discussed are found in single patients or very small numbers of 
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patients, meaning that phenotypes cannot be taken as a universal feature of the 

mutation. CDG-causing mutations have been identified in seven of the eight COG 

subunits, causing symptoms of variable severity, the Cog3 subunit being the 

exception. When comparing COG-CDGs with CDGs caused by defects in proteins 

directly involved in glycosylation such as MGAT2-CDG, an important consideration is 

that COG-CDGs will affect all forms of glycosylation (N- linked, O-linked and 

glycolipids). As previously discussed, the COG complex is involved in tethering and 

therefore sorting of glycosylation enzymes, thus COG-CDGs highlight the importance 

of Golgi trafficking in determining the cellular glycan profile. 
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CDG Symptoms include: Refs 

CDG-COG1 Hypotonia, 

growth retardation, 

progressive 

microcephaly, 

hepatosplenomegaly 

(70) 

 

CDG-COG2 Microcephaly, seizures, 

liver dysfunction, 

psychomotor retardation, 

hypocupremia, and 

hypoceruloplasminemia 

(71) 

CDG-COG4 Mild mental retardation, 

mild dysmorphia, 

epilepsy, recurrent 

respiratory infections, 

mild ataxia 

(59, 72, 73) 

CDG-COG5 Moderate mental 

retardation with 

cerebellar atrophy, 

hypotonia 

(74) 

 

CDG-COG6 Early fatality, severe 

neurological 

impairment, seizures, 

(75–77) 
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vomiting, intracranial 

bleeding, 

CDG-COG7 Early death, dysmorphism, 

hypotonia, seizures, 

hepatomegaly, recurrent 

infections, cardiac 

failure, excessive skin 

(78–80) 

CDG-COG8 Mitral regurgitation, 

hypotonia, 

encephalopathy 

(81, 82) 

Table 1.2 | Congenital disorders of glycosylation and the COG complex 

 

 

The severity of the consequences of COG mutations is highly varied, although 

hypomorphic mutations are more commonly found in lobe A subunits than in lobe B 

subunits, presumably as loss of function mutations in Cog1-4 subunits are embryonic 

lethal (31, 54). One example exists of a mutation with a severe outcome that truncates 

a lobe A subunit (Cog1), which results in reduced expression of Golgi α-mannosidase 

II and β-1,4 galactosyltransferase (70). Such a severe mutation in Cog1, that is not 

embryonic lethal may be explained by studies of a CHO cell line that are Cog1 null, in 

which normal levels of the remaining lobe A subunits are retained (83). In contrast, 

CDG-causing missense mutations in Cog2 and Cog4 reduce the levels of the other 

lobe A subunits (71, 72).  

 

Unlike the hypomorphic mutations found in lobe A subunits, mutations that result in a 

larger loss of Cog subunit function are more commonly found in the lobe B subunits, 

although missense mutations are also found. A number of different mutations have 

been discovered in Cog5-CDG patients that result in different clinical phenotypes (74, 

84). Disruption of the interaction between Cog5 and Cog7 results in defective 
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glycosylation in HEK293 cells (33).  A weakened interaction between Cog5 and Cog7 

may thus play a role in Cog5-CDGs. Mutations in the Cog6 subunit have been 

identified in a number of patients, each mutation associated with a different clinical 

outcome (77). For example, a fatal missense mutation (G549V) in Cog6 results in lobe 

B subunit instability and aberrant glycosylation (75). The same missense mutation is 

also found to not be fatal in a different patient, despite hyposialyltion of serum 

transferrin (76). 

 

A complete loss of Cog7 resulted in death within 3 months for a CDG patient (78). The 

recycling of Golgi-resident proteins is perturbed in Cog7 deficient cells; for example, 

the mis-localization of giantin and GS15 (85) demonstrates the role of the COG 

complex in coordinating the molecular players involved in tethering and fusion not just 

of enzymes. Two truncations of the Cog8 subunit of a CDG patient were found to lead 

to a reduction in other lobe B subunits and Cog1 (81). The Cog8 subunit has been 

suggested to be a major SNARE hub. In support of this, cells derived from the Cog8-

CDG patient and Cog8 knockdown HeLa cells both have reduced levels of the Golgi-

associated SNAREs GS28 and GS15 (86).  

 

This section aimed to give the reader background knowledge into Golgi trafficking and 

to detail the role of Golgi trafficking in determining the glycans that are produced by a 

cell. This is far from a complete picture of glycan function, which is beyond the scope 

of this thesis. In order to investigate how Golgi trafficking can influence glycosylation, 

the glycan profile of the cell needs to be observed.  Mass spectrometry (MS) is a major 

technique commonly used for the analysis of glycosylation. This work makes extensive 

use of glycan profiles obtained from MS which will be discussed in the next section. 

 

1.2 Glycosylation 

Glycosylation is the process by which oligosaccharides are attached to proteins or 

lipids. Glycosylation is an immensely complex post-translational modification that is 

conserved in eukaryotes; complex because the manner of attachment and the 

structure of the glycan can vary enormously. To simplify the characterisation of protein 

glycosylation in mammals, the glycans are often classified as N-glycans, O-glycans or 

glycosaminoglycans (GAGs). This classification relies on the type of chemical bond 
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formed between the oligosaccharide chain and the protein, or in the case of GAGs, 

the glycan structure. In the case on N-linked glycosylation, an amide bond is formed 

between N-acetylglucosamine and an asparagine residue of the protein (figure 1.4A); 

for O-linked glycans and proteoglycans glycosidic bond is formed between a 

monosaccharide and a serine or threonine residue (figure 1.4B). Within this simple 

classification of protein glycosylation, there is a wide range of structural variety. 

Furthermore, a glycoprotein can have more than one glycosylation site and more than 

one individual glycan structure glycan attached to it. 

 

 

 

Figure 1.4 | N-linked and O-linked glycosylation 

Showing the amide bond formed between N-acetylglucosamine and asparagine required to 
generate N-glycans (A); and the bond formed between a serine residue and N 
acetylgalactosamine in an example of O-glycosylation (B). Note O-glycans may also be 
attached to threonine. 

 

 

The majority of secreted and membrane proteins are glycosylated (87). Given that the 

presence of glycans can attenuate the stability, alter the higher order structure and 

change the function of the protein they are attached to (88, 89), protein glycosylation 

challenges one of the central dogmas of biology: protein function is a result of protein 

structure which in turn is defined by the coding gene. At least in the case of 

glycoproteins, protein function and structure are not solely determined by their amino 

acid sequence. In this sense, protein glycosylation may be considered a post-

translational modification that can result in multiple functional outcomes.   
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1.2.1 Structure and chemical properties of N-linked glycans 

N-linked glycans found in mammalian cells typically consist of six different 

monosaccharides, all of which are hexoses and are shown in figure 1.5 in their 

pyranose form. In solution the majority of monosaccharides exist in the cyclic form but 

are in equilibrium with their acyclic form. The hexoses that make up N-glycans can be 

related to each other by epimerization or substitution of a hydroxyl group. For example, 

the addition of an acetamido group to position 2 of glucose (Glc) results in N-

acetylglucosamine (GlcNAc). Similarly, epimerization (conversion of stereoisomers) of 

glucose at position 4 gives galactose.  

 

 

 

Figure 1.5 | Major constituents of mammalian N-glycans 

The N-glycans of mammalian cells are made predominantly from the six monosaccharides 
shown. Each monosaccharide may be derived from glycose through epimerization or 
replacement of hydroxyl groups. The monosaccharides are shown in their beta configuration. 
The numbering of the carbon atoms in the monosaccharides is also shown. 

 

 

In order to generate oligosaccharides, and therefore N-glycans, glycosidic bonds must 

be formed between monosaccharides, or between a monosaccharide and 

oligosaccharide. A glycosidic bond is formed through the reaction of a hemiacetal 

group and a hydroxyl group. The hemiacetal group at the anomeric carbon may form 
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a glycosidic bond with any of the hydroxyl groups present on the reacting 

monosaccharide, resulting in a range of possible regioisomers (figure 1.6A, B). The 

possibility of regioisomers vastly expands the diversity of oligosaccharides far beyond 

that of polypeptides. Furthermore, the availability of different hydroxyl groups allows 

branching to occur from a single residue (figure 1.6C) further increasing the structural 

diversity of glycans. 

 

 

 

Figure 1.6 | Linkages and branching in oligosaccharides  

Monosaccharides can form bonds between any of their hydroxyl groups. For example, a 1,4 
linkage between N-acetylglucosamine and mannose (A); or a 1,6 linkage between two 
mannose residues (B). Oligosaccharides are not necessarily linear and may also form 
branches with two monosaccharides bonded to a common third monosaccharide (C). 

 

In eukaryotic cells, N-linked glycans are attached to the side chain of an asparagine 

residue in an Asn-X-Ser/Thr sequon, where “X” cannot be proline. All N-glycans have 

a common tri-mannosyl chitobiose core structure consisting of two GlcNAc residues 

and three mannose (Man) residues. This core is derived by the action of glycosidases, 
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which trim residues from a precursor oligosaccharide, and glycosyltransferases, which 

add residues. The action of these enzyme families generates three classes of N-

glycan: oligomannose glycans (figure 1.7A), which contain between two and six 

mannose residues in addition to the tri-mannosyl chitobiose; hybrid glycans (figure 

1.7B), where a GlcNAc antenna is found alongside five mannose residues; and 

complex glycans (figure 1.7C, D, E), which do not contain any mannose residues 

beyond those found in the common core but do contain between two and five GlcNAc-

initiated antennae. Antennae initiated by GlcNAc residues in either hybrid or complex 

type glycans may be further modified through the addition of galactose and sialic acid 

residues.  

 

 

 

Figure 1.7 | Classes of N-linked glycans found in mammalian cells 

The three main classes of N-linked glycans: oligomannose (A), hybrid (B) and complex (C, D, 
E). Complex glycans may have multiple GlcNAc seeded branches giving rise to bi-antennary 
(C), tri-antennary (D) and tetra-antennary (E) glycans. Symbol nomenclature is taken from the 
Consortium for functional glycomics which is from a version proposed by Kornfeld (90). 
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1.2.2 Biosynthesis of N-glycans 

N-glycan biosynthesis is initiated at the endoplasmic reticulum (ER) where the 

precursor glycan, GlcNAc2Man9Glc3 is built up through the addition of individual 

monosaccharides onto the polyisoprenol lipid dolichol, via a diphosphate bridge. The 

construction of the precursor glycan begins on the cytoplasmic side of the ER and 

involves the asparagine-linked glycosylation (ALG) family of enzymes. Following the 

synthesis of GlcNAc2Man5-P-P-dolichol on the cytoplasmic face of the ER, the glycan 

is transferred into the ER lumen by a flippase. The remaining monosaccharide 

residues are added to the developing precursor glycan in the ER lumen, before the 

multi-subunit oligosaccharyltransferase complex transfers the complete 

Glc3Man9GlcNAc2 glycan en bloc to an asparagine residue of a newly translated 

protein. 

 

Prior to the trafficking of the nascent glycoprotein to the Golgi apparatus, the terminal 

Glcs of the precursor glycan are sequentially removed through the action of ER 

glucosidases. The removal of these three Glc residues may be the first functional role 

of N-glycans in their lifetime: that of glycan-mediated protein quality control. Unfolded 

glycoproteins that contain more than one terminal glucose are retained in the ER 

through binding to calnexin and/or calreticulin before being marked for ER-associated 

degradation, therefore limiting the prevalence of misfolded and potentially aberrant 

proteins. 

 

Following the trimming of the Glc residues and correct protein folding, the resulting 

protein carries Man9GlcNAc2. The Man9GlcNAc2 glycan may now be trafficked to the 

Golgi apparatus, or may be trimmed further to Man8GlcNAc2 through the action of an 

ER mannosidase I enzyme. Upon entry to the Golgi apparatus, the glycoprotein is 

exposed to a variety of glycosidases and glycosyltransferases, which modify the N-

glycan. Early processing of the N-glycan involves the sequential removal of mannose 

residues from the Man9GlcNAc2/Man8GlcNAc2 structure to yield Man5GlcNAc2 (figure 

1.8). Oligomannose glycans can also be a target for GlcNAc-phosphotransferase, the 

action of which, following that of an uncovering enzyme, results in a phosphorylated 

glycan. Phosphorylation of oligomannose glycans halts further glycan processing and 

targets the modified glycoprotein to the lysosome rather than the plasma membrane. 
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Hybrid type glycans are generated through the action of alpha-1, 3-mannosyl-

glycoprotein beta-1, 2-N-acetylglucosaminyltransferase (MGAT1) on Man5GlcNAc2 

(figure 1.8). MGAT1 adds a GlcNAc residue to the 1, 3 Man arm of the Man5GlcNAc2 

glycan. This GlcNAc residue can be added to further, usually with the addition of 

galactose (Gal) and sialic acid (NeuAc). Alternatively, the remaining mannose 

residues, which do not make up the tri-mannosyl chitobiose core, can be cleaved by 

the enzyme mannosidase II (MAN2), followed by the addition of a second GlcNAc 

residue by alpha-1, 6-mannosyl-glycoprotein beta-1, 

2-N-acetylglucosaminyltransferase (MGAT2), to generate a complex type bi-

antennary glycan. Fucose (Fuc) may also be added, most usually to the innermost 

GlcNAc residue of N-glycans by fucosyltransferase 8 (FUT8). A complex bi-antennary 

glycan can be further modified with additional antennae to yield tri- and tetra-antennary 

glycans through the action of alpha-1, 3-mannosyl-glycoprotein beta-1, 4-N-

acetylglucosaminyltransferase (MGAT4) and alpha-1, 6-mannosyl-glycoprotein beta-

1, 4-N-acetylglucosaminyltransferase (MGAT5). Each terminal GlcNAc residue may 

be galactosylated through the action of a galactosyltransferase (GalT) which, in turn, 

can be capped with a sialic acid. The process of modifying the precursor glycans that 

exit the ER produces glycan structural heterogeneity. It is important to note that the 

promiscuity of the glycosylation enzymes gives rise to a divergent reaction network 

that is not shown in figure 1.8. For example, following the first few trimming reactions, 

the number of possible glycan structures increases exponentially, until levelling off 

upon the addition of terminal sialic acids, usually around the 16th reaction (91). The 

result of this reaction network is numerous different reaction pathways that end up 

generating the same glycan, hence only a relatively low number of glycan species are 

observed when compared with the number of immature intermediate structures that 

can exist.   
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Figure 1.8 | N-glycan biosynthesis in the mammalian Golgi apparatus 

A 14-monosaccharide precursor is built in the ER and transferred en bloc to glycoproteins 
before their transport to the Golgi. Mannosidase I is active in the cis cisternae resulting in 
mannose trimming. Reactions in the medial cisternae include further mannose trimming and 
GlcNAc addition. Galactose and sialic acid residues are added in the trans cisternae. 

 

 

1.2.3 Glycosidases and glycosyltransferases 

The Golgi apparatus is the organelle residence of a variety of enzymes tasked with 

generating the mature glycan structures required by the cell to function. These 

enzymes act sequentially on the precursor N-glycan that exited the ER and can be 

classed as either glycosidases or glycosyltransferases. The formation of a new 

glycosidic bond is catalysed by the action of glycosyltransferases, where each 

glycosyltransferase is specific for a monosaccharide nucleotide donor and an acceptor 

glycan. In many cases it is not just the acceptor residue the glycosyltransferase is 
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specific for, but also the extended N-glycan structure (92, 93). Despite the structural 

substrate specificity of the glycosylation enzymes, the enzymes remain somewhat 

promiscuous, otherwise there would be limited glycan structural heterogeneity. 

Glycosidases are responsible for breaking glycosidic bonds and do not require a donor 

substrate. However, similar to glycosyltransferases, glycosidases are specific in 

hydrolysing bonds between particular residues. The following section highlights the 

properties and functions of the major N-glycan-modifying enzymes that are relevant to 

the work described in this thesis. 

 

1.2.3.1 Mannosidase I 

The Golgi mannosidase I (MAN1) enzyme acts early in the maturation pathway of N-

linked glycans. MAN1 cleaves terminal α-1,2-linked mannose residues, which is 

required for the generation of hybrid and complex type N-glycans. An ER member of 

the same enzyme family is capable of trimming Man9GlcNAc2 to Man8GlcNAc2 (94); 

however, the Golgi MAN1 glycosidases are required for further processing of 

Man8GlcNAc2 to Man5GlcNAc2  in vivo. There are three isoforms of the Golgi MAN1 

enzyme (95–97), each capable of cleaving α-1,2-linked mannose residues, but with 

different efficiencies for each terminal mannose residue in Man8GlcNAc2. For the ER 

MAN1 and Golgi MAN1, the different preferences for each terminal mannose can be 

explained by distinct modes of branch insertion into the enzyme active site (98). 

 

Interestingly, the oligomannose glycan itself also has an effect on the efficiency of 

α-1,2 mannose cleavage by the mannosidase enzyme. Particularly relevant to the 

work presented in this thesis, is that trimming of Man6GlcNAc2 to Man5GlcNAc2 occurs 

at a much slower rate than the preceding cleavage reactions (99). This property of 

MAN1 is potentially responsible for the “doubly peaked” distribution of the 

oligomannose glycans observed in glycan profiling experiments (figure 1.9) and is 

particularly pertinent when trying to model glycan profiles as discussed later (section 

3.4).  
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Figure 1.9 | Non-Poisson distribution of oligomannose glycans from HEK293T cells 

Relative glycan abundance of the oligomannose glycans from HEK293T cells observed by 
mass spectrometry. The distribution shows a distinctive two peaked shape centred around 
Hex8HexNAc2 and Hex6HexNAc2. 

 

 

1.2.3.2 MGATs 

MGAT1, 2, 4 and 5 are responsible for initiating GlcNAc antennae in hybrid and 

complex-type glycans. MGAT1 is the earliest acting member of the family and is 

responsible for the transfer of GlcNAc from UDP-GlcNAc to Man5GlcNAc2 (figure 1.5), 

generating a hybrid-type glycan (100). Without the presence of MGAT1, neither hybrid 

nor complex type N-glycans can be synthesised in the Golgi apparatus.  Unsurprisingly 

then, the absence of MGAT1 is embryonic lethal to mice (101). 

 

MGAT2 acts after MAN2 to generate bi-antennary complex glycans (102), which may 

then be followed by MGAT4 and MGAT5 to create tri- and tetra-antennary glycans 

(figure 1.5). In the case of MGAT4 and MGAT5, the ability of each enzyme to initiate  

further branching of complex glycans was reduced if a galactose residue was already 
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present (103, 104). Branching multiplicity, which is dictated by these enzymes, has 

been shown to be important for a number of functions including galectin binding (105). 

  

1.2.3.3 Mannosidase II 

The conversion of hybrid-type glycans to complex glycans is achieved through the 

removal of two mannose residues from the α-1,6 arm of GlcNAcMan5GlcNAc2 (figure 

1.5) by the glycosidase mannosidase II (MAN2). The action of MAN2 allows the 

addition of a second GlcNAc residue to form a complex bi-antennary glycan. As MAN2 

is required for the biosynthesis of complex glycans, MAN2 inhibition using the 

indolizidine alkaloid, swainsonine (106), can allow researchers to study the role of 

complex N-glycan structures in a number of systems. For example, swainsonine 

treatment has been used to study the role of N-glycans in differentiation and proved 

ineffective in impacting the ability of mesenchymal stromal cells to differentiate into 

osteoblasts (107). 

 

1.2.3.4 Galactosyltransferases 

The addition of galactose to glycans is performed by galactosyltransferases, which 

encompasses a number of enzymes that are capable of making different linkages 

between galactose and other residues. One member of the galactosyltransferase 

subfamily is β1,4-galactosyltransferase I, which transfers galactose to terminal 

GlcNAc residues on hybrid and complex N-glycans, thus generating the lactosamine 

(Gal-GlcNAc) signal important for galectin recognition (108). One of the properties of 

β1,4-galactosyltransferase I, that takes on significance when simulating glycosylation 

reactions, is it’s preferences for the different branches of bi- and tri-antennary complex 

glycans (92). 

 

1.2.3.5 Sialyltransferases 

The human genome encodes 20 sialyltransferases (109) that transfer sialic acid from 

the donor molecule CMP-sialic acid onto glycoproteins and glycolipids. Each member 

of the sialyltransferase family has different substrate specificities and/or is capable of 

catalysing the formation of different linkages between the oligosaccharide and sialic 

acid (109). In the context of N-glycosylation, the addition of sialic acid is often the final 

capping modification that occurs on a galactose residue.  
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The terminal position of sialic acids in N-glycans often confers functionality.  For 

example, the presence of an α2,6 linked sialic acid in the N-glycans of immunoglobulin 

G (IgG) proteins  has been linked to anti-inflammatory properties (110). Interestingly, 

the enzymatic action of the ST6Gal1 enzyme shows a preference for the galactose 

that resides on the 1,3Man branch (111). Another interesting property of 

sialyltransferases is that they are themselves glycoproteins and their activity is 

influenced by their glycans (112). The inability of a cell line to produce galactosylated 

glycans resulted in a 60% decrease in the catalytic activity of sialyltransferases (112).  

Other examples of glycan structure regulating the activity of enzymes have been 

reported and will be discussed later. 

 

1.2.3.6 Fucosyltransferase 8 

FUT8 is responsible for the addition of fucose from the GDP-fucose donor to the tri-

mannosyl chitobiose core (113). A comprehensive evaluation of FUT8 specificity in 

vitro was able to demonstrate a greater catalytic efficiency for bi-antennary glycans 

and a general promiscuity towards modifications such as galactosylation, to the 

1,6Man branch (93). Evidence that FUT8 can act to fucosylate oligomannose-type 

glycans, in particular Man5GlcNAc2, has been contentious. Several studies have 

demonstrated that FUT8 cannot fucosylate Man5GlcNAc2 in vitro (93), although other 

studies have shown that, given the correct circumstances, Fuc1Man5GlcNAc2 can be 

produced in vivo (114, 115). 

 

1.2.3.7 Antenna fucosylation 

In addition to fucosylation of the tri-mannosyl chitobiose core, the antennae of complex 

type glycans can also be fucosylated (figure 1.10). For example, fucosyltransferases 

3 and 4 are capable of transferring a fucose residue to GlcNAc residues in the 

antennae or GlcNAc residues within a poly-lactosamine disaccharide repeat. An 

important function of antenna fucosylation is to create the Lewis X and sialyl-Lewis X 

epitopes in N-glycans (figure 1.10), although the epitope can also be found in O-linked 

glycans and glycosphingolipids. Sialyl-Lewis X is a ligand for E-selectin, an important 

player in inflammation (116). 
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Figure 1.10 | Different types of fucosylated N-glycans 

Mammalian fucosylation may occur on the reducing GlcNAc of the tri-mannosyl chitobiose 
core (core fucosylation) through a 1,6 linkage or on the GlcNAc residue of branched complex 
glycans (antenna fucosylation) which can give rise to the sialyl-Lewis X epitope. 

 

1.2.4 N-glycan microheterogeneity 

Glycans have a large degree of microheterogeneity; in other words, different glycans 

may be found at the same glycosite on two different molecules of the same protein 

(117). Unlike the synthesis of proteins, the biosynthesis of N-glycans is not template 

driven. Yet this heterogeneity is not random, as different cell types show distinct and 

reproducible glycan profiles. Rather than being determined by a template, the N-

glycans produced by the cell are influenced by a number of factors, including: enzyme 

levels, enzyme localization, monosaccharide-nucleotide availability and features of the 

glycoprotein. The fact that there is only a loose correlation between transcript levels 

of glycosylation enzymes and the glycan structures produced by the cell, is evidence 

that glycan structure is not solely determined by enzyme levels (118, 119).  

 

A major source of microheterogeneity is enzyme competition within the Golgi 

apparatus. In the absence of a glycan template and in order to control heterogeneity, 

the process of glycosylation is dictated by the unique morphology and sub-

compartmentalisation of glycosylation enzymes within the Golgi apparatus (22, 26). It 

is therefore of great importance to be able to infer the levels of glycosylation enzymes, 

as well as how they are compartmentalised, to understand the glycosylation process. 
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Despite glycan microheterogeneity, glycans play important roles in protein functions, 

discussed in the following section.  

 

1.2.5 Biological roles of glycans 

Approximately 1-2% of the encoding human genome produces proteins involved in 

glycosylation (120). With this significant proportion of the genome dedicated to 

glycosylation, it follows that glycans must play an important and essential function in 

biology. Despite the obvious abundance and importance of glycans, very little was 

known regarding their specific individual biological functions until the late 1980s (121). 

The full spectrum of glycan functions is slowly being revealed and, with such structural 

diversity, glycans have been found to play roles in everything from protein folding to 

cell adhesion and cell signalling. While a complete review of the functional roles of 

glycans is beyond the scope of this thesis, the following section highlights a handful of 

processes in which glycans can play a key part.   

 

1.2.5.1 Glycoprotein steady-state levels 

Glycans are naturally hydrophilic and can affect the physical properties of the protein 

they are attached to. Protein instability as a result of improper folding has been 

demonstrated in cells treated with the N-glycosylation inhibitor, tunicamycin (122). 

Furthermore, deletion of glycosylation sites in the interleukin-6 signal transducer, 

gpp130, resulted in a more unstable protein without affecting its ability to signal (88). 

Altered glycosylation can also reduce the steady state levels of cell surface proteins 

without affecting protein stability. For example, the steady state level of the low density 

lipoprotein receptor (LDLR) is reduced in a cell line with disrupted glycosylation (63), 

likely due to increased endocytosis and subsequent degradation. 

 

Glycans can also act in a signalling role for improperly folded proteins, as part of ER 

quality control. In the ER, Glc3Man9GlcNAc2 is trimmed to Man9GlcNAc2 before re-

glucosylation to the monoglucosylated form by an ER glucosyltransferase, that acts as 

a sensor of misfolded proteins. This glucosyltransferase has been shown to recognise 

core GlcNAc and hydrophobic protein domains, each potential indicators of an 

unfolded protein (123). The terminal glucose of the N-glycan is recognised by calnexin 

and calreticulin (124), thus trapping misfolded proteins in the ER (125) prior to ER-

associated degradation.  
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1.2.5.2 Signalling and protein function 

In addition to an intra-cellular signalling role in protein quality control, N-glycans have 

also been shown to impact signalling on the cell surface. Glycans can act on signalling 

pathways in different ways, either by modulating the ability of the glycoprotein receptor 

to signal, or by the glycan acting as a recognition signal itself. A number of studies 

have highlighted the role of fucosylation and sialylation in cell signalling. For example, 

the TGF-beta1 receptor from FUT8-null mice showed reduced binding and signalling 

as assayed through Smad2 phosphorylation (126). Furthermore, sialylation and 

antenna fucosylation of the EGF receptor inhibits dimerization and downstream 

phosphorylation (127). The role of glycan structures in modulating the signalling 

activity of these receptors is of great relevance in the cancer field, as increased 

sialylation and fucosylation levels have been implicated in tumour growth and 

metastasis (128–130). 

 

Glycans can be recognised by lectins, which are capable of binding specific aspects 

of glycan structures. In mammalian cells the most ubiquitous lectin family is the 

galectins (131), which recognise the Galβ1,4GlcNAc moiety of glycans. Galectin 

binding to the glycan can form a galectin lattice on the cell surface which: prevents 

endocytosis, increases the residence time of the receptor on the cell surface, and 

alters the degree of signalling. The galectin binding strength to the Galβ1,4GlcNAc 

moiety is weak, but by increasing the instance of the galectin ligand, either with 

Galβ1,4GlcNAc repeats or N-glycan antenna number, the cell has the ability to alter 

signalling through galectins (132). Furthermore, the balance between the N-glycan 

antenna number on arrest-promoting proteins such as TGFβR and growth-promoting 

proteins such as EGFR, has been shown to influence the fate of the cell (133) by 

regulating galectin binding and signal response.  

 

Enzymatic properties such as activity, binding affinity and specificity may all be 

influenced by N-glycosylation (134). For example, glycan-deficient mutants of the 

lysosomal hydrolase β-glucosidase, a defect in which can lead to Gaucher disease, 

showed reduced enzymatic activity (135). Interestingly, the glycosylation of several 

glycosyltransferases has been found to impact the activity of the enzymes (112, 136, 

137). The transferase activity of two members of the sialyltransferase family has been 

found to be sensitive to N-glycosylation; the presence of galactose, for instance, was 
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found to increase the activity of ST6Gal1 (112).  In general, studies into the effects of 

glycosylation on enzymatic activity compare the effects of the presence or absence of 

glycans, an unlikely situation in biology, rather than comparing the effects of different 

glycan structures. More detailed studies altering glycan structure on such enzymes 

will be more revealing and useful in disease scenarios.  

 

Cell adhesion is an important property of cells and is also of interest to cancer 

biologists, as it has been linked to the migratory behaviour of cells, an activity 

increased in cancer metastasis. Epithelial cell-cell adhesion can be manipulated 

through alteration of the glycosylation of  E-cadherin (138). Overexpression of MGAT5 

in MKN45 cells resulted in an impairment of E-cadherin-dependent cell-cell adhesion 

(139) and reduced levels of MGAT5 suppresses tumour metastasis in mice (140). 

Finally, a comparison of CHO cells predominately synthesising either complex, hybrid 

or oligomannose glycans, demonstrated that both the strongest cell-cell adhesion and 

fastest migratory rates were for oligomannose-producing cells (141). This result 

suggests that N-glycan structure plays an important role in determining cell-cell 

adhesion and migration. 

 

1.2.5.3 Glycans and cell differentiation 

The role of glycans in mammalian differentiation processes is not fully understood, 

although there are large differences between the glycan profiles of undifferentiated 

and differentiated cells (107, 142). Several alterations to N-glycan structures have 

been observed in induced pluripotent stem cells, including: an increase in 

oligomannose glycans and a shift from α2,3 to α2,6-linked sialic acid-terminated 

glycans (143). Likewise, an increase in fucosylated bi-antennary glycans has been 

shown to accompany adipogenesis (142). Interestingly, the presence of α2,6-linked 

sialic acid has been identified as a potential marker of the osteogenic and adipogenic 

differentiation potential of mesenchymal stromal cells (MSC) (144).    

 

Key receptors and ligands that are involved in osteogenesis, such as Wnt3a and BMP 

are glycoproteins (145, 146). Recently, the mechanistic role of glycosylation in 

osteogenesis has begun to be uncovered (147). Treatment with a MAN1 inhibitor 

(kifunensine) of an immortalised MSC line capable of differentiating down a number of 

lineages (148), promoted mineralisation in osteoblasts (147). Increased mineralisation 
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in osteoblasts, as a result of early inhibition of N-glycan processing, was due to altered 

PI3K-mediated signalling (147). The authors suggest that glycosylation can act to fine 

tune PI3K signalling influencing osteogenic potential of MSC. 

 

1.2.5.4 Glycosylation and biologics 

Over 60% of biopharmaceuticals are glycosylated in some form (149). Glycosylation 

can alter the physical and pharmaceutical properties of biologics, which can often vary 

from batch to batch. Therefore, a key goal in the growing field of biotherapeutics is to 

be able to glyco-engineer homogeneous glycoforms of proteins with optimal 

pharmaceutical properties, such as half-life and activity. An early example of this was 

the creation of a FUT8-knockout CHO cell line, which generated defucosylated 

antibodies with higher antibody-dependent cellular cytotoxicity (ADCC) than 

fucosylated glycoforms (150, 151). The half-life of monoclonal antibodies (mAbs) has 

also been found to be a function of glycan structure. MAbs containing complex glycans 

have a longer half-life in vivo when compared with those exhibiting oligomannose-type 

glycans (152)      

 

The goal of this section has been to highlight the diverse and varied roles N-glycans 

can play in biology. This is far from a complete picture of glycan function, which is 

beyond the scope of this thesis. Many observations have been made regarding 

alterations in glycan structure upon some biological process such as differentiation or 

disease development. Less clear is how such glycan alterations enable the biological 

process to occur or whether changes in glycosylation are causal or symptomatic. 

Fortunately, many groups are pursuing these questions.  

 

1.3 Mass spectrometry 

MS is a technique that allows researchers to measure the mass to charge ratio of ions 

(𝑚/𝑧). In a biological context, the ability to measure the (𝑚/𝑧) of analyte ions has a 

wide range of applications, from protein characterisation to glycan analysis.  The basic 

components of a modern mass spectrometer are an ionisation source, mass 

analyser(s) and detector(s). Matrix-assisted laser desorption/ionisation (MALDI)-MS 

has been used extensively in this body of work to obtain cellular glycan profiles. Other 

prominent methods of glycan structure determination are liquid chromatography 
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(LC)-MS and capillary electrophoresis. The aim of the following section is thus to 

describe the fundamentals of the primary MS technique that was used in this study, 

and also to demonstrate how the technique of MALDI-MS has advanced the field of 

glycomics. 

 

1.3.1 Matrix-assisted laser desorption/ionisation (MALDI) 

In order to measure the (𝑚/𝑧) of a molecule, the molecule must first be ionised. For 

biological molecules a soft ionisation method is required as many biomolecules are 

labile when too much energy is introduced during the ionisation process. As currently 

practiced, and as demonstrated by Karas and Hillenkamp (153), MALDI is a soft 

ionisation technique that is commonly used in the study of large non-volatile biological 

substances such as proteins, peptides and oligosaccharides (154–156). Typically, an 

analyte is mixed with a large excess of an organic compound, termed the matrix, and 

allowed to co-crystallise. The most common matrices used are acidic, which promotes 

protonation of the analyte and can also strongly absorb UV or IR wavelengths (157), 

which minimises the destruction of the analyte molecules. The properties of the matrix 

can aid ionisation and desorption of the analyte, although matrix selection remains 

difficult in the absence of a comprehensive model of the MALDI mechanism (158).The 

co-crystallised MALDI spot is then irradiated with a laser resulting in an explosive 

phase transition and charge transfer that produces charged gas-phase ions (figure 

1.11).   
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Figure 1.11 | Schematic of MALDI 

A laser is fired at the co-crystal of matrix and the sample. Energy from the laser is absorbed 
by the matrix molecules resulting in ionisation and desorption of both matrix and sample ions 
which are focussed into the mass spectrometer analyser. 

 

 

The ionization process that occurs in MALDI mass spectrometry is poorly understood, 

not least as the analyte is in minority when compared with the excess of matrix 

molecules (158). The variability in experimental parameters is also a major factor in 

the ionization process. Any model of ionization must explain the significant features of 

MALDI-MS including the detection of only singly charged ions (159). Two models of 

ionization have been proposed, the lucky survivor model (159) and the gas phase 

protonation model (160).  

 

Both models require the presence of protonated matrix ions although, in the gas phase 

protonation model, analytes are uncharged and collide with protonated matrix 

molecules resulting in proton transfer and thus a detectable molecular ionic species. 

This is in contrast to the lucky survivor model, where any analyte charge states from 

solution are retained in the analyte/matrix co-crystal. Laser ablation of the co-crystal 

leads either to the neutralization of charged clusters with counterions, or a lack of 
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counterions that results in charged molecular species. Experimental evidence for both 

models has been provided and a unifying model of ionization proposed in which both 

the gas phase protonation and lucky survivor mechanism occur, the proportion of each 

depending on several parameters, such as the matrix and laser fluence (161). 

 

Although lagging behind the other -omics, glycomics is a rapidly growing field, in which 

the development of MALDI-MS has been vital. Indeed, MALDI-MS has been 

extensively used for the study of glycans since 1991 (162). The application of MS to 

the study of carbohydrates and glycans is discussed in greater detail below. 

 

1.3.2 Fourier-transform ion cyclotron resonance MS 

After ionization in the ion source of the mass spectrometer, a series of ion guides 

transfers ions into the mass analyser. There are numerous types of mass analysers 

that are used in mass spectrometers. One such analyser makes use of the cyclotron 

motion of ions and is called a Fourier transform ion cyclotron resonance (FT-ICR) 

mass spectrometer. An FT-ICR mass spectrometer consists of an ICR cell within a 

superconducting magnet under an ultra-high vacuum (10-10 torr).  FT-ICR MS was 

used exclusively in this thesis for N-glycan analysis.  

 

 

 

Figure 1.12 | Schematic of cyclotron motion within the ICR cell of an FT-ICR mass 
spectrometer 

A packet of ions is excited by radio frequency pulses from the excitation plates (A). The 
cyclotron frequency of each ion packet is detected in the detection phase of FT-ICR MS (B). 
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FT-ICR MS is capable of high mass accuracy detection of ions as it is the cyclotron 

frequency of ions that is measured within the ICR cell (also known as a Penning trap). 

Cyclotron motion occurs when an ion orbits in a static magnetic field due to the Lorentz 

force. A schematic of the ICR cell of an FT-ICR mass spectrometer is shown in figure 

1.12. The ICR cell consists of a pair of trapping plates, a pair of excitation plates, and 

a pair of detector plates, with the three pairs orthogonally arranged with respect to 

each other. The magnetic field is projected along the Z-axis. The ions are trapped 

within the ICR cell by applying DC potentials to the pair of trapping plates. The 

magnetic field and DC potential of the trapping plates cause the ions to orbit within the 

ICR cell in the XY plane (figure 1.12A) The excitation plates emit a range of 

frequencies to excite all ions into ion packets, as each ion with unique (𝑚/𝑧) absorbs 

energy at a different RF. The RF is halted when ions reach their maximum radii. The 

cyclotron motion of the ion packet can be detected by the pair of detection plates to 

generate an image current. The cyclotron frequency is dependent on the (𝑚/𝑧) of the 

ions (equation 1).  Thus, by measuring the cyclotron frequency of ions the (𝑚/𝑧) can 

be derived.  

 

 

 

 
𝜔 =

𝑧𝐵

𝑚
 

(1) 

 

Where, 𝜔 is the cyclotron frequency, 𝐵 is the magnetic field, 𝑧 is the ion charge and 𝑚 

is the mass of the ion. 

 

After the ion packets reach their maximum radii, the excitation RF pulses are stopped 

and the signal gradually decays with time. This is known as the free induction decay 

(FID), which plots signal intensity in the time domain. The FID can be converted into 

the frequency domain using Fourier transformation, which can then be used to plot the 

mass spectrum ((𝑚/𝑧) versus intensity). An important aspect of FT-ICR detection is 

that the FID signal is obtained in a non-destructive manner meaning many 

measurements can be made, increasing mass accuracy and molecule identification 

confidence.  
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1.3.3 Mass spectrometry and N-glycans 

Over the last 30 years, mass spectrometry has played an increasingly vital role in the 

structural elucidation of glycans. Mass spectrometry-based methods have advantages 

over other techniques used to study glycans, such as lectin-based assays. These 

advantages include detailed structural information and quantitation. 2, 5 

dihydroxybenzoic acid (DHB) is typically the matrix used for glycan MALDI-MS (58, 

60, 61, 107). The conversion of the glycan hydroxyl groups to methyl ethers, in a 

process known as permethylation, is often undertaken prior to co-crystallisation with 

DHB. Importantly, the use of permethylation to derivatise glycans has been shown to 

result in accurate and consistent quantification (163). In addition to the quantification 

potential of analysing permethylated glycans with MALDI, permethylation also 

equalises the chemical properties of glycans (164). Glycans are also more likely to be 

detected as sodiated molecules as opposed to their protonated forms. The sodiated 

form further stabilises the glycan through interacting with hydroxyl groups and the 

oxygen atom in the glycosidic bond (165). 

 

Although glycopeptides are amenable to mass spectrometry, N-glycans are commonly 

released enzymatically, which provides the simplest and most direct way of 

investigating N-glycans. The enzymatic release of N-glycans may be achieved with a 

variety of enzymes, the most common being peptide-N-glycosidase F (PNGase F), 

which cleaves the C-N bond between the asparagine residue and the innermost core 

GlcNAc residue (figure 1.14). Once the glycans are released, mass spectrometry can 

be used to obtain the mass of the free glycan structures. The determination of the 

glycan mass with high accuracy that is achievable with FTICR-MS, along with the 

sequential nature of N-glycan biosynthesis, allows for the confident proposal of 

appropriate glycan structures. Structural ambiguity may be addressed typically using 

product ion (tandem) MS approaches to generate structurally-informative fragment 

ions. 
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Figure 1.13 | Enzymatic release of N-glycan with PNGase F 

PNGase F cleaves the bond linking N-glycans to the innermost GlcNAc residue, leaving a free 
N-glycan that may be separated from the protein using biochemical techniques. 

 

 

Although mass spectrometry has been used to elucidate the structures of glycans from 

numerous biological sources for many decades (166, 167), mass spectrometric glycan 

profiling of cells grown in culture has proved most useful to cell biologists. Low-

throughput methods to obtain the glycan profiles of whole cells have been used to 

study the Lec family of CHO cells (168). The Lec cells are mutants which have been 

isolated based on their resistance to lectin binding (169). The glycan profiles of these 

cell lines were found to be consistent with known genetic data (168). Low-throughput 

glycan profiling has also been used to study the role of GRASP55/65 in glycosylation 

(170). Depletion of both GRASP55 and 65 together, showed decreased levels of N-

glycan complexity, despite the expression level and localization of glycosylation 

enzymes remaining unaltered (170). 

 

Medium-throughput methods to obtain the glycan profiles using as few as 500,000 

cells do not result in the detection of low abundance glycans, but can be readily 

multiplexed to enable analysis of replicate samples. A comparison of WT HeLa and 

Cog4KD HeLa cell N-glycan profiles, using a medium-throughput method with 
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replicates, revealed an increase in hybrid glycans but a decrease in the sialylated 

glycans detected, as a result of Cog4KD (60). The same methodology has been used 

to assess the effect of a range of COG subunit knockout cell lines, in which alterations 

to the oligomannose distribution and decreases in total sialylation and fucosylation 

were observed in Cog2-, Cog4- and Cog7KO HEK293T cells, when compared with 

WT (58).  Mass spectrometric glycan profiling has also shown the significant changes 

in whole cell glycosylation after MSCs undergo osteogenesis (107). The expression 

level of NeuAc1Fuc1Hex5HeNAc4 was significantly increased in the osteoblasts, when 

compared with MSCs. Furthermore, there was a general increase in the proportion of 

complex glycans as a result of osteogenesis (107). N- and O-linked glycans can also 

be studied in parallel using medium-throughput methods (61). These studies 

demonstrate the application of mass spectrometry in elucidating changes in the whole 

cell glycome as a result of mutations, drug treatments and other cellular events, such 

as differentiation.  

 

Mass spectrometry has been extensively used in this work to obtain whole cell glycan 

profiles. The goal of this section has been to familiarise the reader with the techniques 

used to obtain these glycan profiles, namely MALDI and FT-ICR and to highlight how 

mass spectrometry has been used to investigate biological processes by assessing 

glycosylation. Determining glycan profile is relatively straightforward but the problem 

of ascertaining the organization of the Golgi glycosylation machinery that produced 

the glycan profile is difficult. The following section aims to describe the types of 

algorithms used to answer this problem as well as offering a review of previous 

computational models of glycosylation. 

 

1.4 Computational glycobiology 

Comprehending complex cellular biological processes has often been helped by the 

use of mathematical modelling including, cancer invasion (reviewed in 164), signal 

transduction (reviewed in 165), gene expression (173) and glycosylation (133, 174). 

Computational modelling of biological systems is recognized as being able to make 

important contributions to experimental biology. Models may be used to test and 

disprove hypothesises, suggest additional experiments, make predictions and can 

lead to greater biological insight. The work described in this thesis utilises several 
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computational algorithms to achieve its ultimate goal of simulating glycan profiles and 

predicting alterations in the glycosylation machinery. This section illustrates how 

modelling can widen our understanding of biology and describes the algorithms that 

have been used in this study, as well as providing a rationale for their use. The 

development and use of mathematical models in the context of glycosylation is then 

outlined. A more detailed description of the algorithms used in this study is provided in 

the method section. 

 

1.4.1 Simulating biological noise 

Many biochemical reactions that occur within a cell involve a small number of 

molecules; such systems are subject to biological noise and it is important to capture 

this noise for biological understanding of the system (175–177). Perhaps the first 

example of the importance of stochasticity was demonstrated by Spudich and 

Koshland, who showed that bacterial cells, with identical chromosomes and grown in 

homogenous conditions, displayed individual behavioural characteristics. The authors 

proposed that certain molecules in low amounts would be subject to probabilistic 

fluctuations. Noise has also been a significant enough factor as to influence evolution. 

For example, yeast genes that are particularly sensitive to changes in expression and 

reduce fitness are associated with low noise (178). A comparison between a 

deterministic and a stochastic-based model of the mammalian circadian clock 

demonstrated qualitatively different behaviours between the two models, with the 

stochastic model closer to reality (179).  To quote Elder and Elowitz, “ Noise is not 

merely a quirk of biological systems, but a core part of how they function and evolve” 

(175). 

 

The glycosylation reactions that are the subject of this work are confined to the Golgi 

apparatus where the number of enzymes is not large enough to approximate them as 

concentrations, thus making a stochastic approach more appropriate. In order to 

simulate a process that can vary randomly with certain probabilities, a stochastic 

simulation algorithm (SSA) is required. One such algorithm that accounts for noise 

and is capable of simulating a chemical system as it evolves in time is called the 

Gillespie algorithm (180). The Gillespie algorithm has been used in this work to 

simulate the reactions that occur in the Golgi apparatus and is described in generic 

terms in the next section.  
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1.4.1.1 Gillespie algorithm 

The Gillespie algorithm allows a stochastic simulation of reactions and is particularly 

suited to biological systems where the number of molecules is not sufficiently large so 

that concentrations can be used. Rather than considering reaction rates in the 

traditional sense, the rate constant of a particular reaction is taken to represent the 

reaction probability per unit time (180). This allows a degree of background noise to 

arise from the simulation which is often necessary in biological systems. The 

probabilistic nature of the stochastic simulation of reactions also means that additional 

factors, such as the availability of monosaccharide-nucleotides, are subsumed within 

the probabilities, thus eliminating the need for estimating other kinetic parameters 

(181). In the case of simulating glycan processing, the result of the Gillespie algorithm 

may be the number of different glycan species produced by the system after a given 

amount of time. The sum of many of these trajectories is akin to the simulation of a 

glycan profile.  

 

The Gillespie stochastic simulation algorithm simulates the time evolution of a 

chemical system by simulating each reaction. This is achieved through a two-step 

process that is iterated until the allotted time has expired or reactions can no longer 

continue. The first step is to select which reaction is to occur next. This is done by 

representing the propensities of two competing reactions as probabilities (equation 2). 

For two reactions: 

 

 𝐶 + 𝐸𝐴
𝑘𝐴
→ 𝑋 + 𝐸𝐴 (A) 

 𝐷 + 𝐸𝐵
𝑘𝐵
→ 𝑌 + 𝐸𝐵  

 

We can calculate the probability of each reaction occurring, 

 

 𝑃(𝐴|𝜏) = rate𝐴 𝑅𝑇⁄ = 𝑛𝐸𝐴𝑘𝐴 𝑅𝑇⁄  (2) 

 𝑃(𝐵|𝜏) = 𝑟𝑎𝑡𝑒𝐵 𝑅𝑇⁄ = 𝑛𝐸𝐵𝑘𝐵 𝑅𝑇⁄   
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Where RT is the sum of all competing reaction propensities,  

 

  𝑅𝑇 = 𝑛𝐸𝐴𝑘𝐴 + 𝑛𝐸𝐴𝑘𝐵 = ∑ 𝑟𝑎𝑡𝑒𝑖
𝑖

 (3) 

 

Following the reaction selection based on the calculated probabilities, the number of 

molecules in the system is updated and the two stages are repeated. The second step 

is to simulate the time interval 𝜏, in which the next reaction would occur by randomly 

drawing from an exponential distribution with probability density function defined by 

equation 4. The mean of this exponential distribution is 1 𝑅𝑇
⁄ where 𝑅𝑇 is the total 

reaction rate. 

 

 𝑃(𝜏) = 𝑅𝑇𝑒
(−𝑅𝑇𝜏) (4) 

 

 

1.4.2 Fitting methodologies and the Approximate Bayesian Computation 

algorithm 

The ease at which data can be generated and collected is increasing, leading to more 

complex models. Standard statistical analysis is often not compatible to these 

complex, high dimensional data sets. Other statistical methods that estimate 

parameter values, such as maximum likelihood estimation (MLE) or the rejection 

method are not suitable to complex data sets because the likelihood function is 

intractable. The probability of observing the data (𝐷) given the parameter values (𝜃) is 

known as the likelihood function, 𝑝(𝐷|𝜃). In the accept-reject methodology, parameter 

values are generated from a proposed distribution and are accepted with a probability 

based on the likelihood function.   

 

Simulated annealing is another method used to estimate parameter values. Simulated 

annealing attempts to iteratively find the global minimum of a system by sampling 
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parameter values. The method of simulated annealing does not account for any prior 

knowledge of the system which the model is trying to replicate. For example, many of 

the glycosylation enzymes are well characterized, this information is discarded in a 

simulated annealing approach. One approach that does not require direct calculation 

of the likelihood function and incorporates prior knowledge of the biological system is 

based on Bayesian statistics. 

 

The use of Bayesian statistics is well established in many fields, including genetics, 

and its potential is now being realised in computational systems biology (182). 

Bayesian methodology is now being applied to many areas of study, such as; drug 

design (183), models of human evolution (184), double-strand DNA break repairs 

(185) and tuberculosis transmission rates (186). The goal of Bayesian methods is to 

compute the posterior probability 𝑝(𝜃|𝐷), for a set of uncertain parameters 𝜃 (enzyme 

activities and localizations in this case), given some experimentally observed data 𝐷. 

The classic incarnation of this formula is given in equation 5, where 𝑝(𝜃) is the prior 

probability of our beliefs about the system before 𝐷  is observed. As the parameters 

are considered random variables, they may be treated as having a prior probability 

distribution 𝑝(𝜃). Bayes’ theorem (equation 5) affords the computation of the posterior 

probability distribution 𝑝(𝜃|𝜋). Once calculated, the posterior probability distribution 

yields values for the previously uncertain parameters. These values can be expressed 

in terms of the posterior expectation. In the case of glycan processing in the Golgi 

apparatus, the uncertain parameters may be the distribution and/or activity of resident 

Golgi enzymes.  The glycan profiles of cell lines are the observed data. 

 

 
𝑃(𝜃|𝐷) =

𝑝(𝐷|𝜃) ∙ 𝑝(𝜃)

𝑃(𝐷)
 

(5) 

 

                                                                                                  

In many cases the likelihood function may not be known or cannot easily be computed 

leading to the development of approximate Bayesian computation (ABC) methods. 

ABC-based algorithms all approximate the likelihood function by simulating outcomes 

from the prior distribution. In the ABC rejection sampler, parameter values are sampled 

from the prior distribution and used to simulate data. The simulated data is reduced to 

a summary statistic(s) which is then compared with the equivalent experimental 
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summary statistic(s). The sampled parameter values are either accepted or rejected 

based on the similarity between the simulated and experimental summary statistic(s), 

which must reach a certain user-defined threshold (figure 1.15). This process can be 

repeated for n accepted parameter values. Accepted parameter values can then be 

plotted to generate the posterior probability distribution. The ABC rejection sampler is 

capable of inferring posterior distributions when the likelihood function is intractable. 

However, the acceptance rate can be low if the prior and posterior distributions are 

dissimilar (187).  

 

 

 

Figure 1.14 | Pictorial representation of an ABC rejection sampler 

Sampled values from the prior distribution for a parameter (red) are used to generate a 
simulated glycan profile which is compared with the observed glycan profile. The value from 
the prior distribution is either accepted or rejected based on the simulated glycan profile’s 
similarity to the observed profile. The accepted parameter values are then used to construct 
the posterior distribution (blue). 

 

 

Integrations over uncertain parameters are computationally demanding and, in many 

cases, intractable. However, they do lend themselves to Markov Chain Monte Carlo 

(MCMC)-based methods (188), for example the ABC-MCMC method proposed by 

Marjoram et al.  A Markov chain is a sequence of random variables, {X0, X1,X2,…}, in 

which the next state depends, not on the history of the chain, but only on its current 

state. The ABC-MCMC algorithm differs from the ABC rejection sampler because it 

proposes new parameter values based on a transition kernel and accepting parameter 

values based on the prior probability. The similarity between the observed and 

simulated data is also considered. Parameter values that result in simulated data more 

closely resembling the observed data are visited more often in ABC-MCMC methods. 
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For this reason, the ABC-MCMC method avoids the disadvantage of the low 

acceptance rates, but may get stuck in regions of low probabilities (187). 

 

1.4.3 Modelling glycosylation 

The development of systems biology-based methods in the study of glycosylation and 

the glycome in general has lagged behind that in the fields of genomics and 

proteomics. This may be a direct consequence of the structural complexity and 

microheterogeneity of carbohydrates compared with other biological macromolecules. 

Microheterogenity is the result of incompleteness in the biosynthetic reactions. This 

can lead to a heterogeneous product with the same site on two different molecules of 

the same protein having different glycans attached. Attempts to model glycosylation 

have been driven by the desire to identify critical reactions that dictate the subsequent 

reaction pathways and thus the final glycan product. This information has particular 

relevance in the biopharmaceutical industry (91). In addition to the structural 

complexity of glycosylation, the number of enzymes involved, the enzyme distributions 

in the Golgi and the degree of uncertainty in these parameters add another layer of 

complexity.  

 

One of the first examples of a mathematical model describing N-linked glycosylation 

was presented by Umaña & Bailey 1997. This model consisted of mass balance 

equations for 33 N-glycan structures and could simulate the glycoform distributions of 

some proteins produced by CHO cells (174). The Umaña & Bailey model was 

elaborated upon to include additional galactosylation, fucosylation and sialylation 

reactions, generating a model that encompasses 22,871 reactions (190) (KB2005). 

The modelling of glycosylation has also been used to investigate the anterograde 

vesicle transport and cisternal maturation models of transport through the Golgi 

apparatus. The modelling of the two transport mechanisms was achieved from an 

engineering perspective, with vesicle transport being represented as continuously 

mixing tanks and cisternal maturation as plug flow reactors in series (191). The 

cisternal maturation model was found to be the more likely mechanism of transport 

through the Golgi when simulated glycan profiles were compared with experimental 

glycan profiles.  
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Kinetic models of glycosylation have also been used to predict enzyme activity levels 

based on MALDI-MS data (192) (KB2009).  This model, which built upon the previous 

Krambeck & Betenbaugh model of 2005, predicted alterations to glycosylation 

enzymes based on MS data from human monocytes and monocytic leukemia cells 

(192). Gene expression data have been integrated into the KB2009 model to predict 

enzyme levels in a prostate cancer progression model (193).  

 

A study of the control of CHO cell line branching using the KB2005 model has also 

been conducted (194). In addition to the branching enzymes MGAT4/5, this study 

found that by decreasing galactosylation, the number of antennae on N-glycans could 

be increased (194). A more recent study modelling glycan profiles of the Lec CHO cell 

line family included a method in which the enzyme distribution in each Golgi cisterna 

could be adjusted (195). Predicted changes to enzyme activities were consistent with 

the phenotype of each cell line. However, unexpected shifts were also predicted (195). 

The inclusion of cellular metabolism, such as the availability of monosaccharide-

nucleotides, has been shown to improve models of monoclonal antibody glycosylation 

(196). This approach allows the effects of metabolic factors on glycosylation to be 

modelled, and has the potential to increase control over the production of glycoforms.  

Indeed, this methodology has been used to identify GalT as a key factor in determining 

antibody glycosylation variability under conditions of mild hypothermia (197).  

 

Finally, due to the difficulty in parametrizing the KB2005 model, a stochastic model 

that describes glycosylation as a Markov chain has recently been developed (91). 

Furthermore, deterministic approaches to modelling glycosylation, such as the 

KB2005 model do not account for the biological noise that arises from the inherently 

heterogenous process of glycosylation. Spahn et al. highlight the importance of 

enzyme compartmentalisation within the Golgi apparatus. By modelling the Golgi 

apparatus as a non-compartmentalised organelle, it shows that computational 

simulations no longer matched experimental glycan profiles of monoclonal antibodies 

(91). Simulating the glycan profiles of a single protein means predictions regarding the 

whole Golgi glycan processing pathway cannot be made. For example, the processing 

of oligomannose glycans cannot be easily inferred from the glycan profile of an 

antibody as the presence of oligomannose glycans is minimal. Furthermore, the 

simulation of a single protein’s glycan profile is likely to be dominated by the intrinsic 
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properties, such as tertiary structure, of the glycoprotein (198). Such dominance of 

these properties may mask alterations in the organization of the glycosylation 

machinery.   
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Chapter 2: Materials and methods 

 

2.1 Chemicals 

Chemicals were obtained from Sigma Aldrich unless stated otherwise. 

 

2.2 Cell culture 

Components used for culturing cell lines are all from Invitrogen unless otherwise 

stated. All cell lines were cultured in Dulbecco’s Modified Eagle Media supplemented 

with fetal bovine serum (10%), penicillin/streptomycin (1%) and concentrated 

glutamine (1%). All cell lines were grown at 37 ̊C with 5% CO2 in a humidified 

incubator. The method of cell harvesting varied depending on the downstream 

requirements, therefore the cell harvesting process is described in more detail in the 

relevant sections.  

 

2.2.1 HEK293T cell culture 

Wild type (WT) HEK293T cells were a kind gift from Vladimir Lupashin (University of 

Arkansas for Medical Sciences). Cog4 knockout (KO) HEK293T cells were generated 

using CRISPR-Cas9 technologies by Jessica Blackburn-Bailey (University of 

Arkansas for Medical Sciences) (58). Both WT and Cog4 KO HEK293T cells were 

cultured in tissue culture flasks (Sarstedt) and passaged 1/10 or as required with 

trypsin/EDTA when cells reached ~90% confluency. 

 

2.2.2 MSC cell culture 

Immortalised mesenchymal stromal cells (MSCs) (148) were provided by the Genever 

group (University of York). Immortalisation was achieved through lentivirus 

transduction of human telomerase reverse transcriptase (hTERT) into primary 

mesenchymal stromal cells before single cell colony isolation and expansion. Cells 

were cultured in tissue culture flasks (Sarstedt) and passaged 1/6 or as required with 

trypsin/EDTA when cells reached ~70% confluency. 
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2.2.3 Transfection 

HEK293T and derived cell lines were transfected using Xfect (Clontech). Cells were 

seeded in a 24-well tissue culture plate at 50% confluency and allowed to adhere. For 

each 24-well to be transfected, the plasmid (0.75 µg) was diluted in the Xfect reaction 

buffer to a final volume of 25 µL and mixed by vortexing. The Xfect polymer (0.3 µL 

per 1 µg of plasmid) was next added to the mixture, then vortexed and the mixture 

incubated at room temperature for ten minutes. The entire plasmid/Xfect solution was 

then added dropwise to the cells and left at 37 ̊C overnight. Cells were then passaged 

onto poly-L-lysine coated glass coverslips. 

 

2.2.4 Drug treatments 

2.2.4.1 Swainsonine treatment 

Cells were incubated for 48 hours in cell culture media containing swainsonine (10 

µg/mL) (Cayman Chemicals) prior to harvesting and downstream experiments.  

 

2.2.4.2 Nocodazole treatment 

Cells were incubated with cell culture media containing nocodazole (5 µM) for 3 hours. 

This treatment was based on the work by Minin (7) and the duration optimised by 

observation of dispersed Golgi stacks in WT HEK293T cells (figure 2.1).  
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Figure 2.1 | Dispersal of Golgi ribbon following nocodazole treatment 

Representative images of WT HEK293T cells treated with 5 µM DMSO for 3 hours or 
nocodazole for 1 or 3 hours and stained with anti-GM130 and anti-TGN46. Cells were then 
imaged using confocal microscopy. Scale bar is 5 µm.   

 

 

2.2.5 Osteogenic differentiation 

For osteogenic differentiation, immortalised MSCs were seeded at near confluency a 

24-well tissue culture plate and media changed every 3-4 days with cell culture media 

containing L-ascorbic acid-2-phosphate (50 µg/mL), β-glycerophosphate (5 mM) and 

dexamethasone (10 nM) for 21 days. 
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2.2.6 Galectin inhibition with lactose 

MSCs were seeded at near confluency in tissue culture wells and incubated with cell 

culture media containing 100 mM glycerol overnight. Following the pre-treatment with 

glycerol, the media was then changed to either cell culture media (basal) containing 

sucrose or lactose (100 mM) or the osteogenic media, described above, containing 

sucrose or lactose (100 mM). The medium was then refreshed each day for seven 

days. The sucrose/lactose media was then replaced with basal or osteogenic media 

only and the osteogenic procedure followed up to day 21. 

 

2.3 Histochemistry 

2.3.1 Alkaline phosphatase (ALP) and von Kossa stain 

Cells were washed twice with phosphate buffered saline (PBS) before being incubated 

with napthol AS-MX (0.2 mg/mL) and Fast Red TR (1 mg/mL) in Tris (0.1 M, pH 9.2) 

containing N,N-dimethylformamide (0.1%) for two minutes. Cells were then washed 

again with PBS twice and fixed with formaldehyde (4%) (Thermo Scientific) for 5 

minutes. Excess formaldehyde was removed with a PBS wash followed by a water 

(distilled) wash. The fixed cells were the incubated on a light box for 60 minutes in 

silver nitrate (1%, w/v). Cells were then washed three times with distilled water before 

being incubated with sodium thiosulphate (2.5%, w/v) for 5 minutes. Finally, cells were 

washed twice with distilled water and stored in glycerol (20% in PBS). Representative 

images of staining were acquired on a stereo microscope fitted with an Axiocam MrC5 

(Ziess). 

 

2.3.2 Alizarin Red S stain 

Cells were first washed with PBS and fixed in formaldehyde (4%) (Kautex) for 20 

minutes. Fixed cells were once again washed with PBS three times before incubation 

for 20 minutes in Alizarin Red S solution (40 mM, pH 4.3).  Cells were then washed 

three time with PBS before being extensively washed with tap water to remove non-

specific staining. Cells were then allowed to air dry before representative images of 

staining were acquired on a stereo microscope fitted with an Axiocam MrC5 (Ziess). 
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The Alizarin stain was then eluted through the addition of cetylpyridinium chloride 

(CPC) (10%, w/v). Following incubation with CPC for an hour at room temperature 

with shaking, the eluted stain was transferred into a fresh 96-well plate and quantified 

at 570 nm on a Multiskan FC microplate photometer (Thermo Scientific).  

 

2.4 Mass spectrometry 

2.4.1 Filter aided N-glycan separation (FANGS) 

Cells were grown to near confluency in 10 cm cell culture dishes and the media 

changed 24 hours before being harvested to ensure nutrients were not limited. Cells 

were first washed five times with pre-warmed PBS. Cells were then harvested by 

scraping into a microcentrifuge tube and centrifuged at 14000×g for five minutes at 4 

˚C. The supernatant was removed and lysis buffer (4% (w/v) SDS, 100 mM Tris/HCl 

pH 7.6, 0.1 M dithiothreitol) was added at ten times the cell pellet volume. The sample 

was boiled at 97 ˚C for five minutes and then centrifuged at 14000×g for 10 minutes. 

Probe sonication was used if the lysate was too viscous to pipette. The supernatant 

was transferred into a fresh microcentrifuge tube and stored at -80 ˚C if required. 

 

A urea solution (8 M urea in 100 mM Tris/HCl pH 8.5) was then used to dilute the cell 

lysate tenfold. The diluted cell lysate was then centrifuged through an ultrafiltration 

tube (Amicon Ultra-0.5, Ultracel-30 membrane, nominal mass cutoff 30 kDa, Millipore) 

in 400 μL increments at 15000×g for ten minutes until the complete sample solution 

passed through the filter. The membrane filter was washed with the urea solution three 

times, before the addition of iodoacetamide solution (40 mM in 300 μL urea solution) 

to prevent cysteine bridge formation. The sample was incubated in the dark for 15 

minutes in the iodoacetamide solution and then centrifuged at 14000×g for 10 minutes. 

Following this the sample was washed with urea solution once followed by ammonium 

bicarbonate (300 μL, 50 mM pH 8) three times. The membrane filter was incubated at 

37°C for 16 hours with 8 units of PNGase F in 100 μL ammonium bicarbonate (50 mM) 

solution. Released glycans were then eluted into a fresh collection tube with water 

(HPLC grade). 
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2.4.2 Permethylation 

The released N-glycans were transferred into glass tubes and evaporated to dryness 

using a vacuum concentrator. The glycans were then dissolved in 20 drops of dimethyl-

sulfoxide (DMSO) followed by the addition of two heaped micro spatulas of crushed 

sodium hydroxide pellets. Repeated addition of iodomethane to the sample solution 

was made as follows: 10 drops of iodomethane followed by a ten minute incubation; 

10 drops of iodomethane followed by a ten minute incubation; 20 drops followed by a 

20 minute incubation. The reaction was then quenched with the addition of sodium 

thiosulfate (1 mL, 100 mg/mL) and dichloromethane (1 mL). The organic phase which 

contains the permethylated glycans, was then subjected to repeated washes with 

water (HPLC grade). The remaining organic layer was then dried in a vacuum 

concentrator.  

 

2.4.3 Fourier-Transform Ion Cyclotron mass spectrometry 

The permethylated glycans were first dissolved in methanol (20 µL, HPLC grade). The 

sample solution (2 µL) was then mixed with 2,5-dihydroxybenzoic acid (2 µL, 20 

mg/mL in 70% methanol) and sodium nitrate (1 µL, 0.5 M). The sample/matrix mixture 

(2 µL) was spotted onto a MALDI target plate. Mass spectra were acquired on a 9 T 

solariX FTICR mass spectrometer (Bruker Daltonics) recorded over an m/z range 400-

4000 in positive ion mode. Eight scans each consisting of 500 laser shots were 

averaged and the laser power set between 40-60%. Spectra were calibrated using an 

external calibrant (Bruker peptide mix II). 

 

2.4.4 Data analysis 

Mass spectra were analysed using Data Analysis (Bruker Daltonics). A peak list was 

generated using the SNAP peak identification algorithm available on the Data Analysis 

software. For an ion signal to be added to the peak list the signal-to-noise ratio had to 

be above three. The generated mass list was exported as a .csv file along with the 

area of all isotopic peaks and the full width half maximum (FWHM) of each signal. A 

Python algorithm was written and used to identify masses from the mass list that 

corresponded to N-glycan structures. The algorithm also calculated the total peak 

intensity for each identified glycan from the FWHM and ion signal area. The automated 

glycan picking and quantification method gives a similar  result to manual 
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quantification method as used in Abdul Rahman et al. 2014 (figure 2.2). When 

comparing spectra from different conditions, the total ion signal intensity for each 

glycan was normalized to the total ion signal for all glycans that were common to both 

conditions.     
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Figure 2.2 | Automation of N-glycan relative quantification 

Normalized ion signal intensities for glycan identified in WT HEK293T cells. Quantification using automated assignment with Python algorithm to 

quantify glycan ion signals (red) compared with manual assignment (blue). Error bars are SEM, n = 3
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2.4.5 Crude cell membrane proteomics 

2.4.5.1 Digitonin treatment and urea lysis 

Cells were grown to near confluency in a 10 cm tissue culture dish before being 

harvested by centrifugation at 800×g for three minutes at room temperature. The 

resulting pellet was then washed twice with PBS and then twice in ice cold 

permeabilization buffer (20mM HEPES pH7.4, 150 mM potassium acetate, 5 mM 

magnesium acetate, 5 mM DTT). The cell pellet was then resuspended and incubated 

in digitonin solution (0.1% digitonin in permeabilization buffer) at 4 C̊ with rotation for 

30 minutes. Following permeabilization with digitonin, the total cell membrane fraction 

was pelleted by centrifugation at 800×g. The digitonin treatment was undertaken in 

order to enrich membrane proteins. The membrane pellet was then resuspended in 

urea lysis buffer (20 mM HEPES pH 8.0, 9 M urea, 1 mM sodium orthovanadate, 2.5 

mM sodium pyrophosphate and 1 mM β-glycerophosphate) and lysed with a sonic 

probe. The lysate was then cleared through centrifugation at 20,000×g for 15 minutes. 

The supernatant was then transferred into a LoBind microcentrifuge tube (Eppendorf). 

 

2.4.5.2 Mass spectrometry and analysis  

The following work was conducted by the staff (Adam Dowle) at the Proteomics facility 

at the University of York.  

 

The protein fraction from the digitonin and urea lysate was reduced and alkylated 

before digestion with a combination of Lys-C and trypsin proteases. Peptides that 

resulted from the digestion were eluted into an Orbitrap Fusion mass spectrometer 

(Thermo Scientific) from a C18 EN PepMap column. Mass spectrometry was used to 

acquire tandem mass spectra of peptides which were searched against the human 

subset of the UniProt database using Mascot (Matrix Science). Peak areas were 

normalised to a subset of peak areas from ER proteins (table 2.1) allowing relative 

quantification of peptides. Relative fold differences and associated p-values for 

differential abundance were calculated in Progenesis QI (Waters). 
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Gene name Description 

DAD1 Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase subunit 

DAD1 

SRPRB Signal recognition particle receptor 

subunit beta 

RRBP1 Ribosome-binding protein 

STT3A Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase subunit 

STT3A 

STT3B Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase subunit 

STT3B 

SEC61A1 Protein transport protein Sec61 subunit 

alpha isoform 1 

SEC61B Protein transport protein Sec61 subunit 

beta 

CALR Calreticulin 

CANX Calnexin 

PDIA6 Protein disulfide-isomerase A6 

PDIA3 Protein disulfide-isomerase A3 

Table 2.1 | List of proteins used to normalise proteomic data for relative quantification 

 

 

2.5 Western blotting 

2.5.1 Whole cell protein lysis 

Cells were cultured to confluency in 6-well cell culture plate until they reached 

confluency. Cells were then washed twice with PBS before incubation at room 

temperature with 250 µL of sample buffer (5% glycerol, 50 mM Tris, 50 mM 

dithiothreitol, 1% sodium dodecyl sulfate, 0.75 mM bromophenol blue) for five minutes. 

The sample solution was then transferred into a microcentrifuge tube and boiled at 97 
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˚C for five minutes. If required the sample solution was passed through a needle. 

Sample lysates were stored at -20 ˚C.  

 

2.5.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Gels for SDS-PAGE separation of proteins consisted of a resolving gel (10% 

acrylamide, 375 mM Tris pH 8.0, 0.05% ammonium persulfate, 0.067% N, N, N’, N’-

tetramethylethylenediamine (TEMED)) and a stacking gel (4% acrylamide, 125 mM 

Tris pH 6.8, 0.1 % ammonium persulfate and 0.1% TEMED). Electrophoresis was 

conducted initially at 120 V until the sample lysates had reached the resolving gel and 

then at 180 V. A pre-stained protein ladder (All Blue Precision Plus, Bio-rad) was also 

loaded onto the gel. 

 

2.5.3 Semi-dry transfer 

Semi-dry transfer was used to transfer proteins from gels to a polyvinylidene fluoride 

(PVDF) membrane. The PVDF membrane was placed in methanol for 15 seconds 

before being transferred into semi-dry transfer buffer (48 mM Tris, 39 mM glycine, 20% 

methanol and 0.0375% SDS). Two pieces of Whatman paper (3 mm thickness) were 

soaked in semi-dry transfer buffer, one of which was placed on the semi-dry apparatus 

(Bio-rad) followed by, the activated PVDF membrane then the SDS-PAGE gel and 

finally the second Whatman paper. Semi-dry transfer was conducted at 20 V for 60 

minutes.  

 

2.5.4 Immunoblotting 

Non-specific binding was blocked through incubation of the PVDF membranes in milk 

(5% milk powder (w/v) in PBS with 0.05% tween) for one hour at room temperature on 

a platform rocker. In the majority of cases the PVDF membranes were cut with a 

scalpel using the molecular weight markers from the pre-stained ladder as a guide. 

Primary antibodies (table 2.2) were diluted in the blocking solution and incubated with 

PVDF membranes overnight at 4 ̊C on a platform shaker. The membranes were then 

washed four times for ten minutes with the blocking solution while shaking. Secondary 

antibodies conjugated with horse radish peroxidase (HRP) were diluted (1/1000) in the 

blocking solution and incubated with the membranes for one hour at room temperature 

while shaking. PVDF membranes were then washed two times with the blocking 
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solution for ten minutes, followed by four washes with PBS containing 0.05% tween 

for ten minutes while shaking.    

 

 

Antibody Host Dilution used Supplier 

MGAT1 Rabbit 1/500 Abcam (ab180578) 

B4GalT1 Goat 1/500 R&D Systems 

(AF3609) 

FUT8 Rabbit 1/1000 Abcam (ab191571) 

LAMP1 Gift from Paul 

Pryor 

1/100 Kind gift from Pryor 

group (University of 

York) 

GAPDH Mouse 1/500,000 Applied Biosystems 

(AM4300) 

Table 2.2 | Primary antibodies used for western blotting 

 

 

2.5.5 Imaging and image analysis 

Protein bands were visualised using BM chemiluminescence western blotting 

substrate (Roche). The membranes were imaged on a Syngene GeneGenius system 

and analysis carried out with ImageJ.  

 

2.6 Beta-hexosaminidase assay 

Cells were seeded in a 24-well tissue culture plate and harvested in PBS. The cells 

were pelleted with centrifugation at 800×g and then resuspended in citrate buffer (100 

µL, 40 mM sodium citrate, 60 mM citric acid) containing 0.15% triton-X 100. The lysate 

(25 µL) was added to the bottom of a LP3 tube (Thermo Scientific).  The substrate 

solution (100 µL, 100 mM citrate buffer, pH 5.0, 0.5 mM mM 4-methylumbelliferyl-2-

acetamido-2-deoxy-beta-D-glucopyranoside, 0.27 M sucrose) was then added to the 

sample solution. After exactly three minutes the reaction was stopped with the addition 

of sodium carbonate (1 mL, 1 M). Fluorometric quantification was achieved with an 

excitation wavelength of 360 nm and an emission wavelength of 445 nm. 
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2.7 Bicinchoninic acid assay (BCA) 

BCA was conducted using a commercial kit (Thermo Scientific). A standard curve was 

created with bovine serum albumin ranging from 0-10 µg in sodium hydroxide (0.1 

mM). The sample solution (5 µL) was added to sodium hydroxide (5 µL, 0.2 M) into a 

96-well. To each 96-well, 196 µL of BCA reagent A and 4 µL copper sulfate (4% in 

water) were added. The 96-well plates were then incubated at 37 C̊ for 30 minutes. 

The optical density was measured at 560 nm on a Multiskan FC microplate photometer 

(Thermo Scientific). 

 

2.8 Confocal microscopy 

2.8.1 Immunofluorescence 

48 hours post-transfection cells were treated with nocodazole (section 2.2.4.2), fixed, 

stained and mounted on microscope slides. Cells were first washed twice with PBS 

before being incubated in formaldehyde (4%) (Thermo Scientific) for 15 minutes at 

room temperature. The fixed cells were then washed with PBS twice then washed 

twice with glycine (20 mM glycine in PBS). Non-specific binding was then blocked by 

incubation of the fixed cells in blocking solution (2% BSA, 20 mM glycine in PBS) for 

45 minutes.  

 

Following blocking the coverslips containing the fixed cells were removed from the 24-

well tissue culture plates and placed on a piece of blue roll, cell side up. Cells were 

stained with anti-GM130-Alexa647 (BD Laboratories, 558712) antibody. The 

antibodies were diluted (1/100) in the blocking solution and a 40 µL drop per coverslip 

pipetted onto parafilm. Each coverslip was then gently placed cell side down onto each 

drop and incubated for one hour.  The cells were then washed four times in the 

blocking solution by moving the coverslip drop to drop. The cells were then stained 

with DAPI (1/2000) for two minutes before being dipped in PBS and allowed to dry cell 

side up on a piece of blue roll. Finally, coverslips were mounted onto microscope slides 

using mounting reagent (GeneTex) and stored at 4 ̊C. 
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2.8.3 Microscopy 

Slides were imaged on a Ziess LSM 880 operating in Airyscan mode with a 63× oil 

objective. All channels were visualised using a 488/561/633 nm beam splitter. GalT-

YFP was imaged using a 488 nm laser and 420-480 nm band pass filter. Anti-GM130-

Alexa647 was visualised using a 633 nm laser and 605 nm long pass filter. 16 bit 

images were acquired of 10 z-slices with a resolution of 488 × 488 pixels. Images were 

exported as .lsm files.  

 

2.8.4 Data analysis 

Pearson’s colocalization coefficients were calculated for each individual Golgi stack 

and averaged for each cell analysed using the Coloc 2 add on for ImageJ. In total 151 

and 113 Golgi stacks were analysed for WT and Cog4KO HEK293T cells respectively. 

 

2.9 Computational modelling 

The computation work was implemented using a custom written JAVA implementation, 

the code of which is included as e-materials with this thesis. Additional details of 

specific changes can be found in the relevant chapters where they are introduced. 

 

2.9.1 Simulating glycosylation  

The SSA used to simulate glycosylation reactions is based on the Gillespie algorithm 

as outlined above. Simulating the glycosylation reactions required the glycans to be 

represented in a form of linear notation, examples of which for different types of N-

glycan are shown in table 2.3. The representation of N-glycans in this form allowed 

reactions that were simulated by the SSA to be implemented using string substitutions 

to add or remove monosaccharides to build new glycans. The linear notation includes 

different antennae, denoted within brackets, and linkage information. If required, the 

linear notation allows isobaric glycans produced by the model to be distinguished.  The 

SSA utilised a set of 11 enzymes for HeLa cells or 12 enzymes for HEK293T cells and 

MSCs. These enzymes, the rules defining the reactions they instigate and their 

activities were saved as a .xls file (table 2.4). The activities of each enzyme were 

distributed into three (HeLa) or four (HEK293T and MSCs) compartments. The input 

glycans that are the initial substrates for the SSA were GlcNAc2Man8, GlcNAc2Man9, 
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GlcNAc2Man9Glc. In total the glycan processing of 100,000 input glycans were 

simulated, independently from each other.  
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N-glycan 
structure 

Linear notation 

 

GlcNAc4.1GlcNAc4.1Man(3.1Man2.1Man:)_m6.1Man(3.1Man:)_m6.1Man:@ 
 

 

GlcNAc4.1GlcNAc4.1Man(3.1Man2.1GlcNAc4.1Gal:)_m6.1Man(3.1Man:)_m6.1Man:@ 
 

 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man(3.1Man2.1GlcNAc4.1Gal6.2Sia:)_m6.1Man2.1GlcNAc4.1Gal6.2Sia:@ 
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GlcNAc(6.1Fuc:)4.1GlcNAc4.1Man(3.1Man2.1GlcNAc4.1Gal6.2Sia:)_m6.1Man(2.1GlcNAc4.1Gal6.2Sia:)_m6.1GlcNAc4
.1Gal6.2Sia:@ 

 

 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man(3.1Man(2.1GlcNAc4.1Gal6.2Sia:)_m4.1GlcNAc4.1Gal6.2Sia:)_m6.1Man(2.1GlcN
Ac4.1Gal6.2Sia:)_m6.1GlcNAc4.1Gal6.2Sia:@ 

 

Table 2.3 | Exemplar of linear notation used to represent glycans 

Pictorial and linear representation of several classes of glycans. Numbers denote the linkage configuration of the glycans, while “:” denotes the 
terminal monosaccharide of an antenna, residues within “()” denote a separate antenna and “@” denotes the end of the glycan structure. The 
use of linear notation for the SSA allowed reactions to be represented as string substitutions. 
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Enzyme Name Enzyme Target Enzyme Result Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

MAN1 1Man2.1Man: 1Man: 0.233 0.527 0.178 

MAN1 1ManSS2.1Man: 1Man: 0.037 0.084 0.028 

EndoMAN Man3.1Gluc: : 0.029 0.004 0.004 

MAN2 Man(3.1Man2.1GlcNAc

:)_m6.1Man(3.1Man:)_

m6.1Man: 

Man(3.1Man2.1GlcNAc:)_m6.1Man: 0.454 3.452 0.569 

MGAT1 4.1Man(3.1Man:)_m6.1

Man(3.1Man:)_m6.1Ma

n: 

4.1Man(3.1Man2.1GlcNAc:)_m6.1Ma

n(3.1Man:)_m6.1Man: 

0.014 0.305 0.009 

MGAT2 (1) GlcNAc:)_m6.1Man: GlcNAc:)_m6.1Man2.1GlcNAc: 1.798 12.770 1.700 

MGAT2 (2) GlcNAc4.1Gal:)_m6.1M

an: 

GlcNAc4.1Gal:)_m6.1Man2.1GlcNAc: 1.798 12.770 1.700 

MGAT2 (3) GlcNAc4.1Gal6.2Sia:)_

m6.1Man: 

GlcNAc4.1Gal6.2Sia:)_m6.1Man2.1G

lcNAc: 

1.798 12.770 1.700 

MGAT4 3.1Man2.1GlcNAc: 3.1Man(2.1GlcNAc:)_m4.1GlcNAc: 0.004 0.031 0.004 

MGAT5 6.1Man2.1GlcNAc: 6.1Man(2.1GlcNAc:)_m6.1GlcNAc: 0.020 0.308 0.021 

FUT8 (1) GlcNAc4.1GlcNAc4.1M

an(3.1Man2.1GlcNAc:)

_m6.1Man2.1GlcNAc 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man2.1GlcNAc:)_m6.1Man2.1Glc

NAc 

0.049 0.412 0.053 
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FUT8 (2) GlcNAc4.1GlcNAc4.1M

an(3.1Man2.1GlcNAc4.

1Gal:)_m6.1Man2.1Glc

NAc 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man2.1GlcNAc4.1Gal:)_m6.1Man

2.1GlcNAc 

0.049 0.412 0.053 

FUT8 (3) GlcNAc4.1GlcNAc4.1M

an(3.1Man2.1GlcNAc4.

1Gal6.2Sia:)_m6.1Man

2.1GlcNAc 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man2.1GlcNAc4.1Gal6.2Sia:)_m6

.1Man2.1GlcNAc 

0.049 0.412 0.053 

FUT8 (4) GlcNAc4.1GlcNAc4.1M

an(3.1Man2.1GlcNAc:)

_m6.1Man 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man2.1GlcNAc:)_m6.1Man 

0.049 0.412 0.053 

FUT8 (5) GlcNAc4.1GlcNAc4.1M

an(3.1Man2.1GlcNAc4.

1Gal:)_m6.1Man 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man2.1GlcNAc4.1Gal:)_m6.1Man 

0.049 0.412 0.053 

FUT8 (6) GlcNAc4.1GlcNAc4.1M

an(3.1Man2.1GlcNAc4.

1Gal6.2Sia:)_m6.1Man 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man2.1GlcNAc4.1Gal6.2Sia:)_m6

.1Man 

0.049 0.412 0.053 

FUT8 (7) GlcNAc4.1GlcNAc4.1M

an(3.1Man:)_m6.1Man(

3.1Man:)_m6.1Man: 

GlcNAc(6.1Fuc:)_g4.1GlcNAc4.1Man

(3.1Man:)_m6.1Man(3.1Man:)_m6.1

Man: 

0.000 0.002 0.000 

GalT (1) GlcNAc:)_m6.1Man GlcNAc4.1Gal:)_m6.1Man 0.452 0.449 3.149 
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GalT (2) 6.1Man2.1GlcNAc: 6.1Man2.1GlcNAc4.1Gal: 0.452 0.449 3.149 

GalT (3) (2.1GlcNAc: (2.1GlcNAc4.1Gal: 0.452 0.449 3.149 

GalT (4) 6.1GlcNAc: 6.1GlcNAc4.1Gal: 0.452 0.449 3.149 

SiaT .1Gal: .1Gal6.2Sia: 0.006 0.006 0.128 

GlcNAc-PhospoT 1Man2.1Man: 1Man2.1ManP: 0.126 0.015 0.014 
   

0.711A 0.009B 5.279C 

Table 2.4 | Table representing the enzyme .xls file 

Example of the .xls spreadsheet used to store the enzyme names, enzyme rules and activities in each cisterna. Values under the heading’s 
cisterna 1, 2 and 3 can be altered and used by the SSA to simulate a glycan profile. A proportion of Man9GlcNAc2, B proportion of 
Glc1Man9GlcNAc2, C transit time per cisterna.
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Following the simulation of the glycan processing of 100,000 input glycans, the final 

simulated structures, how many times the structure was produced in the simulation, 

the relative abundance of the simulated glycan and the relative of the equivalent 

glycan from experimental data were outputted as a .csv file (table 2.5). The SSA was 

run three times and the average relative abundance of each glycan from the three 

simulations was used to plot a simulated glycan profile which is compared with the 

experimental glycan profiles. Simulated glycans at a relative abundance under 0.1% 

were removed. Although glycan isoforms can be distinguished within the model, 

isoforms were collated together to generate one value. 
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Simulated glycan 

structure 

Mass No. of 

times 

structure 

is 

simulated 

Simulated 

relative % 

abundance 

Observed 

relative % 

abundance 

Summary 

statistic 

GlcNAc4.1GlcNAc

4.1Man(3.1Man2.1

GlcNAc:)_m6.1Ma

n:@ 

1417 0 0 0.17 0.17 

GlcNAc4.1GlcNAc

4.1Man(3.1Man:)_

m6.1Man(3.1Man:)

_m6.1Man:@ 

1580 1042 10.42 11.34 3.35 

GlcNAc(6.1Fuc:)_g

4.1GlcNAc4.1Man(

3.1Man2.1GlcNAc:

)_m6.1Man:@ 

1591 0 0 0.18 0.18 

GlcNAc4.1GlcNAc

4.1Man(3.1Man2.1

GlcNAc4.1Gal:)_m

6.1Man:@ 

1621 1 0.01 0.11 0.10 

GlcNAc(6.1Fuc:)_g

4.1GlcNAc4.1Man(

3.1Man:)_m6.1Ma

n(3.1Man:)_m6.1M

an:@ 

1754 1 0.01 0.00 0.01 

GlcNAc4.1GlcNAc

4.1Man(3.1Man2.1

Man:)_m6.1Man(3.

1Man:)_m6.1Man:

@ 

1784 2357 23.57 23.31 5.32 

Table 2.5 | Representation of results .csv file as outputted from the SSA 

The summary statistic is explained in section 2.9.2. 
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2.9.2 Approximate Bayesian Computation  

Probability density functions (PDFs) for each parameter were constructed in Libre 

Open Office and used as the prior probability distributions. The mean 𝜇, of each prior 

distribution was set as the activity of each corresponding enzyme obtained from 

literature (table 2.6). The variance for the prior distributions was set to 𝜇2. The prior 

distributions for each enzyme parameter were represented as log-normal distributions 

if the enzyme was predominantly in that cisterna or an exponential decay distribution 

if not (appendix 1). The variance of the prior distributions was increased in cases 

where more probability was required at the limits of the parameter values.  

 

Enzyme Rate (nmol mg-1 min-1) Reference 

MAN1 2880 (199) 

MAN2 7000 (200) 

MGAT1 101 (100) 

MGAT2 27000 (201) 

MGAT4 46.6 (103) 

MGAT5 18800 (202) 

FUT8 127.8 (203) 

GalT 4000 (92) 

SiaT  ǂ N/A 

GlcNAc-

Phosphotransferase 

166.7 (204) 

Table 2.6 Table of enzymatic rates determined in vitro. 

ǂ the rate of sialylation was set to allow the correct level of total sialylation in WT HeLa 

cells. Literature rates for sialyation were found to be too low.   

 

A summary statistic, referred to as the score, was set based on the simulation of the 

glycan processing utilising the prior distribution parameter means. The similarity 

between the simulated and experimental glycan abundances were quantified as a 

score. 
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𝑠𝑐𝑜𝑟𝑒 =  ∑(𝑠𝑒𝑚𝑖 − (|𝑜𝑏𝑠𝑖 − 𝑠𝑖𝑚𝑖|))

2
𝑛

𝑖=1

 
 

(6) 

 

If: 

|𝑜𝑏𝑠𝑖 − 𝑠𝑖𝑚𝑖| < 𝑠𝑒𝑚𝑖 

𝑠𝑐𝑜𝑟𝑒 = 0 

 

Where 𝑠𝑒𝑚𝑖 is the standard error of the mean for the observed glycan 𝑖, 𝑜𝑏𝑠𝑖 and 𝑠𝑖𝑚𝑖 

are the relative abundances of glycan 𝑖 in the observed and simulated data set 

respectively.  

 

Parameter values sampled from the prior distribution were used by the SSA to simulate 

the glycan processing reactions. Sampling is according to the prior distribution and is 

implicit in the ABC approach. The score for the simulated and experimental data was 

calculated for each set of parameter values sampled from the prior distributions. The 

computed score for each set of sampled parameters was accepted if this score fell 

below the threshold as defined by the starting score. The starting score was reduced 

by 10% if the acceptance rate of parameter values were greater than 7.001% (205). 

The starting similarity score is continually lowered until a user-defined threshold is 

reached. The algorithm samples in that region of the parameter space until 10,000 

parameter values for each variable have been accepted. Accepted parameter values 

are used to construct the posterior distribution. This methodology is equivalent to the 

acceptance barriers technique (206). 

 

The user-defined threshold was determined as the lowest similarity score that could 

be achieved in a reasonable amount of computational time (typically within 100 hours).  

Defining the threshold too high would result in the acceptance of parameter values at 

various local minima thus giving a wide range of parameter values from each individual 

fitting run. To avoid this possibility the convergence of each Markov chain is 

determined. To assess convergence of multiple Markov chains, the Gelman-Rubin R-

Statistic was used (207) and the chains visually assessed. The Gelman-Rubin statistic 

compares the in-chain variance with the between-chain variance providing assurance 

that the posterior distribution has been explored to a satisfactory extent.  
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30 fitting procedures were run in parallel and the posterior probability distributions for 

each parameter were outputted for each individual run as .csv files. A custom written 

Python script was then used to calculate the posterior means of each parameter for 

each individual fitting run. The average parameter values of at least 10 completed 

individual fitting runs were used to generate simulated glycan profiles. To avoid large 

amounts of time evaluating space in the tails of prior distributions in a high dimensional 

parameter space and because of the high level of uncertainty in the numerical 

biological parameters, prior distributions where moved only when there was biological 

and numerical evidence to do so. A Mann-Whitney U test was used to assign 

significance in means between the prior and posterior distributions for each parameter. 

Only if the change in means was found to be significant was the prior distribution for 

that parameter altered, and the rejection algorithm run again to a lower threshold.  

 

The parameter average value of each posterior from all completed individual fitting 

runs was then used to simulate a glycan profile using the SSA described above 

(section 2.9.1).   

 

2.9.3 Glycan flux analysis 

Flux maps were created by the SSA from 10,000 input glycans. The substrate, product, 

enzymes and how many times the reaction occurred were exported as .csv files. Flux 

maps were then generated in Cytoscape software (208).  

 

2.9.4 York Advanced Research Computing Cluster (YARCC) 

The fitting of glycan profiles using the ABC algorithm was performed in parallel on the 

YARCC server. YARCC is a tier 3' High Performance Computing (HPC) facility 

available to researchers at the University of York. 
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Chapter 3: Model development and simulating 

wild type mammalian cell glycan profiles 

 

3.1 Rationale for computational modelling of mammalian N-

glycosylation 

Computational modelling of the glycan biosynthetic process has lagged behind the 

modelling of other metabolic processes, yet glycosylation has functional effects on 

proteins, including those used as therapeutics. The importance of glycosylation in the 

development of biologics has been the driving force behind previous models of 

glycosylation. The ability to model the glycosylation of individual proteins is 

undoubtedly useful to the pharmaceutical industry, however, such an approach does 

not capture glycosylation at the cellular level. In the case of genetic disruption to the 

Golgi trafficking machinery or in models of CDGs, modelling the glycosylation of a 

single protein produced by the cell provides very little information regarding the effect 

on the global glycosylation process, and therefore has limited usefulness in devising 

personalised therapies. Here, a computational model is developed and used to 

simulate the N-linked glycan profiles of two mammalian cell lines. 

 

Previous models that simulate the glycosylation process have used deterministic 

methodology (190, 195).  Such methodology is not ideal for the modelling of glycan 

biosynthesis, as the reactions that occur in glycosylation are confined to the Golgi 

apparatus. The approximate volume of a Golgi cisterna is 0.03µm3 (209) compared 

with that of the cytoplasm of HeLa cells (940µm3). Within such a confined volume, 

substrate and enzyme numbers are small, meaning biological noise is significant in 

determining the glycan structures that are produced by the cell. The naturally high 

level of heterogeneity found in glycan biosynthesis (210, 211) is suggestive that a 

stochastic approach is the appropriate mathematical mechanism to adopt. 

Furthermore, glycan biosynthesis is a process with a large number of parameters, but 

by taking a probabilistic approach, such as that used in this work, several of these 

parameters can be combined into an effective parameter and fitted directly. For 

example, rather than parametrising the concentration of UDP-GlcNAc, the amount of 
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the UDP-GlcNAc transporter and the amount of the MGAT1 enzyme, a probabilistic 

approach can encompass all these factors into one parameter.   

 

The broad aim of this research has been to develop a stochastic model of N-

glycosylation and to use it to predict alterations in the N-glycosylation machinery, 

based on experimentally determined glycan profiles. This chapter sets out the model 

development process from the defining of the system parameters to the simulation of 

whole-cell mammalian glycan profiles. In order to ensure the validity of the modelling 

methodology’s predictions, the glycan profile of cells treated with a glycosylation 

enzyme inhibitor have also been fitted.     

 

3.2 Aims 

As previously stated, the aim of the work described in this chapter was to develop a 

probabilistic model capable of simulating whole cell N-glycan profiles of wild type 

mammalian cell lines. To achieve this, the developed model was used to fit and 

simulate the glycan profiles of WT HeLa cells (60) and WT HEK293T cells (58). An 

additional aim was to model the glycan profile of cells treated with the MAN2 inhibitor, 

swainsonine, in order to evaluate the predictive power of the developed computational 

methodology.  

 

3.3 Results 

3.3.1 Model development and parameterization 

Following de novo synthesis in the ER, the suite of N-glycan structures produced by a 

cell is vastly expanded through processing in the Golgi apparatus.  The glycan profile 

generated by each cell is dependent on the levels of individual enzymes and their 

distribution between Golgi cisternae. In order to simulate the reactions that generate 

the diverse spectrum of N-glycans, a stochastic simulation algorithm (SSA) based on 

the Gillespie algorithm (180, 212) was developed and parameterized.  

 

The SSA was parameterized with a set of enzymes and rules defining the reactions 

catalysed by each enzyme (table 3.1). The set of enzymes used in this work 

represented the smallest number of enzymes that could generate each glycan in the 

experimentally observed glycan profiles. The decision to choose the smallest set of 
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enzymes was taken to reduce the computational cost of the fitting process, this did 

however, exclude glycan structures that may contain, for example, bisecting GlcNAc 

or poly-lactosamine repeats. Table 3.1 shows the enzymes used in this work, the 

enzyme target (which can be considered the enzyme substrate) and the result of the 

reaction catalysed by that enzyme. Defining the reactions of each enzyme by more 

than one rule when called for, allowed control over substrate specificity. In other words, 

when driven by the fitting procedure and if described in the literature, enzymatic 

activities were allowed to differ for different substrates. This is described in more detail 

in the section describing the WT HEK293T cell data (section 3.3.3). It also proved 

impossible to define generic rules so that each enzyme was defined by a single rule, 

hence, the enzymes listed have several targets.  

 

 

Enzyme Enzyme target Enzyme result Cell line 

MAN1 (1) 

 

 

 

HL, HK, MC 

MAN1 (2) 

  

HL, HK, MC 

Endo-Man 

 

 

 

HL, HK, MC 

MAN2 

  

HL, HK, MC 

MGAT1 

  

HL, HK, MC 
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MGAT2 (1) 

  

HL, HK, MC 

MGAT2 (2) 

 

 

 

HL, HK, MC 

MGAT2 (3) 

  

HL, HK, MC 

MGAT4 

  

HL, HK, MC 

MGAT5 

 
 

HL, HK, MC 

FUT8 (1) 

  

HL, HK, MC 
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FUT8 (2) 

  

HL, HK, MC 

FUT8 (3) 

  

HL, HK, MC 

FUT8 (4) 

  

HL, HK, MC 

FUT8 (5) 

  

HL, HK, MC 
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FUT8 (6) 

  

HL, HK, MC 

FUT8 (7) 

  

HL, HK, MC 

Antenna FUT 

  

HK, MC 

GalT (1)  
 

  

HL, HK, MC 

GalT (2) 

  

HL, HK, MC 

GalT (3)  

  

HL, HK, MC 
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GalT (4)  
 

  

HL, HK, MC 

GalT (5) 

  

HL, HK, MC 

GalT (6) 

  

HL, HK, MC 

GalT (7)  

  

HL, HK, MC 

GalT (8)  

 
 

HL, HK, MC 

GalT (9)  
 

 

 

 

HL, HK, MC 

SiaT (1)  
 

 

 

 

HL, HK, MC 
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SiaT (2)  
 

 

 

 

HK, MC 

SiaT (3)  
 

 

 

 

 

HK, MC 

GlcNAc-
phosphotransferase 

 
 

  

HL, HK, MC 

Table 3.1 | Schematic representation of enzymatic rules 

Glycosylation enzymes that are included in the SSA their substrates and the products they 
generate. HeLa (HL), HEK293T (HK) and mesenchymal stromal cells (MC). Where R and R’ 
R” are further oligosaccharide chain extensions or branching as a result of other rules. 
Numbers represent linkage between residues. 
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To model the Golgi apparatus, the suite of enzymes defined in Table 3.1, were initially 

distributed in a non-linear fashion into three cisternae. Distributing the enzymes into 

separated compartments was required for several reasons. Firstly, much evidence 

suggests that Golgi-resident proteins are unevenly distributed throughout the Golgi 

stack (17, 22). Secondly, previous models have shown that simulating mammalian 

glycosylation reactions within a single compartment could not reproduce observed 

data (191, 195). Finally, the distribution of enzymes is an important factor in 

determining the glycan profiles of cells, as illustrated by COG-CDGs. The initial 

localization of enzymes was based on microscopy studies of enzyme Golgi 

localization, where available. For example, endo-mannosidase (213), GlcNAc-

phosphotransferase (214), and MGAT1, MAN2, GalT and SiaT (22). Alternatively, the 

initial distribution of enzymes was determined based on the positions they act in the 

N-glycan pathway. The entire activity of each enzyme was not confined to just one 

cisterna (215) because of the nature of cisternal maturation. Cisternal maturation is 

likely to result in a degree of leakage of enzymes into adjacent cisternae.    

 

 

Enzyme Cisterna 1 Cisterna 2 Cisterna 3 References 

GlcNAc-
phosphotransferase 

80% 10% 10% (214) 

MAN1 80% 10% 10% (216) 

Endo-mannosidase 80% 10% 10% (213) 

MAN2 10% 80% 10% (22) 

MGAT1 10% 80% 10% (22) 

MGAT2 10% 80% 10% (217) 

MGAT4 10% 80% 10% (218) 

MGAT5 10% 80% 10% (218) 

FUT8 10% 80% 10% (219) 

GalT 10% 10% 80% (22) 

SiaT 10% 10% 80% (22) 

Table 3.2 | Initial distribution of enzymes in the three-cisterna model of WT HeLa cells 

Total activity of each enzyme was distributed into three-cisterna within the Golgi apparatus. 
For example, SiaT is thought to be localized in the trans cisternae, so 80% of the activity was 
initially placed in cisterna 3. The distributions shown here are prior information and are subject 
to the fitting procedure. 

 

To determine the relative activities of the glycan-modifying enzymes and their unique 

localizations within the Golgi stack, a Bayesian framework (189) was developed. The 
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unique advantage of using a Bayesian framework is that it allows the incorporation of 

existing knowledge, no matter how tentative or precise, to construct a series of prior 

distributions for our parameters. This results in a broad distribution for largely unknown 

parameters, or a sharp distribution centred around a single value for well-

characterized parameters. The use of this Bayesian methodology, known as an 

approximate Bayesian computation without likelihoods, does not require exact well-

defined enzymatic rates and localizations. The initial distribution of each enzyme in 

the model Golgi for WT HeLa cells is shown in table 3.2. The enzyme distributions fall 

into three categories: cis, medial and trans. While HeLa cells likely have at least four 

cisternae, the aim was to keep the model as simple as possible to minimize the 

parameter matrix. In the context of the Bayesian framework, the use of log normal 

probability distributions for the dominant cisterna (figure 3.1), or exponential decay 

probability distributions for the minor cisternae (figure 3.1) were used as the initial prior 

probability distributions. 
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Figure 3.1 | Probability density functions (PDF) defining enzyme distributions in a three cisterna Golgi apparatus 

Probability functions for the distribution of a medial localized enzyme in a three cisterna Golgi model. Exponential decay functions were used to 
represent the probability distributions of the enzyme in which the activity of the enzyme is low, in this case cisternae 1 and 3. A log normal 
probability distribution was used to represent the probability distribution of enzymatic activity in the cisterna with high enzymatic activity (cisterna 
2). Values on the x-axis represent parameter values.   
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Figure 3.2 | Rationale for four-cisterna model in HEK293T cells 

A) Cartoon representation of the three-cisterna model. B) Cartoon representation of the four-cisterna model. In both models of the Golgi 
apparatus, two cisternae are required to fit the distribution of the oligomannose glycans through the action of MAN1 and GlcNAc-phosphoT. The 
remaining cisternae being available for fitting the hybrid and complex glycan structures.  In the case of the HeLa cells, three cisternae were 
adequate due to the low abundance of hybrid and complex glycans, however, in the HEK293T cells at least two cisternae are required for fitting 
the complex glycans.
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The fitting of the HEK293T glycan profile was initially attempted with the Golgi model 

used for HeLa cells. However, due to the more elaborate glycan profile of HEK293T 

cells, the introduction into the model of a fourth cisterna was required to obtain a good 

fit with the observed data (figure 3.2). The addition of a fourth cisterna for the modelling 

of glycosylation in the HEK293T cells increased the glycan processing capacity of the 

model Golgi. This increased modelling capacity appeared necessary, as a minimum 

of two cisternae was required to model the oligomannose glycans adequately. In the 

model, the oligomannose distribution is determined by competition between MAN1 

and GlcNAc-phosphoT. In the case of the HEK293T cells, a further two cisternae were 

required to model the complex glycans. The total activity for each enzyme was, 

therefore, distributed into four cisternae (table 3.3) for the fitting of the HEK293T glycan 

profile.   

 
 

Enzyme Cisterna 1 Cisterna 2 Cisterna 3 Cisterna 4 

GlcNAc-
phosphotransferase 

80% 10% 5% 5% 

Endo-mannosidase 80% 10% 5% 5% 

MAN1 10% 80% 5% 5% 

MAN2 10% 40% 40% 10% 

MGAT1 10% 40% 40% 10% 

MGAT2 10% 40% 40% 10% 

MGAT4 10% 40% 40% 10% 

MGAT5 10% 40% 40% 10% 

FUT8 10% 40% 40% 10% 

GalT 10% 10% 40% 40% 

SiaT 10% 10% 40% 40% 

Table 3.3 | Initial distribution of enzymes in the four-cisterna model of WT HEK293T 
cells  

Total activity of each enzyme was distributed into four-cisterna in line within the Golgi 
apparatus. For example, SiaT was placed equally in cisternae 3 and 4, with lower activity 
placed in cisternae 1 and 2. The distributions shown here are prior information and are subject 
to the fitting procedure. 

 
 
3.3.2 Fitting and simulating the WT HeLa cell N-glycan profile 

To generate an in silico glycan profile, the processing of 10,000 input glycans that 

enter the Golgi one at a time, was simulated. This allows explicit simulation of enzyme 

competition but not glycan competition. Each glycan is acted upon by a changing set 

of enzymes, determined by the available target sites; as new carbohydrate structures 
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are generated, possible target sites also change. This is modelled as a stochastic 

process and simulated using the standard Gillespie algorithm (180). A glycan structure 

that changes over time in the Golgi is the result of the simulation. The process is 

interrupted by the passage to a new cisterna and terminated when the time limit is 

reached, i.e. the glycan exits the Golgi.  

 

Rather than first fitting the complete glycan profile of HeLa cells, a less computationally 

demanding experiment, the simulation of the oligomannose profile of HeLa cells was 

instead performed. Figure 3.3 shows the observed oligomannose profile of WT HeLa 

as previously published (60), alongside the simulated oligomannose glycan profile.  

The hybrid and complex glycans were pooled together, so the simulation of the 

processing of complex glycans was not included. Parameter values used for the 

simulation of the oligomannose profile shown in figure 3.3 were based on the 

enzymatic turnover numbers of Golgi endo-mannosidase (endoMan), MAN1, MGAT1 

and N-acetylglucosamine-1-phosphotransferase (GlcNAc-phosphoT), but without 

fitting (table 2.6). The enzyme complex of GlcNAc-PhosphoT, which is responsible for 

adding GlcNAc-phosphate to mannose residues, was included in the enzyme suite. 

The Man-6-phosphate (Man6P) tag is used to target glycoproteins to the lysosome, 

where the phosphate is removed. At the same time, the presence of Man6P prevents 

conversion of glycans to hybrid and complex forms in the Golgi apparatus. Given that 

glycan profiles from whole cell lysates are used in this work, it is likely that they contain 

a significant proportion of lysosomal oligomannose glycans. It was therefore important 

to include this modification route. The presence of Glc1Man9GlcNAc2 in N-glycan mass 

spectra indicated that Golgi endoMan should be included in the modelling framework. 

Including this enzyme allowed for the possibility that the major N-glycan exiting the ER 

was Glc1Man9GlcNAc2, which could then be processed further in the Golgi apparatus.    

 

As the simulated glycan profile shown in figure 3.3 was generated using parameter 

values that had not undergone the fitting procedure, the simulated glycan abundances 

do not match well with the observed glycan abundances. The simulated distribution of 

the oligomannose glycans does not create the doubly peaked distribution of the 

observed oligomannose distribution (section 1.1.3.1). Rather, the simulated 

oligomannose profile creates a singly peaked distribution, peaking at Hex6HexNAc2. 

The competition between two enzymes, in this case MAN1 and GlcNAc-phosphoT, 
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cannot generate a double peaked distribution. In addition to this discrepancy between 

the observed and simulated data, the simulated profile also generates too high a level 

of hybrid/complex glycan compared with the observed. 

 

 

 

Figure 3.3 | Initial parameter estimation for modelling oligomannose glycans in HeLa 
cells 

Observed (red) and simulated (blue) oligomannose glycan profile of WT HeLa cells. Observed 
glycan abundances have been previously published (Abdul Rahman et al. 2014). The glycan 
profile was simulated three times using the SSA and the endo-mannosidase, MAN1, GlcNAc-
phosphoT and MGAT1 enzymes. The processing of hybrid and complex glycans were 
excluded from the simulation. The parameter values used to simulate the glycan profile were 
the initial values used to parameterize the model. Error bars are SEM, n = 3. 

 
 
The inability of the model after fitting to reproduce this characteristic doubly peaked 

oligomannose distribution led to the addition of a Man6GlcNAc2 trimming scale-factor. 

In other words, the trimming of Man6GlcNAc2 to Man5GlcNAc2 was allowed to proceed 

at a different rate to the trimming of all other oligomannose species by MAN1, an 

enzymatic property that has been noted in the literature (99). This scale-factor was 
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implemented as an internal property of the MAN1 enzyme and is defined as the ratio 

of the enzymatic activity for MAN1 trimming of Man9-7GlcNAc2 divided by the 

enzymatic activity of MAN1 trimming of Man6GlcNAc2. 

 
 

 

Figure 3.4 | Modelling of whole cell N-glycome from HeLa cells  

Observed (red) and simulated (blue) glycan profiles of WT HeLa cells. The observed glycan 
profile of whole cell WT HeLa cells has been previously published (Abdul Rahman et al. 2014). 
The glycan profile is simulated three times using the whole suit of HeLa enzymes as shown in 
table 3.1 following the fitting procedure. The scale-factor for the trimming of Man6GlcNAc2 is 
included. Error bars are SEM, n = 3. Note all simulated glycan abundances under 0.1% are 
not shown. 

 

 

Having determined the need for a Man6GlcNAc2 trimming scale-factor, the whole 

cellular glycan profile, including the hybrid and complex glycans, was then fitted (figure 

3.4). Unlike in figure 3.3, the simulated distribution of oligomannose glycans matches 

the experimentally observed abundances.  Indeed, the whole cell HeLa glycan profile 

could be reproduced in silico with a model distributing enzymes into three cisternae.  

Due to the high abundance of oligomannose glycans in the WT HeLa cells, the 
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strongest predictions can be made for the oligomannose-processing enzymes such as 

MAN1. An initial assumption based on the literature was that MAN1 was predominately 

located in the cis Golgi (17, 220).  However, after fitting the observed glycan profile of 

HeLa cells the model predicted that the enzyme was spread over the whole stack, with 

a weak medial-Golgi preference (table 3.4). Although often considered a marker of the 

cis-Golgi, MAN1 localization has been shown to vary across cell types (221), 

consistent with the in silico prediction. It should also be noted that the MAN1 enzyme 

remains in the cis relative to the majority of the other enzymes in the system. 

 

 

Enzyme Cisterna 1 Cisterna 2 Cisterna 3 

EndoMAN 79±14% 11±3% 11±2% 

GlcNAc-PhosphoT 81±4% 9±2% 9±2% 

MAN1 25±2% 56±5% 19±2% 

MAN2 10±2% 77±12% 13±2% 

MGAT1 4±1% 93±15% 3±0.003% 

MGAT2 11±2% 78±11% 10±2% 

MGAT4 11±2% 79±15% 11±3% 

MGAT5 6±1% 88±17% 6±1% 

FUT8 10±2% 80±8% 10±1% 

omFUT8 8±2% 84±19% 8±2% 

GalT 11±1% 11±1% 78±11% 

SiaT 4±1% 4±1% 91±6% 

Table 3.4 | Optimised distribution of enzymes for fitted HeLa cell glycome 

The predicted distribution of enzymes in WT HeLa Golgi apparatus following fitting of the 
whole cell glycan profile. Each predicted % activity is the mean of n = 20 individual fitting runs 
and confidence interval is standard deviation. Colour denotes % activity in each cisterna, red 
denotes lower activity, green denotes higher activity. 

 
 
GlcNAc-PhosphoT was allowed to phosphorylate Man9GlcNAc2, Man8GlcNAc2 and 

Man7GlcNAc2, as this was found to be the most appropriate target set (figure 3.5). As 

shown in figure 3.5, the best fit of the HeLa oligomannose distribution could be 

achieved with Man9GlcNAc2, Man8GlcNAc2 and Man7GlcNAc2 (Man9-7) being the 

substrates for GlcNAc-PhosphoT. Expanding the substrates for GlcNAc-PhosphoT to 

include Man6GlcNAc2 (Man9-6) resulted in an increase in Man7GlcNAc2 and a 

concomitant decrease in the abundance of Man8GlcNAc2. Following this result, all 
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other glycan profiles have been simulated with the Man9-7 substrate set for the 

GlcNAc-PhosphoT enzyme. 

 

 

 

Figure 3.5 | Rationale for GlcNAc-phosphotransferase rule set 

Observed (blue) and simulated oligomannose glycan profile. The observed glycan profile has 
been previously published (Abdul Rahman et al. 2014). The glycan profile was either simulated 
using enzymatic rules that allowed GlcNAc-phosphoT to act on Man9-7GlcNAc2 (blue) or 
Man9 6GlcNAc2 (purple). The glycan profile is simulated three times using the SSA. Error 
bars are SEM, n = 3. 

 
 
Importantly, the modelling methodology developed was able to predict enzyme 

parameter values that were used to accurately simulate the whole cell glycan profile 

of HeLa cells. To test that the modelling methodology could be applied to other 

mammalian cell lines with more elaborate glycan profiles, the modelling methodology 

was next used for glycan profiles derived from HEK293T cells.  
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3.3.3 Fitting and simulating the WT HEK293T cell N-glycan profile and 

comparison with WT HeLa cell predictions 

Before modelling the glycan processing of HEK293T cells, a whole cell glycan profile 

for this cell line needed to be obtained experimentally. To generate a glycan profile for 

HEK293T cells, the N-glycans were harvested, released, permethylated and analysed 

by MALDI mass spectrometry. The N-glycans were identified by their accurate mass, 

the isotope pattern of their ionic signals, and knowledge of the biosynthetic pathway. 

53 N-glycans were detected and structures proposed using this method, including 

oligomannose, hybrid and complex types. A selection of the most abundant glycans 

detected is shown annotated in a representative mass spectrum from the HEK293T 

glycan profile (figure 3.6). It is possible that the time of cell line harvesting can affect 

the glycan profile, influenced by the availability of nutrients in the culture medium or 

reactions of the cell to its environment (e.g. confluency). To minimise the effect of 

harvest time on the glycan distribution the cell lines were harvested at the same 

confluency throughout.  This work was done in collaboration with Vladimir Lupashin 

(University of Arkansas for Medical Sciences) to investigate the role of different COG 

complex subunits on cellular phenotypes (58).   

 

Comparison of the relative abundance of N-glycans from WT HeLa and HEK293T cells 

showed significant differences. The most striking difference between the two cell lines 

was the abundance of oligomannose glycans, which made up 90% of the total glycan 

abundance in HeLa cells (figure 3.7). This compared with 58% oligomannose glycans 

in the HEK293T glycan profile (figure 3.7). Features of complex glycans, such as 

fucosylation, sialylation and antenna number were also significantly reduced in the 

HeLa cell line when compared with HEK293T cells (figure 3.7).  
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Figure 3.6 | N-glycan mass spectrum of wild type HEK293T cells 

A representative mass spectrum of N-glycans released from WT HEK293T cells. N-glycans 
were released with PNGaseF and permethylated. Mass spectra were acquired using FT-ICR 
MS. Eight scans consisting of 500 laser shots were averaged to generate a mass spectrum. 
The signal to noise ratio had to be >3 for the ion to be included.  Glycan assignments for a 
selection of the more abundant signals are shown. 
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Figure 3.7 | Comparison of WT HeLa and WT HEK293T N-glycans  

Glycan peaks were identified from mass spectra and quantified as outlined in the material and 
methods. Quantification of glycans from WT HeLa cells was achieved using previously 
published mass spectra (Abdul Rahman et al. 2014). Relative % abundance of: oligomannose 
glycans (A), fucosylated glycans (B), sialylated glycans (C) in WT HeLa and HEK293T cells. 
Relative % abundance of bi-, tri and tetra-antennary glycans (D). Error bars are SEM, n = 3. 

 
 
For fitting the HEK293T glycan profile, the optimised HeLa cell parameter values were 

used as a starting point, allowing a direct comparison of the predictions for the two cell 

lines after fitting. A satisfactory fit between the observed and simulated glycan profiles 

could be achieved (figure 3.8). The significant proportion of complex glycans in the 

HEK293T glycan profile allows more confident predictions to made about the level and 

localization of glycosylation enzymes involved in the processing of complex glycans. 

The predicted percentage activities of each enzyme in the four-cisterna system are 

shown in table 3.5. Similar to the predictions for HeLa cells, in HEK293T cells endo-

mannosidase and GlcNAc-phosphoT are predicted to be the enzymes acting earliest 

in the Golgi, followed by MAN1 and MGAT1. The medial enzymes, such as MGAT2, 4 

and 5, are evenly split between cisternae 2 and 3. This even split between cisternae 2 

and 3 suggests that both oligomannose and complex glycan processing is occurring 

in cisterna 2. GalT and SiaT are the only two enzymes that are predicted by the model 

to be localized in the trans Golgi.  
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Figure 3.8 | Modelling of whole cell N-glycome from HEK293T cells 

Observed (yellow) and simulated (purple) glycan profile of whole cell WT HEK293T cells. 
Glycan peaks were identified from mass spectra. The total peak area intensities were used to 
quantify each identified glycan structure to generate an observed glycan profile. The glycan 
profile was simulated three times using the SSA with the mean parameter values from n = 15 
individual fitting runs. Error bars are SEM, n = 3. 
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Enzyme Cisterna 1 Cisterna 2 Cisterna 3 Cisterna 4 

EndoMAN 76±2% 13±2% 10±1% 1±0.2% 

GlcNAc-PhosphoT 66±2% 15±1% 18±2% 2±0.3% 

MAN1 9±0.2% 80±3% 10±1% 1±0.2% 

MAN2 9±1% 50±10% 32±9% 9±2% 

MGAT1 1±0.05% 85±5% 13±1% 1±0.1% 

MGAT2 11±0.5% 41±3% 37±4% 11±2% 

MGAT4 9±1% 41±13% 40±11% 10±2% 

MGAT5 4±0.4% 36±6% 53±8% 7±3% 

FUT8 14±1% 52±6% 21±2% 13±3% 

ant FUT 4±0.4% 52±9% 41±8% 4±0.6% 

GalT 2±0.1% 13±2% 38±4% 47±5% 

SiaT 3±0.5% 3±0.1% 42±16% 51±9% 

Table 3.5 | Optimised distribution of enzymes for fitted HEK293T cell glycome 

The predicted distribution of enzymes in WT HEK293T Golgi apparatus following fitting of the 
whole cell glycan profile. Each predicted % activity is the mean of n = 15 individual fitting runs 
and confidence interval is standard deviation. Colour denotes % activity in each cisterna, red 
denotes lower activity, green denotes higher activity. 

 
 
 
Over the course of fitting whole cell glycan profiles, a number of additional parameters 

were incorporated into the enzymes’ rules, all of which have precedent in the literature 

and improve our biological understanding of the process of glycosylation. These 

parameters included a different MAN1 rate for the conversion of Man6GlcNAc2 to 

Man5GlcNAc2 (95, 99) than for all other mannose-cleaving reactions by the same 

enzyme (as previously discussed); a separate rate of sialylation for the galactose 

residing on the 3.1Man and 6.1Man antennae (111, 222) and separate rates of 

galactosylation for bi-antennary versus tri- and tetra-antennary glycans (92) (table 

3.9).  

 

The scale-factors for galactosylation and sialylation were introduced during the WT 

HEK293T glycan profile fitting process. These additions were likely not required for 

the modelling of the HeLa cell glycan profile, due to the low abundance of complex 

glycans.  The GalT scale factor is defined as the ratio of the enzymatic activity of GalT 

acting on a bi-antennary glycan over the enzymatic activity of GalT acting on tri- or 

tetra-antennary glycans. Similarly, the sialylation scale-factor is defined as the 

enzymatic activity of SiaT acting on the 3.1Man antenna divided by the activity of SiaT 

acting on the 6.1Man antenna.  
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As the fitted HeLa cell parameters were used as the prior distributions for the modelling 

of the HEK293T glycan profile, the fitted parameter values of the cell lines may be 

directly compared (figure 3.9). A comparison of the enzyme localization reveals a 

strong similarity between the two cell lines. As would be expected, the introduction of 

a fourth cisterna for the HEK293T cell line allows the elucidation of finer glycan 

processing than for the HeLa cells. For example, it is clear that MAN1 and MGAT5 are 

predicted to be spatially separated in the HEK293T cells, while this is less clear for the 

predicted localizations for the HeLa cells.  

 

 

 

Figure 3.9 | Comparison of selected parameter distributions for fitted HeLa and 
HEK293T cells 

Predicted enzymatic distributions of MAN1, MGAT5 and GalT in HeLa and HEK293T cells 
following the fitting procedure. Error bars are standard deviation for n = 20 (HeLa) and n = 15 
(HEK293T) individual fitting procedures. 

 
 
The ability to directly compare cell lines is an important feature of the modelling 

framework developed in this work. In addition to the fitting of enzymatic parameters, 

the proportion of each precursor glycan entering the Golgi apparatus and the time 

taken to transit through each cisterna are also fitted (figure 3.10). The transit time 

through each cisterna is predicted to be longer in the HEK293T cells compared with 

the HeLa cells (figure 3.10 C). The compositions of precursor glycans entering the 
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Golgi apparatus are also different between the two cell lines. The major precursor 

glycan in the HeLa cells was predicted to be Man8GlcNAc2, as opposed to 

Man9GlcNAc2 in the HEK293T cells (figure 3.10 A, B). 

 

 

 

Figure 3.10 | Comparison of input glycans and transit time per cisterna in HeLa and 
HEK293T cells 

Mean fitted values for the proportion of the input glycans for HeLa (A) and HEK293T (B) cells. 
Transit time per cisterna following fitting of glycan profiles for WT HeLa and HEK293T cell 
lines (C). Error bars are standard deviation for n = 20 (HeLa) and n = 15 (HEK293T).   

 

The modelling framework that has been developed, namely an SSA capable of 

simulating the glycosylation reactions that occur within the Golgi apparatus, and an 

ABC without likelihood algorithm to optimise the parameters, was able to simulate 

accurately the elaborate HEK293T whole cell glycan profile. Fitting of the HEK293T 

glycan profile required introduction of several additional parameters. It is important to 

emphasize that the addition of these substrate-dependent parameters was driven by 

the desire for a well fitted model and then justified based on information in the 

literature, suggesting the model is physiologically relevant. 
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3.3.4 Fitting and simulation of swainsonine-treated HeLa and HEK293T cells 

The power of the model developed is to make predictions relative to the prior 

distribution, hence the ability to compare the organization of the glycosylation 

machinery in HeLa and HEK293T cell lines. To demonstrate that the modelling 

methodology can make relevant and correct predictions, the model was used to 

investigate the glycan profile of swainsonine-treated HeLa (60) and HEK293T cells. 

Swainsonine is an alkaloid drug that inhibits MAN2 (106), preventing the conversion 

of hybrid to complex-type glycans. HEK293T cells were treated with swainsonine (see 

material and methods), the N-glycans were harvested, released, permethylated and 

analysed by MALDI mass spectrometry. As before, the accurate mass, isotope pattern 

and knowledge of the biosynthetic pathway was used to propose structures for the N-

glycans. Due to the inhibition of MAN2 and the elimination of detectable complex 

glycans, only 13 glycans were identified. The most abundant hybrid glycans detected 

are shown in figure 3.11 and are the same as those reported in the swainsonine-

treated HeLa cells.  
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Figure 3.11 | Representative N-glycan mass spectrum of swainsonine-treated HEK293T 
cells  

A representative mass spectrum of N-glycans released from swainsonine-treated HEK293T 
cells. N-glycans were released with PNGaseF and permethylated. Mass spectra were 
acquired using FT-ICR MS. Eight scans consisting of 500 laser shots were averaged to 
generate a mass spectrum. The signal to noise ratio had to be >3 for the ion to be included.  
Glycan assignments for a selection of the more abundant signals corresponding to hybrid 
structures are shown. 

 

 

The glycan profiling data from swainsonine-treated cells were fitted in two ways. In the 

first instance, the fitted WT HeLa parameters, excluding MAN2 activity completely, 

were used to simulate a glycan profile without further fitting (figure 3.12). The removal 

of MAN2 activity accounts for the known effects of swainsonine, however the 

simulated glycan profile only partially matches that of the observed glycan profile 

(figure 3.12). The exclusion of MAN2 from the simulation did increase the relative 

abundance of hybrid type glycans, as expected, but could not reproduce the different 

types of hybrid glycans present in the observed glycan profile. For example, the 

simulated glycan profile produced higher levels of asialo-hybrid glycans 

(Gal1Man5GlcNAc3 and Fuc1Gal1Man5GlcNAc3) than in the observed data (figure 
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3.12). Concurrently, the high abundance of the predominant sialylated hybrid glycan 

NeuAc1Fuc1Gal1Man5GlcNAc3 in the observed profile, was not achieved in the 

simulation. Furthermore, the relative abundance of Fuc1Man5GlcNAc2 could not be 

reproduced in this simulation. 

 

 

Figure 3.12 | HeLa MAN2 null observed and simulated glycan profiles 

Observed (red) and simulated (blue) glycan profile of whole cell swainsonine-treated HeLa 
cells. The observed glycan profile was acquired by Chris Watson, a former member of the 
Ungar and Wood groups. The glycan profile was simulated three times using the SSA. The 
simulated glycan profile was generated using the fitted parameters obtained from the 
untreated HeLa glycan profile minus the activity of MAN2. Error bars are SEM, n = 3. 

 
 

Similar to the swainsonine-treated HeLa cell work, the optimised WT HEK293T 

parameters with MAN2 activity removed completely, were used to simulate a glycan 

profile (figure 3.13). As with the HeLa cells, the resulting simulated glycan profile gave 

a qualitative match to that of the observed but did not correctly simulate the level of 

the NeuAc1Fuc1Gal1Man5GlcNAc3 or Fuc1Man5GlcNAc2. There are several 
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explanations for why the removal of MAN2 activity from the HeLa and HEK293T cell 

parameters did not result in a satisfactory fit between the simulated and observed data.  

 

 

Figure 3.13 | HEK293T mannosidase II null observed and simulated glycan profile 

Observed (purple) and simulated (yellow) glycan profile of whole cell swainsonine-treated 
HEK293T cells. Glycan peaks were identified from mass spectra. The total peak area 
intensities were used to quantify each identified glycan structure to generate an observed 
glycan profile. The glycan profile was simulated three times using the SSA and the mean of 
the three simulations is shown. The simulated glycan profile was generated using the fitted 
parameters obtained from the untreated HEK293T glycan profile minus the activity of MAN2. 
Error bars are SEM, n = 3. 

 

First, it is possible that hybrid glycans behave differently as substrates for glycosylation 

enzymes to complex glycans, meaning enzymatic rates are different between the two 

glycan types (92, 93). As the abundance of complex glycans in the WT glycan profiles 

exceeds that of the hybrid type, the fitted enzymatic parameters for the WT profiles 

are strongly biased towards the enzymatic rates with complex glycans as substrates. 

Second, the addition of swainsonine potentially alters the glycosylation machinery, 

either by having effects on enzyme expression levels or by changing the physical 

properties of the glycosylation enzymes, many of which are themselves glycosylated 

(table 3.6). The presence of Fuc1Man5GlcNAc2 necessitated FUT8 to act on 
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Man5GlcNAc2 (114, 115, 223, 224), albeit at a lower rate than that at which FUT8 

modifies other substrates. In vitro studies had previously shown that FUT8 was 

incapable of acting on oligomannose glycans (225). A scale-factor for the fucosylation 

of Man5GlcNAc2 was therefore introduced (table 3.9), this was defined as the ratio of 

the enzymatic activity for FUT8 acting of any hybrid or complex-type glycan divided by 

the enzymatic activity of FUT8 acting on of Man5GlcNAc2. 

 

 

Enzyme Confirmed 
glycosylation site 

Predicted 
glycosylation site 

N- or O- 
glycosylation 

MAN1 No Yes N- 

MAN2 Yes 
(226) 

Yes N- 

Endo-Man No No N/A 

MGAT1 No No N/A 

MGAT2 No Yes N- 

MGAT3 No Yes N- 

MGAT4 No Yes N- 

MGAT5 No Yes N- 

FUT8 No No N/A 

GalT No Yes N- 

ST3Gal2 No Yes N- 

ST6Gal2 Yes 
(112) 

Yes N- and O- 

GlcNAc-PhosphoT Yes 
(227, 228) 

Yes N- 

Table 3.6 | Glycosylation of glycosylation enzymes 

Table of N-glycosylation enzymes used in the modelling and their glycosylation status. The 
majority of enzymes are predicted to contain a glycosylation site by the presence of the 
consensus sequence. Three enzymes have been identified as glycoproteins experimentally: 
MAN2, ST6Gal2 and GlcNAc-PhosphoT. N/A denotes not applicable. 
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Figure 3.14 | Observed and simulated glycan profiles of swainsonine-treated HeLa 
cells after fitting 

Observed (red) and simulated (blue) glycan profile of whole cell swainsonine-treated HeLa 
cells. The observed glycan profile was acquired by Chris Watson, a former member of the 
Ungar and Wood groups. The glycan profile was simulated three times using the SSA with the 
mean parameter values from n = 13 individual fitting runs. Error bars are SEM, n = 3. 

 

 

Beginning with the fitted HeLa cell parameters that simulate the glycan profile of the 

WT cells accurately, the Bayesian fitting methodology was used to optimise the 

parameters for the swainsonine-treated HeLa glycan profile (figure 3.14). In contrast 

to the simple removal of MAN2, the fitting procedure was able to optimise the 

parameters, and to simulate a glycan profile that accurately matches the observed 

profile. Likewise, the optimised WT HEK293T parameters were used as the prior 

distributions for fitting the swainsonine treated HEK293T glycan profile (figure 3.15). 

The quality of the simulated glycan profiles produced by the fitted parameters suggests 

that the fitting procedure is absolutely necessary and demonstrates the power of the 

Bayesian methodology when compared to reasoning based on elimination of specific 

enzymes only. 
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Figure 3.15 | Simulated glycan profile of swainsonine treated HEK293T cells after fitting 

Observed (purple) and simulated (yellow) glycan profile of swainsonine-treated HEK293T 
cells. Glycan peaks were identified from mass spectra. The total peak area intensities were 
used to quantify each identified glycan structure and to generate an observed glycan profile. 
The glycan profile was simulated three times using the SSA with the mean parameter values 
from n = 16 individual fitting runs. Error bars are SEM, n = 3. 

 
 
As expected, the fitting of both swainsonine-treated cell lines showed large decreases 

in the total activity of MAN2 when compared with the untreated activity (figure 3.16). 

The predicted decrease in MAN2 activity is greater for the HEK293T cell line than the 

HeLa cells. This is likely due to the higher abundance in the untreated HEK293T cells 

of complex glycans, the abundance of which needs to be reduced in the 

swainsonine-treated condition.  There were, however, no changes in the relative 

distribution of each enzyme in the Golgi stack for the swainsonine-treated HeLa (table 

3.7) and HEK293T (table 3.8) cells. Interestingly, the model also predicts an 

unexpected increase in sialylation and galactosylation activity (figure 3.16). The 

increases in sialylation and galactosylation activity are the reasons why the removal 

of MAN2 activity was not adequate for simulating the swainsonine-treated glycan 

profiles, thus, underlining the requirement for a robust fitting procedure.  
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Figure 3.16 | Comparison of swainsonine-treated HeLa and HEK293T cell optimised 
parameters  

The predicted ratio of total activity levels of the glycosylation enzymes in HeLa and HEK293T 
cells when treated with swainsonine. The predicted total activity for swainsonine-treated HeLa 
(n = 13) and HEK293T (n = 16) is divided by the predicted total activity of untreated HeLa (n 
= 20) and HEK293T (n = 15), respectively. Error bars are the propagated standard deviation. 
SW denotes swainsonine-treated. 

 
 

There are several potential causes for the increase in sialyation activity. Firstly, the low 

relative abundance of hybrid glycans in the WT cell lines means the parameters 

pertaining to hybrid glycan synthesis are poorly defined and could well be different 

from parameters for complex type glycans. In addition, it may be linked to the different 

sialyation rates of different glycan antennae (111, 222). In that case, the swainsonine 

model would merely be representing the altered sialylation rates of different antennae. 

Secondly, sialyltransferases are themselves glycosylated and their enzymatic activity 

can be modulated by the glycans that reside on the transferase itself (112). 

Swainsonine treatment will almost certainly alter the glycosylation status of the 

sialyltransferases from complex to hybrid (table 3.6), which could lead to increased 
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activity. Thirdly, the protein levels of sialyltransferases are different between the two 

conditions. This suggestion is in good agreement with unpublished data showing that 

the protein levels of a galactosyltransferase and sialyltransferase are increased in 

MGAT1 KO cells (Vladimir Lupashin, personal communication). 

 

 

Enzyme Cisterna 1 Cisterna 2 Cisterna 3 

GlcNAc-PhosphoT 75±4% 13±2% 11±2% 

EndoMAN 77±12% 12±2% 12±2% 

MAN1 18±1% 66±4% 16±1% 

MAN2 N/A N/A N/A 

MGAT1 3±0.003% 93±3% 4±1% 

MGAT2 12±3% 78±28% 11±3% 

MGAT4 12±2% 77±12% 11±2% 

MGAT5 6±1% 89±23% 6±1% 

FUT8 9±2% 91±16% 0% 

omFUT8 0% 100±13% 0% 

GalT 11±2% 17±2% 73±13% 

SiaT 2±0.002% 2±0.002% 96±10% 

Table 3.7 | Optimised distribution of enzymes for fitted swainsonine-treated HeLa cell 
glycome 

The predicted distribution of enzymes in swainsonine-treated HeLa Golgi apparatus following 
fitting of the whole cell glycan profile. Each predicted % activity is the mean of n = 13 individual 
fitting runs and confidence intervals are standard deviation. Colour denotes % activity in each 
cisterna, red denotes lower activity, green denotes higher activity. 
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Enzyme Cisterna 1 Cisterna 2 Cisterna 3 Cisterna 4 

Endo-Man 75±3% 14±3% 10±1% 1±0.2% 

PhosphoT 52±2% 21±2% 24±3% 3±0.6% 

MAN1 8±0.4% 77±4% 14±2% 1±0.2% 

MAN2 N/A N/A N/A N/A 

MGAT1 2±0.1% 73±7% 23±2% 2±0.4% 

MGAT2 11±0.7% 41±3% 36±6% 12±3% 

MGAT4 11±0.7% 40±6% 35±4% 13±2% 

MGAT5 4±0.5% 37±13% 52±10% 7±2% 

FUT8 14±1% 54±8% 19±2% 13±2% 

ant FUT 4±0.4% 57±10% 35±5% 4±0.6% 

GalT 1±0.2% 10±1% 31±5% 58±17% 

SiaT 1±0.1% 1±0.3% 27±5% 70±8% 

Table 3.8 | Optimised distribution of enzymes for fitted swainsonine-treated HEK293T 
cell glycome 

The predicted distribution of enzymes in swainsonine-treated HEK293T Golgi apparatus 
following fitting of the whole cell glycan profile. Each predicted % activity is the mean of n = 
16 individual fitting runs and confidence intervals are standard deviation. Colour denotes % 
activity in each cisterna, red denotes lower activity, green denotes higher activity. 

 
 

3.4 Summary of scale-factors 

The scale-factors for: MAN1 trimming of Man6GlcNAc2, antenna sialylation, antenna 

number galactosylation and fucosylation of Man5GlcNAc2 were all parameters that 

were fitted. Table 3.9 shows the fitted scale-factors for HeLa and HEK293T cells. 

Previous models of glycosylation have included Km values for different enzymatic 

substrates (192, 195) and in vitro studies on enzymatic specificity has demonstrated 

varying enzymatic preferences for substrates (93). The inclusion of Km values is not 

valid for the approach used in this work as substrate competition is not modelled, 

however the variability in enzymatic specificity supports the approach taken in this 

work. The biological significance of differential rates of reactions for varying substrates 

is an added level of control. In this work the addition of scale-factors results in altered 

competition between enzymes for particular substrates therefore directing the 

N-glycosylation pathway down particular routes. The evolution of these enzymes to 

incorporate substrate specificities potential adds a layer of control to reduce 

heterogeneity and produce desired glycan structures.  
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In both HeLa and HEK293T cell lines MAN1 trimming of Man6GlcNAc2 was predicted 

to be slower than MAN1 acting on other oligomannose glycans. In HeLa cells the 

trimming of Man6GlcNAc2 was predicted to be 6.27 times slower compared with other 

oligomannose glycans (table 3.9). For HEK293T cells the scale-factor for MAN1 

trimming was predicted to be 8.87 (table 3.9). The scale-factors for SiaT and GalT 

were only included in the fitting of HEK293T cells. In the case of GalT, the model 

predicted that the galactosylation rate of tri- and tetra-antennary glycans proceeds 

2.81 times slower than the galactosylation of bi-antennary glycans (table 3.9). For 

sialylation, the activity of SiaT acting on the 6.1Man antenna was predicted to be 2.18 

times slower compared with 3.1Man antenna (table 3.9). Finally, the fucosylation of 

Man5GlcNAc2 became a relevant factor in the swainsonine-treated conditions. 

Fucosylation of Man5GlcNAc2 occurred at only very low levels in the untreated 

conditions. 
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Internal enzymatic 

property 

Prior 

distribution 

mean 

Fitted HeLa Fitted 

HEK293T 

Scale-factor for 

Man6GlcNAc2 to 

Man5GlcNAc2 

 

10 6.27 8.87 

Scale-factor for sialylation 

of separate branches 

 

1 - 2.18 

Scale-factor for 

galactosylation of bi- vs tri- 

and tetra-antennary 

glycans 

1 - 2.81 

Scale-factor for 

fucosylation of 

Man5GlcNAc2 

20 1.24* 2.90* 

Table 3.9 | Summary of fitted parameter values for additional internal enzymatic 
parameters in WT and swainsonine-treated cell lines 

Mean predicted internal enzymatic parameter values for n = 20 (HeLa) and n = 15 (HEK293T) 
individual fitting runs. The fitted values represent scale-factors for the specified reaction. For 
example, MAN1 removes mannose from Man6GlcNAc2 6.27 times slower than removing 
mannose from any of the other oligomannose glycans. * fitted scale-factor is for swainsonine-
treated condition n = 13 (HeLa) and n = 15 (HEK293T). 
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3.5 Conclusion 

In order to make predictions regarding changes in the organization of the mammalian 

glycosylation machinery, a computational model incorporating a large suite of 

glycosylation enzymes was developed. The modelling framework developed consisted 

of two algorithms, an SSA, which simulated the glycosylation reactions, and a 

Bayesian fitting algorithm. The use of a probabilistic model to simulate the 

glycosylation reactions explicitly includes biological noise, an inherent property of 

reaction systems with smaller numbers of reactants. A second advantage of using an 

SSA is that additional factors that need parameterizing are subsumed into the 

probabilities, thus reducing the parameter matrix of an already complex system. The 

Bayesian fitting approach adopted in this work allows for the integration of 

experimental data and knowledge, which are characterised by high uncertainty.  

 

To determine the ability of the modelling framework to fit mammalian glycan profiles, 

WT HeLa and HEK293T whole cell glycan profiles were determined using mass 

spectrometric methods and then fitted in silico. The modelling methodology developed 

here was capable of simulating the glycan profiles of the two cell lines accurately. The 

optimised enzyme distributions within the Golgi stack predicted by the model were 

consistent with information in the literature. The more elaborate glycan profile of 

HEK293T cells necessitated an additional model cisterna and several substrate-

specific parameters. The glycan profiles of the two swainsonine-treated cell lines were 

also fitted in order to show that the developed model made rational and accurate 

predictions. The fitting of the glycan profiles of swainsonine-treated cells revealed a 

decrease in MAN2 total activity, as expected, and an increase in sialylation. The fitting 

of the swainsonine-treated glycan profile suggested that the modelling methodology 

was able to capture novel features of the glycan processing machinery.  

 

In conclusion, a modelling framework was developed that could fit mammalian glycan 

profiles and make predictions regarding the activity of enzymes and their respective 

locations in a Golgi stack. The model was validated through the fitting of swainsonine-

treated cell glycan profiles, which showed the expected decrease in MAN2 activity as 

well as an increase in sialylation. The following chapter describes use of the model to 
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investigate the effect of perturbing intra-Golgi trafficking on glycosylation and the 

organization of the glycosylation machinery.  
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Chapter 4: Predicting the results of Golgi 

trafficking defects in mammalian cell lines 

 

 

4.1 Rationale for predicting alterations in the glycosylation 

machinery in trafficking-defective cells 

A modelling framework has been developed in this work that is capable of making 

predictions regarding the organization of the N-glycosylation machinery. In the 

previous chapter, this modelling framework was applied to WT and swainsonine-

treated cellular glycan profiles of both HeLa and HEK293T cells. The glycan structures 

that are produced by the cell are only partially the result of enzyme levels (118, 119). 

A complementary factor in regulating glycan structure is the organization of these 

enzymes within the Golgi apparatus. However, the organisation of glycosylation 

enzymes, including levels and localizations within the Golgi apparatus has only been 

accessible with advanced microscopy techniques and the information is limited to a 

small number of enzymes. 

 

The COG complex has been implicated in ensuring the organizational fidelity of the 

glycosylation machinery (56, 62). Furthermore, mutations in the COG complex have 

been shown to result in CDGs. To investigate the role of the COG complex in regulating 

the glycosylation machinery of mammalian cells, the modelling framework has been 

applied to Cog4-deficient cells lines.  Predicted relative changes in the enzyme 

activities and localizations can then be validated experimentally to provide confidence 

in the modelling methodology. The ability to model changes in glycosylation allows 

other conditions in which glycosylation is altered to be assessed; CDGs, cancers and 

cellular differentiation can all alter the levels and localizations of glycosylation 

enzymes 

 

4.2 Aims 

The aim of this chapter is to describe work demonstrating the ability of the modelling 

methodology to predict alterations in enzyme levels and localizations in a system 
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where Golgi trafficking has been disrupted. To achieve this, the glycan profile of HeLa 

cells in which Cog4 has been knocked down (KD), has been modelled. Furthermore, 

a Cog4 knock out (KO) HEK293T cell line (created by Jessica Blackburn-Bailey, 

University of Arkansas for Medical Sciences), has been glycan profiled by the author 

and then fitted using the modelling framework. A further aim of this work was to validate 

predicted changes in enzyme levels and localizations using experimental methods, 

such as western blotting and confocal microscopy.  

 

4.3 Results 

4.3.1 Modelling the Cog4KD HeLa cell glycan profile 

Cog4KD HeLa cells have been previously glycan profiled (60). The glycan profile of 

Cog4KD HeLa cells is shown in figure 4.1 juxtaposed with the WT profile for 

convenience. Limited changes are observed between the glycan profile of the two cell 

lines (figure 4.1). The main changes that occur as a result of Cog4KD are in the 

oligomannose type glycans. For example, in the glycan profile of Cog4KD, the 

abundances of Man6GlcNAc2 and Man9GlcNAc2 are increased, while the level of 

Man8GlcNAc2 is decreased. Due to the low abundance of complex glycans detected 

in HeLa cells, no significant changes were observed in the hybrid and complex glycan 

structures. The limited changes in glycan profile that are observed are likely due to the 

nature of the knockdown, which resulted in only a partial depletion of Cog4.  
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Figure 4.1 | Comparison of WT and Cog4KD HeLa cell glycan profiles 

Observed glycan profiles of whole cell WT and Cog4KD HeLa cells. The observed glycan 
profiles are those published (Abdul Rahman et al. 2014). The quantification of the two profiles 
are shown together for the readers’ convenience. OM = oligomannose, HY = hybrid, CX = 
complex. 

 

 

In order to model the Cog4KD HeLa cell glycan profile, the prior distributions for the 

Bayesian fitting were set to the optimised WT HeLa cell parameters. Setting the prior 

distributions to the WT values allows a direct comparison between the glycan profiles 

of the two cell lines. Following fitting, the changes in the oligomannose glycans due to 

knocking down Cog4 could be reproduced in silico (figure 4.2).  Overall, there were no 

changes to the localizations and total activities of the majority of enzymes (figure 4.3, 

table 4.1). Interestingly, the alteration to the oligomannose abundances in the glycan 

profile did lead the model to predict the MAN1 enzyme distribution to flatten out and 

shift to a more trans-Golgi localization (figure 4.4). Moreover, the total enzymatic 

activity for the MAN1 enzyme was predicted to be decreased in the Cog4KD HeLa 

cells compared with WT (figure 4.3).  

 



 

130 
 

 

Figure 4.2 | Modelling of whole cell N-glycome from Cog4KD HeLa cells 

Observed (green) and simulated (magenta) glycan profile of whole cell Cog4KD HeLa cells. 
The observed glycan profiles are those published (Abdul Rahman et al. 2014). To generate 
the simulated glycan profile the SSA was run three times using the mean parameter values 
from n = 20 individual fitting runs. Error bars are SEM, n = 3. OM = oligomannose, HY = hybrid, 
CX = complex. 
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Figure 4.3 | Predicted total activity of MAN1 is reduced in Cog4KD HeLa cells 

The predicted ratio of total activity levels of the glycosylation enzymes in Cog4KD HeLa cells 
in comparison with WT HeLa cells. The predicted total activity in Cog4KD HeLa cells (n = 20) 
is divided by the predicted total activity of WT HeLa cells (n = 20), following fitting. Error bars 
are the propagated standard deviation. 

 

 

The predicted changes in MAN1, but not enzymes involved in complex glycan 

processing, is not surprising. Based on the dominance of oligomannose glycans in the 

HeLa cell glycan profiles, the strongest predictions can be made regarding the 

enzymes that process oligomannose glycans. The shift in the MAN1 distribution in the 

trans direction is consistent with the COG complexes’ role in retrograde Golgi 

trafficking; the shift in enzyme distribution suggests that the efficiency of retrograde 

recycling of MAN1 has been reduced as a result of disruption to the COG complex. 

This prediction of MAN1 shifting in the trans direction has been made by the model 

despite not having the a priori information about the role of the COG complex. Having 

accomplished the aim of modelling the Cog4KD HeLa cell glycan profile, the more 

elaborate glycan profile of Cog4KO HEK293Ts was modelled next.   
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Figure 4.4 | Cog4KD results in a flattening of the MAN1 distribution in the Golgi stack 

Predicted distribution of MAN1 in WT (dotted) and Cog4KD (solid) HeLa cells following fitting. 
Error bars are standard deviation for n = 20 (WT HeLa) and n = 20 (Cog4KD HeLa) individual 
fitting procedures. 

 

 

Enzyme Cisterna 1 Cisterna 2 Cisterna 3 

GlcNAc-PhosphoT 80±3% 10±1% 10±2% 

EndoMAN 79±21% 10±2% 11±2% 

MAN1 29±1% 37±2% 35±2% 

MAN2 10±3% 77±29% 13±4% 

MGAT1 2±1% 95±36% 3±1% 

MGAT2 11±2% 78±19% 11±2% 

MGAT4 11±2% 78±12% 11±1% 

MGAT5 6±1% 88±23% 6±1% 

FUT8 12±3% 88±19% 0% 

omFUT8 0% 100±10% 0% 

GalT 10±2% 11±2% 79±26% 

SiaT 4±1% 4±1% 93±50% 

Table 4.1 | Predicted distribution of enzymes in the Golgi of Cog4KD HeLa cells  

The predicted distribution of enzymes in the Golgi apparatus of Cog4KD HeLa cells following 
fitting of the whole cell glycan profile. Each predicted % activity is the mean of n = 20 individual 
fitting runs and confidence intervals are standard deviation. Colour denotes % activity in each 
cisterna, red denotes lower activity, green denotes higher activity. 
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4.3.2 Modelling the Cog4KO HEK293T cell glycan profile 

In contrast to the Cog4KD HeLa cells, in which the changes to oligomannose glycans 

predominate, the knockout of Cog4 in HEK293T cells produces marked changes in 

complex glycans (58). This is potentially due to the targeted CRISPR-Cas9-based 

gene editing used to knockout Cog4 in HEK293T cells , that results in a complete 

elimination of Cog4 protein levels (58). Guide RNA sequences for Cog4 were provided 

by Horizon Discovery and targeted CGAATCAAGGTC CGCCATCT within the Cog4 

gene. For further details please see Blackburn-Bailey et al. (58). A representative mass 

spectrum of the N-glycans is shown in figure 4.5, indicating the dominant glycans 

detected. A comparison between the glycan profiles of WT HEK293T and Cog4KO 

HEK293T cells reveals striking alterations in the levels of a variety of glycans (figure 

4.6). A total of 40 glycans were detected in the Cog4KO glycan profile compared with 

58 in that of WT HEK293T cells. Highly processed glycans containing sialic acids, 

fucoses and multiple antennae are either absent or were detected at much lower levels 

in the Cog4KO HEK293T cells than the WT. The distribution of oligomannose glycans 

is also altered as a result of Cog4KO (figure 4.6). Cog4KO resulted in an increase in 

the levels of Man5GlcNAc2, Man7GlcNAc2 and Man8GlcNAc2 and a decrease in 

Man6GlcNAc2.  
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Figure 4.5 | Representative mass spectrum of Cog4KO HEK293T cell glycans 

A representative mass spectrum of N-glycans released from Cog4KO HEK293T cells. N-
glycans were released with PNGaseF and permethylated. Mass spectra were acquired using 
FT-ICR MS. Eight scans consisting of 500 laser shots were averaged to generate a mass 
spectrum.  The signal to noise ratio had to be >3 for the ion to be included.  Glycan structural 
proposals for a selection of the more abundant signals are shown. 
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Figure 4.6 | Comparison of WT and Cog4KO HEK293T glycan profiles 

Glycan profiles of WT (yellow) and Cog4KO (purple) HEK293T cells. Glycans were identified 
from mass spectral signals. The total peak area intensities were used to quantify each 
identified glycan structure to generate an observed glycan profile, normalised to the total 
intensity of signals present in each cell line. Error bars are SEM, n = 3. OM = oligomannose, 
HY = hybrid, CX = complex. 

 

 

In addition to the changes in the distribution of oligomannose glycans, Cog4KO in 

HEK293T cells resulted in an increase in the overall levels of oligomannose glycans 

and a decrease in total complex glycans (figure 4.7A). The total levels of fucosylation 

and sialylation were also decreased (figure 4.7B, C).  Interestingly, the levels of bi-

antennary glycans did not change between the two cell lines, suggesting that MGAT2 

remained functional in the Cog4KO cell line, or the loss of enzymes downstream 

resulted in reduced competition, allowing MGAT2 to act. However, the levels of tri- and 

tetra-antennary glycans were reduced in the Cog4KO HEK293T cell line (figure 4.7D). 
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Figure 4.7 | Summary comparison of glycans produced by WT and Cog4KO HEK293T 
cells 

A) Quantification of N-glycans grouped into oligomannose, hybrid and complex from WT and 
Cog4KO HEK293T cells. Quantification of N-glycans identified from mass spectra that are 
fucosylated B) or sialylated C). Quantification of bi, tri and tetra-antennary glycans identified 
by mass spectrometry D). Error bars are SEM, n = 3. 

 

 

Changes in the proteome can also result in changes in the glycan profile. Disruption 

to the COG complex has previously been shown to reduce the levels of some cell 

surface proteins, for example the low density lipoprotein receptor (63). To eliminate 

the possibility that changes in the whole cell glycan profile of Cog4KO HEK293T cells 

were the result of a reduction in a selection of cell surface glycoproteins and/or 

changes in site-specific glycosylation (229), a crude total membrane proteomic 

experiment was conducted. Cells were permeabilized with digitonin and then 

centrifuged in order to remove cytosolic proteins and enrich membrane proteins. The 

membrane protein fraction was then digested using a combination of proteases before 

the resulting peptides were identified using liquid chromatography (LC)-MS. The 

chromatorgaphic peak areas for each pepetide were normalised to a subset of ER 
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proteins (table 2.1) allowing relative quantification between the two cell lines. A 

threshold of two unique peptides was required for identification. 

 

In order to identify transmembrane proteins the unique protein accession numbers for 

the identified proteins were compared with a list of transmembrane proteins from 

www.geneontology.org.(figure 4.8). In total, 2488 proteins were observed of which 220 

were identified as transmembrane proteins.  The levels of the transmembrane 

proteins: Complement 3 (C3), Transmembrane 9 superfamily member 2 (TM9SF2), 

Transmembrane 9 superfamily member 3 (TM9SF3) and Cleft lip and palate 

transmembrane protein 1-like protein  (CLPTM1L) were found to be significantly 

decreased. Golgi proteins were excluded from the list of transmembrane proteins 

because the permeabilization of the cells with digitonin and subsequent centrifguation 

may have resulted in a loss of vesicles, and therefore vesicular cargo, from the sample 

prior to tryptic digestion. A previous study of a Cog4 KD HeLa cell line has 

demonstrated that the overall level of exogenously expressed MGAT1 is unaltered 

when compared with WT HeLa cells but rather, MGAT1 accumulated in Golgi vesicles 

in the Cog4KD HeLa cells while in WT cells it remained in the Golgi apparatus (57). 

Overall the crude transmembrane proteomics results suggest that alterations in the 

proteome between WT and Cog4KO HEK293T cells are unlikely to account for the 

large changes between the glycan profiles.  
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Figure 4.8 | Alterations in glycosylation are not the result of changes in the 
transmembrane proteome  

Volcano plot of transmembrane proteins identified using GeneOntology.org. Normalisation 
was performed between acquisitions against total precursor intensities for a subset of known 
ER proteins (see material and methods). ANOVA-derived p-values were converted to multiple 
test-corrected q-values using the Hochberg and Benjamini (H&B q-values) approach.  
Excluding Golgi apparatus-associated proteins, Complement 3 (C3), Transmembrane 9 
superfamily member 2 (TM9SF2), Transmembrane 9 superfamily member 3 (TM9SF3) and 
Cleft lip and palate transmembrane protein 1-like protein (CLPTM1L) were found to be 
significantly decreased in Cog4KO HEK293T cells compared with WT. 

 

After excluding the possibility that alterations in the glycan profile of Cog4KO 

HEK293T cells were due to changes in protein expression, it is likely that changes in 

the glycan profile the result of changes to the glycosylation machinery. The modelling 

methodology was then used to fit the glycan profile of Cog4KO HEK293T cells (figure 

4.9). Upon fitting of the Cog4KO HEK293T profile, three enzymes exhibited 

localization changes when compared with WT (figure 4.10, table 4.2). As in the HeLa 

cell example, the distribution of MAN1 was shifted in the trans direction, although not 

to the same degree as in the Cog4KD HeLa cells. The proportion of the MGAT5 activity 

falling in the third cisterna, and the GalT activity in the fourth cisterna were both 

reduced upon Cog4KO, indicating a shift of these enzymes towards the cis-side of the 

Golgi. 

 



 

139 
 

 

Figure 4.9 | Modelling of whole cell N-glycome from Cog4KO HEK293T cells 

Observed (blue) and simulated (orange) N-glycan profiles of Cog4KO HEK293T cells. Glycans 
were identified from mass spectral signals. The total peak area intensities were used to 
quantify each identified glycan structure to generate an observed glycan profile. The glycan 
profile was simulated three times using the SSA with the mean parameter values from n = 21 
individual fitting runs. Error bars are SEM, n = 3. OM = oligomannose, HY = hybrid, CX = 
complex. 
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Figure 4.10 | Alterations in a subset of glycosylation enzymes as a result of Cog4KO 

Predicted enzymatic distributions of enzymes in WT (dotted) and Cog4KO (solid) HEK293T 
cells. The distributions of MAN1 (red), MGAT5 (blue) and GalT (green) in both cell lines 
following the fitting procedure are shown. Error bars are standard deviation for n = 15 (WT 
HEK293T) and n = 21 (Cog4KO HEK293T) individual fitting procedures. 

 

 

In order to validate the predicted shift in GalT localization, GalT-YFP was exogenously 

expressed in WT and Cog4KO HEK293T cells and its localization with respect to the 

cis-Golgi marker GM130, was compared in the two cell lines. Cells were treated with 

nocodazole to disperse the Golgi ribbon, producing Golgi mini-stacks. In WT HEK293T 

cells, GalT-YFP and GM130 showed minimal co-localization (figure 4.11A, B). In 

contrast, GalT-YFP and GM130 showed partial co-localization in Cog4KO HEK293T 

cells (figure 4.11A, B). The co-localization in Cog4KO HEK293T cells is not complete, 

indicating that GalT is not located in the cis-Golgi, which is in good agreement with the 

model prediction (figure 4.10). This shift in the cis direction of GalT could be explained 

in a number of different ways. Firstly, Cog4KO could have resulted in the delivery of 

COPI vesicles containing GalT to the wrong cisterna; however, this explanation would 

mean that disrupting the COG complex increases the rate of retrograde trafficking. 

This is not consistent with known role of the COG complex in retrograde trafficking. 

Secondly, GalT was specifically depleted from trans cisternae, or thirdly, the Golgi 

architecture was altered as a result of Cog4KO.  
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Figure 4.11 | GalT-YFP localizes with the cis marker, GM130, in Cog4KO HEK293T cells 

A) Representative images acquired using Airyscan confocal microscopy of WT and Cog4KO 
HEK293T cells treated with nocodazole. Cells were transiently transfected with GalT-YFP 
(green) and Golgi mini-stacks were stained with anti-GM130-Alexa647 (red). B) Pearson’s 
colocalization coefficients for GM130 and GalT-YFP in WT and Cog4KO HEK293T cells. 
Pearson’s colocalization coefficients were calculated for each individual Golgi stack and error 
bars are standard deviation for n = 4 cells with 151 (WT) and 131 (Cog4KO) Golgi stacks. 
Scale bar is 5 µm. *** denotes P ≤ 0.001 for a student’s t-test. 
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Enzyme Cisterna 1 Cisterna 2 Cisterna 3 Cisterna 4 

GlcNAc-phosphoT 76±2% 10±1% 12±1% 1±0.2% 

Endo-Man 75±3% 14±2% 11±2% 1±0.2% 

MAN1 8±0.2% 71±2% 20±1% 1±0.4% 

MAN2 10±3% 51±22% 28±7% 11±3% 

MGAT1 2±0.2% 81±15% 14±2% 3±0.4% 

MGAT2 10±2% 43±15% 35±20% 12±3% 

MGAT4 9±1% 40±8% 39±11% 12±3% 

MGAT5 8±1% 52±13% 29±4% 11±2% 

FUT8 12±2% 49±13% 25±5% 13±3% 

ant FUT 3±1% 49±12% 44±21% 4±1% 

GalT 3±0.2% 25±3% 45±5% 27±4% 

SiaT 2±0.3% 3±1% 46±12% 49±7% 

Table 4.2 | Predicted distribution of enzymes in the Golgi of Cog4KO HEK293T cells 

The predicted distribution of enzymes in the Golgi apparatus of Cog4KO HEK293T cells 
following fitting of the whole cell glycan profile. Each predicted % activity is the mean of n = 
21 individual fitting runs and confidence intervals are standard deviation. Colour denotes % 
activity in each cisterna, red denotes lower activity, green denotes higher activity. 

 

 

In addition to the changes in enzyme localization, in order to simulate the glycan profile 

of these Cog4KO HEK293T cells, the model predicted a relative decrease in the total 

activity of MGAT1, MGAT5, MAN2 and GalT (figure 4.12). It was assumed that the 

enzymatic rate constants do not change between the cell lines compared in figure 

4.12, instead the Cog4KO alters enzyme sorting, not the physical state of the enzyme 

itself. Therefore, predictions of the changes in enzyme activity parameters represent 

changes in the amount of enzyme available within specific cisternae or the cell as a 

whole. Indeed, predicted decreases in GalT and MGAT1 levels were validated through 

western blotting (figure 4.13A, B, D). Although it cannot be ruled out that changes to 

other enzymatic attributes have also been altered, the experimental validation makes 

the assumption, that the physical state of the enzyme is unaltered, credible. Perhaps 

unexpectedly, the activity of FUT8 was predicted not to be decrease in the Cog4KO 

cell line, despite the total levels of glycan fucosylation being reduced in the observed 

Cog4KO profile compared with WT HEK293T cells (figure 4.7B, 118). This prediction 
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of the model could also be validated through western blot showing no significant 

change in FUT8 levels (figure 4.13C, D).  

 

 

Figure 4.12 | Predicted total activity changes in Cog4KO HEK293T cells 

Predicted total enzymatic activity changes upon Cog4KO in HEK293T cells following fitting. 
The comparison is between WT HEK293T cells and Cog4KO HEK293T cells. The predicted 
total activity for each enzyme in Cog4KO HEK293T (n = 21) is divided by the predicted total 
activity of each enzyme in WT HEK293T cells (n = 15). Error bars are the propagated standard 
deviation. 
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Figure 4.13 | Predicted relative changes in enzymes levels could be validated with 
western blot analysis 

Western blot analysis of endogenous GalT (A), MGAT1 (B) and FUT8 (C) from WT and 
Cog4KO HEK293T cells. D) Quantification of enzyme band intensities from Cog4KO 
HEK293T cells normalised to WT HEK293T levels. Error bars are standard deviation, n = 3. * 
denotes P ≤ 0.05, ns denotes not significant for a student’s t-test. 

 

The fitting of the glycan profile of WT HEK293T cells was not sensitive to changes in 

MGAT2 activity due to the high relative activity used in the initial parameterization, 

which was based on literature rates. However, the fitting of the Cog4KO HEK293T 

glycan profile necessitated a reduction in the MGAT2 activity parameters. The fitting 

of the Cog4KO HEK293T glycan profile was found to be more sensitive to the MGAT2 

activities. MGAT2 activities were therefore manually tuned in all cisternae prior to fitting 

of the Cog4KO profile. It should be noted that the low MGAT2 activities resulting from 

this Cog4KO fitting did not change the simulated glycan profile of WT cells, suggesting 

that the levels of MGAT2 are not altered as a result of Cog4KO. This could be validated 

experimentally (figure 4.14). The result suggests that the total protein levels of MGAT2 

our unchanged between WT and Cog4KO HEK293T and that the prior activity 

parameter value for MGAT2 was set too high, although changes to the intrinsic 

properties of MGAT2 due to Cog4KO, such as its rate constant, cannot be ruled out.  



 

145 
 

 

 

Figure 4.14 MGAT2 protein levels are unaltered in Cog4KO HEK293T cells 

Western blot analysis of endogenous MGAT2 in WT and Cog4KO HEK293T cells 

 

 

4.3.3 Flux map analysis of WT and Cog4KO HEK293T glycosylation  

It was puzzling that neither the level or the localization of FUT8 was predicted to be 

altered in the Cog4KO HEK293T cells, despite the clear reduction in the overall level 

of fucosylation compared to WT (figure 4.7). Thus, to further investigate the action of 

FUT8, flux maps for all the reactions that generate the predicted glycans of WT and 

Cog4KO HEK293T were constructed (figure 4.15, 4.16).  Interestingly, for both WT 

and Cog4KO cells, the fucosylation reactions occur early on in the glycan processing 

pathway, just after MGAT1 has acted. This early action of FUT8 was despite the most 

abundant fucosylated glycans observed being mature complex glycans, often capped 

with sialic acids and having multiple antennae. The preferred substrates of FUT8 (93, 

230, 231) are in good agreement with the prediction of FUT8 acting early in the Golgi 

glycosylation pathway.
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Figure 4.15 | Total flux map of in silico glycosylation in WT HEK293T  

Simulation of all WT HEK293T enzymatic glycan processing reactions for 10,000 input glycans plotted using Cytoscape software and shown on 
a flux map, following fitting. Black dots at the top of the map represent the input glycans GlcMan9GlcNAc2, Man9GlcNAc2, Man8GlcNAc2. Blue 
dots represent the six substrates with the highest FUT8 flux. Red dots represent the most abundant fucosylated glycans in WT HEK293T cells.   

 



 

147 
 

 

Figure 4.16 | Total flux map of in silico glycosylation in Cog4KO HEK293T  

Simulation of all Cog4KO HEK293T enzymatic glycan processing reactions for 10,000 input glycans plotted using Cytoscape software and shown 
on a flux map, following fitting. Black dots represent the input glycans GlcMan9GlcNAc2, Man9GlcNAc2, Man8GlcNAc2. Blue dots represent the 
six substrates with the highest FUT8 flux. Red dots represent the most abundant fucosylated glycans in Cog4KO HEK293T cells.  
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Figure 4.17 | Normalized ratio of the Cog4KO/WT flux for the top six substrates for FUT8.  

Normalized ratio of Cog4KO/WT fluxes for the top six substrates for FUT8 and competing 
reactions. N-glycan structures of substrates and products are shown. The top FUT8 fluxes 
were identified from the total flux maps of WT and Cog4KO HEK293T cells (figure 4.14 and 
4.15). Normalized flux map was plotted using Cytoscape software. Red arrows highlight the 
fluxes of the FUT8 enzyme. 

 

 

To further investigate the core fucosylation reactions occurring in WT and Cog4KO 

HEK293T cells, the reactions of the FUT8 enzyme competing for the top six substrates 

were compared (figure 4.17, table 4.3). The flux for each reaction was first normalized 

to the total fucosylation flux in each cell line, to compensate for the fact that there is 

less total complex glycan in the Cog4KO HEK293T cell line than in the WT. The total 

FUT8 flux for WT HEK293T cells was 2875 ± 59 (n = 3) reactions compared with 1971 

± 46 (n = 3) reactions in the Cog4KO HEK293T cell line. Indeed, this analysis suggests 

that the observed decrease in overall fucosylation in the glycan profile of Cog4KO 

HEK293T cells is the result of there being a smaller total amount of complex glycans.  

 

Despite the overall reduction in fucosylated N-glycans being the result of lower levels 

of total complex glycans in the Cog4KO HEK293T cells, changes were predicted in 

the FUT8 fluxes of the two cell lines. For example, due to the reduced competition with 
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MGAT5 and GalT, FUT8 had a higher preference for Hex4HexNAc4 in the Cog4KO 

HEK293T cells than in WT HEK293T cells. Furthermore, Hex3HexNAc4 is more 

galactosylated in Cog4KO cells at the expense of branching by MGAT5, whereas 

galactosylation of Hex4HexNAc4 is lost in favour of sialylation and fucosylation in the 

Cog4KO cells. The ability to generate and probe glycosylation flux maps offers the 

potential to identify key reactions that determine glycan profiles of cells or proteins. 
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Glycan 

substrate 

 Normalized KO/WT  Glycan product Enzyme 

Hex3HexNAc3 0.83 Fuc1Hex3HexNAc3 FUT8 

Hex3HexNAc3 0.67 Hex3HexNAc4 MGAT2 

    

Hex3HexNAc4 0.79 Hex4HexNAc4 GalT 

Hex3HexNAc4 0.81 Fuc1Hex3HexNAc4 FUT8 

Hex3HexNAc4 0.37 Hex3HexNAc5 MGAT5 

    

Hex3HexNAc5 0.49 Fuc1Hex3HexNAc5 FUT8 

Hex3HexNAc5 0.17 Hex4HexNAc5 GalT 

    

Hex4HexNAc4 0.82 Hex5HexNAc4 GalT 

Hex4HexNAc4 1.53 Fuc1Hex4HexNAc4 FUT8 

Hex4HexNAc4 2.64 NeuAc1Hex4HexNAc4 SiaT 

Hex4HexNAc4 0.31 Hex4HexNAc5 MGAT5 

    

Hex5HexNAc3 0.97 Fuc1Hex5HexNAc3 FUT8 

Hex5HexNAc3 0.71 Hex3HexNAc3 MAN2 

    

Hex5HexNAc4 0.60 Fuc1Hex5HexNAc4 FUT8 

Hex5HexNAc4 0.61 NeuAc1Hex5HexNAc4 SiaT 

Table 4.3 Normalized flux for top 6 substrates of FUT8 and competing reactions 

The ratio of fluxes through each reaction for WT and Cog4KO HEK293T was normalized to 
the ratio of total core fucosylation for each cell line to account for the differences in overall 
levels of complex glycans in the two cell lines. Values > 1.0 indicate a dominance of the 
reaction in the Cog4KO cells compared with WT cells. Values < 1.0 indicate a dominance of 
the reaction in the WT cells compared with Cog4KO cells. Values were used to plot the 
normalized flux map in figure 5.17. 
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4.4 Conclusion 

Defects in the COG complex result in aberration in the cellular glycan profiles (58, 60). 

Due to the complex alterations to enzyme homeostasis, it is very difficult to pinpoint 

which enzymes and/or reactions are most critically altered in these COG-defective cell 

lines. As demonstrated in the previous chapter, a computational model has been 

developed that allows the organization of glycosylation enzymes to be predicted. This 

modelling methodology was here used to investigate the effects of Cog4KD in HeLa 

cells. The modelling of glycosylation in Cog4KD HeLa cells led to the prediction of a 

shift in the trans direction of the MAN1 enzyme.  

 

As complex glycans are detected at low abundance in HeLa cells, only predictions 

regarding the enzymes acting on oligomannose glycans can made confidently. In 

contrast, modelling the glycan profile of Cog4KO HEK293T cells predicted shifts in the 

levels and/or localizations of several enzymes acting on complex glycans, including 

GalT and MGAT5. The total activity of both enzymes was predicted to be decreased 

and both also shifted toward the cis-face of the Golgi as a result of Cog4KO. Other 

enzyme levels such as those of FUT8 were predicted to be less sensitive to Cog4KO 

and several of these predictions, including the altered GalT localization, could indeed 

be validated experimentally.  

 

Importantly, the model allowed the generation of flux maps that can be used to 

investigate which enzymatic reactions are altered as a consequence of the mutation. 

This information could be used in the future to highlight which reactions should be 

targeted to correct glycosylation in CDG patients. For example, by identifying the 

dominant substrates for the FUT8 enzyme in both WT and Cog4KO cells, 

Hex4HexNAc4 was shown to be a more favourable substrate for FUT8 in the Cog4KO 

cells than it is in WT cells. Less competition from GalT and MGAT5 for Hex4HexNAc4 

resulted in increased FUT8 activity for this substrate. The consequence of this finding 

is that, although the overall reduction in total fucosylation for Cog4KO cells was the 

result of a reduction in MGAT1 levels, simply overexpressing MGAT1 in Cog4KO cells 

would result in a glycan profile containing fucosylated glycans that are different from 

those in the WT. The model can therefore be a powerful tool in the development of 
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COG-CDG treatments and in the glyco-engineering of recombinant therapeutic 

proteins. 
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Chapter 5: Glycosylation enzyme homeostasis 

and osteogenesis 

 

5.1 Rationale for investigating glycosylation enzyme homeostasis in 

mesenchymal stromal cells and osteoblasts 

In chapter 3, the development is described of a computational model that utilises a 

stochastic algorithm to simulate Golgi glycosylation reactions and a Bayesian-based 

framework to fit observed glycan profiles. This modelling methodology has been used 

to fit the glycan profiles of two mammalian cell lines, HeLa and HEK293T cells. In 

chapter 4, the glycan profiles of HeLa and HEK293T cell lines that were defective in 

Golgi trafficking were modelled. HeLa and HEK293T cells are commonly used by cell 

biologists but have do not have any specialized function. In order to apply the 

developed modelling methodology to a biological process (i.e. differentiation), the 

glycan profile of mesenchymal stromal cells (MSCs) and osteoblasts were modelled.  

 

A cellular model that has previously been used to study glycan function is MSCs. The 

ability of MSCs to differentiate down a number of lineages, including into bone, opens 

up the possibility that MSCs can be used in regenerative medicine.  For example, large 

bone defects could be repaired following implantation of MSCs on microporous 

hydroxyapatite scaffolds (232). MSCs can be isolated from bone marrow and have 

previously been immortalized into cell lines amenable to tissue culture (148). James 

et al. isolated and immortalized four different MSC lines, termed Y101, Y201, Y102 

and Y202. In this chapter the Y101 and Y201 MSC lines are used (148). Importantly, 

the Y101 and Y201 cell lines were capable of undergoing osteogenesis and have 

indistinguishable N-glycan profiles (107). 

 

The process of osteogenesis is complex, with numerous levels of control. The precise 

roles of glycosylation during the osteogenesis process are not yet known, although 

glycosylation has been shown to modulate the ability of MSCs to differentiate (147) 

and the glycan profiles of osteoblasts differ from those of the MSCs from which they 

are derived (107). The shift in glycan profile between stem cells and osteoblasts 

suggests changes either in enzyme levels and/or their localization. More information 
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about the changes at the level of enzyme organization is needed to establish 

molecular details of the functional link between glycan processing and differentiation 

(147).   

 

To investigate the changes in glycosylation that occur during osteogenesis, the 

developed modelling methodology was used to simulate the glycan profile of 

undifferentiated Y101 MSCs. Similar to the HeLa and HEK293T cell lines, the glycan 

profile of the related Y201 MSC line treated with swainsonine was also fitted. Finally, 

the glycan profile of osteoblasts derived from the Y101 MSC line was fitted, giving rise 

to predicted changes in the glycosylation machinery, which have been further 

investigated.  

 

5.2 Aims 

The broad aim of the work described in this chapter was to demonstrate the ability of 

the modelling methodology to make predictions regarding the glycosylation machinery 

in the context of a cellular event such as differentiation. Specifically, the aims were to 

simulate the N-glycan profile of undifferentiated MSCs and to confirm the validity of 

the modelling by fitting the glycan profile of swainsonine-treated MSCs. Following this, 

the aim was to simulate the glycan profile of osteoblasts derived from MSCs in order 

to predict potential alterations in the glycosylation machinery. The final aim was to 

investigate and independently validate predictions that arise from the modelling of the 

osteoblast glycan profile.  

 

5.3 Results 

5.3.1 Modelling the glycan profile of an immortalized mesenchymal stromal cell 

line  

Glycosylation is known to play an important role in MSC differentiation potential (147). 

MSCs from bone marrow are made up of a heterogenous population of cells with 

differing levels of potency. The four MSC clonal lines isolated by James et al. were 

positioned at different extremes of the differentiation competency scale (148). The 

Y101 and Y201 cell lines were found to be tri-potent, while the Y102 and Y202 cell 

lines were relatively impotent (148). The Y101 and Y201 cell lines can undergo 

osteogenesis, adipogenesis and chondrogenesis. Glycan profiles of the different MSC 
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clonal lines could not be used to predict differentiation capacity (107) and did not differ 

significantly.  

 

In order to investigate the organization of the glycosylation machinery in one of the 

immortalized MSC clones (designated Y101), the N-glycan profile was fitted (figure 

5.1). The fitted WT HEK293T cell parameters were used as the prior probability 

distributions for the modelling of the Y101 MSCs. The WT HEK293T parameters were 

chosen as the prior distributions, as the elaborate glycan profile of the HEK293T cells 

more closely resembled that of the MSCs, compared with the relatively simple HeLa 

cell glycan profile.  Having demonstrated the validity of the fitting methodology by 

modelling HeLa and HEK293T glycan profiles, following Bayesian based fitting the 

Y101 MSC parameters were manually fine-tuned. Manually fine-tuning parameters in 

this case is acceptable because the fitting methodology has already been validated 

extensively in chapters 3 and 4. The organization of the glycosylation machinery in 

MSCs is also not being compared to that of the WT HEK293T cells. The glycan profile 

of Y101 MSCs contains the highest proportion of complex glycans of all the cell lines 

examined in this work. Therefore, predictions made by the model are equally strong 

for the oligomannose and complex glycan processing enzymes.  
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Figure 5.1 | Modelling of whole cell N-glycome of MSCs Y101 

Observed (magenta) and simulated (yellow) glycan profile of whole cell Y101 MSCs. The 
observed glycan profile has been previously published (Wilson et al. 2016). To generate the 
simulated glycan profile the SSA was run three times using the mean parameter values from 
n = 14 individual fitting runs followed by manual fine-tuning of the MAN1, MGAT1, ant FUT 
and GlcNAc-phosphoT parameters. Error bars are SEM, n = 3. OM = oligomannose, HY = 
hybrid, CX = complex. 

  
 

The predicted relative distribution of enzymes in the Golgi of Y101 MSCs is shown in 

table 5.1. Similar to the predicted distribution in WT HEK293T cells, endo-

mannosidase and GlcNAc-phosphotransferase are located in the first cisterna, 

followed by MAN1 and MGAT1. MAN2 is predicted to be located in the early medial 

Golgi. MGAT2, 4 and 5 have similar localizations in the late medial Golgi, while FUT8 

has a distinct localization peaking in the second cisterna with the remainder evenly 

spread across the remaining cisternae. GalT and SiaT are the only enzymes 

predominately localized in the trans Golgi.  
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Enzyme Cisterna 1 Cisterna 2 Cisterna 3 Cisterna 4 

MAN1 11±1% 81±9% 7±2% 1±0.2% 

Endo-Man 75±17% 14±4% 10±2% 1±0.2% 

MAN2 6±1% 57±15% 31±5% 6±1% 

MGAT1 1±0.1% 88±21% 10±2% 1±0.2% 

MGAT2 10±1% 33±5% 42±5% 14±2% 

MGAT4 10±1% 34±6% 43±14% 13±3% 

MGAT5 11±1% 31±2% 41±3% 17±3% 

FUT8 15±1% 48±8% 18±3% 18±4% 

ant FUT 5±1% 71±11% 19±4% 5±1% 

GalT 1±0.1% 5±1% 58±10% 36±9% 

SiaT 6±1% 7±1% 50±7% 37±4% 

GlcNAc-PhosphoT 60±4% 18±3% 20±1% 2±0.3% 

Table 5.1 | Predicted distribution of enzymes in Golgi apparatus of MSCs 

The predicted distribution of enzymes in Y101 MSC Golgi apparatus following fitting of the 
whole cell glycan profile. Each predicted % activity is the mean of n = 14 individual fitting runs 
and confidence intervals are standard deviation. Colour denotes % activity in each cisterna. 

 

 

In order to ensure that the model would make rational predictions in the context of 

glycosylation in MSCs, the glycan profile of a different MSC clonal line (Y201), treated 

with swainsonine, was also modelled. Both the Y101 and Y201 immortalized cell lines 

have the ability to differentiate into osteoblasts (148) and have very similar glycan 

profiles (107). Starting with the fitted parameters for the undifferentiated Y101 MSCs, 

the N-glycan profile of swainsonine-treated Y201 MSCs could be simulated (figure 

5.2). As shown in figure 5.2, swainsonine treatment of Y201 MSCs resulted in a large 

increase in the abundance of the fucosylated oligomannose glycan, Fuc1Hex5-

HexNAc2. In addition to an increase in the levels of those hybrid glycans observed in 

the HeLa and HEK293T cell lines, swainsonine treatment of the Y201 MSCs also 

resulted in an increase in several multi-antennary hybrid glycans (figure 5.2), such as 

NeuAc1Fuc1Hex7HexNAc4 and NeuAc2Fuc1Hex7HexNAc4. As with modelling the 

glycan profiles of swainsonine-treated HeLa and HEK293T cells, a large decrease in 

the total activity of MAN2 was expected, as swainsonine is known to inhibit MAN2.  
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Figure 5.2 | Modelling of the glycan profile derived from swainsonine-treated Y201 
MSCs  

Observed (magenta) and simulated (yellow) glycan profile of whole cell Y201 MSCs treated 
with swainsonine. The observed glycan profile was acquired by Katie Wilson, a former 
member of the Ungar group. To generate the simulated glycan profile the SSA was run three 
times using the mean parameter values from n = 11 individual fitting runs followed by manual 
fine-tuning of the MGAT1 enzyme and the fucosylation of Man5GlcNAc2 parameters. Error 
bars are SEM, n = 3. OM = oligomannose, HY = hybrid, CX = complex. 

 

 

Indeed, in order to simulate the glycan profile of swainsonine-treated Y201 MSCs, the 

model predicted a large decrease in MAN2 (figure 5.3A), as expected. To account for 

the increase in the branched hybrid glycans, the model predicted an increase in the 

activity of MGAT4, suggesting the model can identify novel features of the 

glycosylation process. An increase in the rate of sialylation in the swainsonine-treated 

HeLa and HEK293T cell lines was a prediction previously made (section 3.3.4). 

However, for the fitting of swainsonine-treated Y201 MSCs, the total activity of 

sialylation decreased relative to that in untreated cells. Rather than increasing the total 

activity levels of SiaT, the fitting procedure elected to decrease the SiaT scale-factor 

in the swainsonine-treated Y201 MSCs (figure 5.3B). Decreasing the SiaT scale-factor 

by 0.42-fold has the effect of increasing the overall rate of sialylation for hybrid glycans. 
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This prediction is consistent with the previous predictions regarding HeLa and 

HEK293T cells (section 3.3.4) and suggests that the increased SiaT rate in 

swainsonine-treated HeLa and HEK293T cells is due to the altered rate of sialylation 

for different antenna.  

 

 

 

Figure 5.3 | Predicted total activity changes in swainsonine-treated MSCs 

A) The predicted ratio of total activity levels of the glycosylation enzymes in MSCs when 
treated with swainsonine. The comparison is between untreated Y101 MSCs and 
swainsonine-treated Y201 MSCs. The predicted total activity of swainsonine-treated Y201s (n 
= 11) is divided by the predicted total activity untreated Y101s (n = 14). B) Predicted SiaT 
scale-factor in untreated Y101 MSCs and swainsonine-treated Y201 MSCs.  Error bars are 
the propagated standard deviation. 

 

 

5.3.2 Predicting alteration in glycosylation enzyme homeostasis in 

osteogenesis 

Although the N-glycan profile of osteoblasts contained the same set of glycans as the 

undifferentiated Y101 MSCs, there were significant alterations in the relative 

abundances of individual glycans (figure 5.4). The glycan profiles of the 

undifferentiated MSCs (Y101) and osteoblasts derived from them are reproduced from 

data obtained by K. Wilson and previously published (107). Figure 5.4 shows a 

comparison of the glycan profiles for the readers’ convenience. The most obvious 

difference between the Y101 MSCs and osteoblasts is the prevalence of 



 

161 
 

oligomannose glycans, which is significantly reduced in the osteoblasts, while the 

abundance of complex glycans is increased (figure 5.4). Importantly, the differences 

in the N-glycan profiles of Y101 MSCs and osteoblasts, were not a result of time in 

tissue culture (107). 

 

 

 

Figure 5.4 | Comparison of Y101 MSC and osteoblast glycan profiles 

N-glycan profile of Y101 MSCs (magenta) and osteoblasts derived from Y101s (white). The 
glycan profiles have been previously published (Wilson et al. 2016) and are shown here for 
the readers’ convenience. OM = oligomannose, HY = hybrid, CX = complex. 

  

 

Having demonstrated that the modelling methodology could be applied to the 

elaborate N-glycan profile of undifferentiated MSC cells, the glycan profile of the 

osteoblasts obtained from Y101 MSCs following a 21 day differentiation protocol (148) 

was then fitted (figure 5.5). The Y101 MSC model parameters were used as the prior 

distributions in order to directly compare differentiated with undifferentiated, and 

therefore reveal changes to the glycosylation machinery that occur during osteogenic 

differentiation. The major alterations to the glycan profile as a result of the Y101 MSCs 
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undergoing osteogenesis (figure 5.1), could be fitted (figure 5.5), notably the shift from 

oligomannose to complex glycans.  

 

 

 

Figure 5.5 | Modelling of whole cell N-glycome of osteoblasts derived from Y101 MSCs 

Observed (magenta) and simulated (yellow) glycan profile of osteoblasts derived from Y101 
MSCs following a 21-day osteogenic differentiation. The observed osteoblast glycan profile 
has been previously published (Wilson et al. 2016). The glycan profile was simulated three 
times using the SSA with the mean parameter values from n = 20 individual fitting runs. Error 
bars are SEM, n = 3. OM = oligomannose, HY = hybrid, CX = complex. 

 
 

In order to fit the overall decrease in oligomannose glycans on differentiation, the 

model predicted a relative decrease in the enzymatic activity of the GlcNAc-

phosphotransferase (figure 5.6). GlcNAc-phosphotransferase is responsible for 

initiating the targeting of hydrolases to the lysosomes, hence a decrease in the activity 

of this enzyme suggests a decrease in the overall lysosomal content in the osteoblasts 

relative to that in the Y101 MSCs. It follows that a lower abundance of oligomannose 

glycans would indicate a lower abundance of lysosomal proteins which could indicate 

either less or smaller lysosomes. To test this hypothesis, the number/size of lysosomes 

of MSCs and osteoblasts was measured indirectly by the levels of protein LAMP1 (a 

marker of the lysosome) (figure 5.7A, B) and the activity of β-hexosaminidase 
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(lysosomal glycosidase) (figure 5.7C). In contrast to the proposed hypothesis, a 

relative increase in lysosomal content of the cell as a result of osteogenesis was 

observed. Both the protein levels of LAMP1 (figure 5.7B) and the activity of β-

hexosaminidase (figure 5.7C) increased in osteoblasts relative to undifferentiated 

MSCs. This increase in lysosomal capacity is in agreement with the literature (233, 

234). The reason for the shift from oligomannose to complex glycans in the osteoblasts 

is discussed below.  

 

 

 

Figure 5.6 | Predicted total enzymatic activity changes in osteoblasts with respect to 
Y101 MSCs 

Predicted total enzymatic activity changes upon differentiation of Y101 MSCs into osteoblasts 
following fitting of the osteoblast glycan profile. The comparison is between undifferentiated 
Y101 MSCs and osteoblasts derived from Y101 MSCs. The predicted total activity for MSCs 
(n = 14) is divided by the predicted total activity of osteoblasts (n = 20). Error bars are the 
propagated standard deviation. 
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Figure 5.7 | Lysosomal content of MSCs and osteoblasts 

A) Western blot analysis of the lysosomal marker, LAMP1 in undifferentiated Y101 MSCs and 
osteoblasts derived from Y101 MSCs following a 21-day differentiation. B) Quantification of 
LAMP1 band intensities normalised to GAPDH band intensities. C) Quantification of β-
hexosaminidase activity in Y101 MSCs and osteoblasts derived from Y101 MSCs, normalised 
to total protein content as determined through BCA assay. * denotes P ≤ 0.05 and *** denotes 
P ≤ 0.001 for students’ t-test. Error bars are standard deviation, n = 3. Osteogenic 
differentiation was confirmed by ALP and von Kossa staining. 

 

Of potential interest is that the model predicted a decrease in the total enzymatic 

activity of MGAT5 (figure 5.6). Furthermore, the predicted distribution of MGAT5 in 

osteoblasts was flattened out across the Golgi cisternae (figure 5.8, table 5.2), 

compared with that in the MSCs (table 5.1). The reasons for the changes in MGAT5 

are not clear from directly comparing the glycan profiles of osteoblasts and Y101 

MSCs (figure 5.4). The predicted decrease in MGAT5 suggests there is a relative 

decrease in the levels of multi-antennary glycans. By excluding the oligomannose 

glycans and considering just the complex glycans, the large differences between the 

two cell lines are no longer apparent (figure 5.9A). The similarity in the complex glycan 

profiles over the two cells lines is likely the reason why the model does not predict 
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more changes in the organization of glycosylation machinery. Importantly, the relative 

abundance of the bi-antennary glycan NeuAc1Fuc1Hex5HexNAc4 is elevated in the 

osteoblasts compared with the MSCs. The overall level of tri-antennary glycans is 

consequently reduced in the osteoblasts (figure 5.9B), which is the reason the model 

predicted a decrease in MGAT5 activity.   

 

 

Figure 5.8 | Predicted distribution of MGAT5 is shifted in osteoblasts 

Predicted enzymatic distributions of MGAT5 in Y101 MSCs (green) and osteoblasts derived 
from Y101 MSCs (orange) following the fitting procedure. Error bars are standard deviation 
for n = 14 (Y101 MSCs) and n = 20 (osteoblasts) individual fitting procedures. 
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Enzyme Cisterna 1 Cisterna 2 Cisterna 3 Cisterna 4 

MAN1 13±2% 78±11% 8±2% 1±0.2% 

Endo-Man 77±30% 13±4% 9±3% 1±0.3% 

MAN2 5±1% 58±21% 32±9% 6±2% 

MGAT1 1±0.1% 87±11% 11±2% 1±0.2% 

MGAT2 11±1% 28±5% 44±6% 16±2% 

MGAT4 11±2% 26±5% 48±20% 15±4% 

MGAT5 15±2% 23±3% 37±6% 25±14% 

FUT8 15±1% 49±7% 17±1% 19±2% 

ant FUT 7±1% 85±19% 5±1% 4±1% 

GalT 1±0.1% 3±1% 66±17% 31±7% 

SiaT 7±0.3% 8±2% 48±4% 37±3% 

GlcNAc-PhosphoT 32±2% 30±4% 35±2% 3±1% 

Table 5.2 | Predicted distribution of enzymes in Golgi apparatus of osteoblasts 

The predicted distribution of enzymes in the Golgi apparatus of osteoblasts derived from Y101 
MSC following fitting of the whole cell glycan profile. Each predicted % activity is the mean of 
n = 20 individual fitting runs and confidence intervals are standard deviation. Colour denotes % 
activity in each cisterna. 
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Figure 5.9 | Comparison of complex glycans only in Y101 MSCs and osteoblasts 

A) Observed glycan profile of Y101 MSCs and osteoblasts derived from Y101 MSCs. Glycan 
ion intensities for the two condition were normalised to the total ion intensities of complex and 
hybrid glycans, excluding the intensities of oligomannose glycans. B) Relative abundances of 
tri- and tetra-antennary glycans in MSCs and osteoblasts. C) Relative abundance of sialylated 
N-glycans in MSCs and osteoblasts. Error bars are SEM, n = 3. 

 

Increased branching in N-glycans has been linked to galectin binding (105). Galectins 

are a family of proteins containing carbohydrate recognition domains that recognise 

and bind to oligosaccharides containing galactose, for example the Gal1,4GlcNAc 

moiety of N-glycans. Galectins interact weakly with individual glycan moieties, but 

galectins can oligomerise and form multiple interactions with multiple galactose-

containing moieties.  Therefore, the avidity between galectins and glycans can be 

increased through increasing the antenna number in N-glycans. The degree of galectin 

binding in turn has been shown to modulate cell proliferation and differentiation (133), 

as well as osteogenic differentiation of pre-osteoblasts through Notch signalling (235). 



 

168 
 

In addition to lower numbers of antennae, osteoblasts also exhibit increased relative 

levels of sialylation when compared with their MSCs (figure 5.9C), which can also 

inhibit galectin binding (236). 

 

 

 

Figure 5.10  | Galectin inhibition promotes osteogenesis  

A) Representative images of alizarin red staining of Y101 MSCs after a 21-day osteogenic 
differentiation. B) Quantification of eluted alizarin red stain as measured at 570nm for n = 20 
(osteogenic plus lactose or sucrose treatments) and n = 11 (osteogenic treatment and basal) 
from two independent experiments. 

  

 

Previous experiments have demonstrated the role of glycosylation early on in the 

osteogenesis process (147). Wilson et al. found that when the immortalized Y101 MSC 

line was treated with the drug kifuensine (an inhibitor of MAN1), the osteogenic 

potential was increased. Kifuensine treatment prevents the biosynthesis of hybrid and 

complex glycans, thus indirectly preventing galectin binding. In order to further 

investigate the role of N-glycan antenna number, galectin binding in osteogenesis, the 
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Y101 MSC cell line was treated with either lactose or sucrose for the first seven days 

of a 21-day osteogenesis protocol. Lactose inhibits galectin binding while sucrose 

does not. As shown in figure 5.10, inhibition of galectin binding by lactose during the 

first 7 days of osteogenesis increased osteogenic potential over sucrose treatment, as 

assayed by Alizarin Red staining for calcium. Osteoblasts deposit calcium 

extracellularly in a process known as mineralization. The increase in Alizarin Red 

staining for the lactose treatment over that of the sucrose treatment implies that the 

reduction in N-glycan branching observed in the osteoblast glycan profile is a 

contributing factor in osteogenic differentiation. 

 

5.4 Conclusions 

An SSA and Bayesian fitting procedure was used to simulate the glycan profile of the 

immortalized Y101 hTERT MSC line (148). As for the other cell lines used in this work, 

the glycan profile of swainsonine-treated MSCs was also fitted. Fitting of the 

swainsonine-treated MSC glycan profile revealed an expected decrease in MAN2, 

demonstrating that the modelling methodology is applicable to modelling the elaborate 

glycan profiles of MSCs.  

 

The reason for validating the model for MSC was to be able to predict adaptions of the 

glycosylation machinery that occur when the Y101 hTERT MSC line undergoes 

differentiation into osteoblasts. Previously, inhibition of MAN1 with kifunensine in Y101 

MSCs has been shown to promote osteogenesis (147), highlighting the important role 

of N-linked glycans in this process. Due to the insensitivity of the model to glycan 

degradation, meaningful conclusions about the oligomannose/complex glycan ratio 

could not be made. However, by looking at just complex N-glycans, a notable switch 

from tri-antennary to bi-antennary glycans upon differentiation was observed. The 

model predicts this switch to be controlled through a decrease in the levels of the 

branching enzyme MGAT5. The degree of MGAT5-initiated N-glycan branching has 

been intimately linked to galectin binding (105), with a consequence of altered receptor 

endocytosis that impacts on cell proliferation and differentiation (133, 235, 237). 

Lactose inhibition of galectin binding was effective in the first week of the three-week 

differentiation process, suggesting that the switch from tri- to bi-antennary glycans 

releases an inhibitory effect on differentiation. 
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Chapter 6: Discussion 

Glycosylation is an important aspect of biology, the role of which has, until recently, 

been underappreciated. The glycosylation of proteins challenges the central dogma of 

biology, as specific glycan structures can often alter the structure and properties of 

particular proteins (112, 238). It is therefore of great interest and importance to 

understand the biosynthetic pathway of glycans. Despite glycosylation being 

inherently heterogenous, the heterogeneity is not random. Mass spectrometry and 

other techniques have demonstrated reproducible glycan profiles for individual cell 

lines and proteins. At the enzymatic level much is now known regarding the reactions 

that generate and modify N-glycans. The glycan structures that are produced by the 

cell are influenced by the localization and quantitative amount of enzymes within the 

Golgi apparatus. While glycan profiles are relatively easy to acquire, eliciting the 

organization of all relevant glycosylation enzymes within the Golgi apparatus is difficult 

and time consuming. 

 

Computational modelling of complex biological systems and processes has aided 

understanding of cellular biological processes. Therefore, in order to understand the 

contribution of enzyme organization in the Golgi apparatus, a computational workflow 

capable of predicting enzymatic activities and localizations, based on experimentally 

determined N-glycan profiles has been developed. The modelling methodology 

developed in this work is complementary to different in silico models of glycosylation 

and has wide ranging applications, for example: predicting strategies for tailoring 

glycosylation of biologics; identifying disrupted glycosylation reactions in CDG 

patients; or as a process of discovery in cellular events such as differentiation, or 

diseases such as cancer.   

 

6.1 Developing an SSA to model mammalian N-glycosylation 

A computational model capable of simulating Golgi N-glycan processing and fitting the 

glycan profiles of mammalian cells has been developed. This model has the ability to 

generate testable hypotheses regarding the N-glycosylation machinery. The model 

was based on two algorithms, an SSA to simulate glycosylation reactions and an ABC 

algorithm to fit the model to observed data. For several reasons an SSA was chosen 

and developed to simulate the glycosylation reactions occurring in the Golgi 
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apparatus. Firstly, the process of glycosylation is inherently heterogenous, due to the 

non-templated basis of glycan biosynthesis. Heterogeneity of glycosylation between 

two different glycoproteins can be the result of the quaternary structure of each protein, 

the degree of biological noise in the system and differences in the trafficking of each 

protein through the Golgi apparatus. Furthermore, different glycan structures may be 

found at the same glycosylation site of two separate molecules of the same protein 

(210, 238): this phenomenon is known as microheterogeneity. Glycan 

microheterogeneity is the result of enzyme competition, substrate competition and 

biological noise.  The existence of microheterogeneity as a consequence of biological 

noise warrants a stochastic model of glycosylation. The inclusion of intrinsic noise is 

an important aspect of stochastic simulations and has been recognised as a 

contributing factor in the field of biology, for example in genetics (175). In the context 

of glycan biosynthesis in the Golgi apparatus, biological noise is likely a contributing 

factor to glycan heterogeneity. This is because the number of molecules residing in 

the confined volume of the Golgi apparatus is not large enough to average out the 

fluctuations that are the result of biological noise. The contribution of biological noise 

to heterogeneity increases as the number of molecules decreases because noise 

behaves as 1 √𝑋⁄ , where 𝑋 is the number of molecules (239).  

 

The second reason for developing a stochastic model of mammalian glycosylation was 

to simplify an already complex system. Glycan biosynthesis is dependent on a range 

of factors, such as the availability of monosaccharide nucleotides, the levels of the 

monosaccharide-nucleotide transporters, enzyme levels and secretory protein levels. 

The probabilistic nature of an SSA allows these factors to be subsumed within the 

probabilities, thus eliminating the need for estimating other kinetic parameters (181). 

For example, the concentration of UDP-GlcNAc, the rate of the UDP-GlcNAc 

transporter and the rate of MGAT1 can all be encapsulated into the probability of the 

MGAT1 catalysed reaction occurring. Although such an approach allows the 

simplification of the reaction system, information is discarded in this approach. This 

means that the predictions that are made in this work, based on the stochastic 

simulation algorithm, requires further experimentation to elucidate the true 

mechanism. This is the ideal situation, in which in silico model and experiment are 

intertwined to further understanding of the biological system being studied.  
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The modelling framework developed in this work simulates N-glycosylation in a 

stochastic fashion thus accounting for the heterogenous nature of glycan biosynthesis. 

The biological noise of the system is not included in previous deterministic models of 

glycosylation (190, 195). Furthermore, the distribution of enzymes in these models are 

not fitted. Taking a stochastic approach to simulating glycosylation also simplifies the 

process. Reaction rates and concentrations are combined into one parameter 

eliminating the requirement of excessive parametrization. By combing a stochastic 

approach to simulation glycosylation with an ABC-based fitting methodology allows 

uncertain parameters to be sampled and optimised for a complex data set, such as a 

whole cell glycan profile.  

 

6.2 Enzyme rules and specificities 

During the development of an SSA that could simulate glycosylation reactions, a set 

of enzymes was chosen and rules regarding each enzyme defined. For HeLa cells, a 

total of 11 enzymes was used, for HEK293T cells and MSCs a total of 12 enzymes 

was used. In the four-cisterna model used for HEK293T cells and MSCs, 12 enzymes 

equated to 56 parameters, including input glycans, transit time and scale-factors. The 

enzymes chosen represented the lowest number of enzymes that could explain all the 

N-glycan species identified from mass spectra. The lowest number of enzymes and 

the number of cisternae were chosen in order to keep the parameter matrix low, and 

therefore reduce the computational cost of fitting. The inclusion of additional enzymes 

such as MGAT3 has the potential to improve the modelling of the mammalian N-

glycosylation pathway, but would increase the computational cost of fitting glycan 

profiles.  

 

To further avoid an unacceptably large increase in the number of required parameters, 

a phenomena often termed parameter explosion, enzyme efficiency was initially 

assumed to be independent of the glycan substrate. This is not strictly correct as there 

are several examples in which the N-glycosylation enzymes have known substrate 

specificities (92, 93, 224). However, introducing substrate independence for each 

enzyme would have increased the total number of parameters in the four-cisterna 

model from 56 to at least 130 parameters. The model development process was used 
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to identify which substrate-specific parameters were most critical to simulating a whole 

cell N-glycan profile. The use of an ABC-based fitting methodology was advantageous 

in this respect, as it allows refinement of the model based on prior knowledge of the 

system. It is important to note that the addition of substrate specificities was driven by 

the requirement for fitting the glycan profile and evidence then found in the literature. 

The fact that the modelling highlighted the need for such parameters and evidence for 

these parameters can be found in the literature (92, 99, 112) suggests the model is 

physiologically relevant. Furthermore, each additional substrate specificity was 

modelled as a scale-factor that itself was fitted. If the substrate specificity was not 

required, the scale-factor would converge to 1.0 during the fitting process. This did not 

occur for any of the scale factors.  

 

MAN1 is active early on in the Golgi glycosylation pathway and is responsible for the 

trimming of mannose residues from oligomannose-type glycans. A feature of the 

glycan profiles from the three cell lines investigated in this work is that of a doubly-

peaked oligomannose distribution. Indeed, a doubly peaked distribution cannot be 

fitted using only two competing enzymes (MAN1 and GlcNAc-phosphoT). The 

oligomannose distribution could not be simulated without accounting for MAN1 

substrate specificity. Therefore, MAN1 was allowed to act on Man6GlcNAc2 at a 

different rate than on the other oligomannose glycans. MAN1 has been shown to trim 

Man6GlcNAc2 to Man5GlcNAc2 at a slower rate than the trimming of other 

oligomannose glycans (99). The predicted scale-factors for trimming of Man6GlcNAc2 

were 6.26, 8.88 and 11.39 for WT HeLa, HEK293T cells and MSCs while the MAN1 

enzyme from pig has been shown to act 40 times slower on Man6GlcNAc2  compared 

with Man9GlcNAc2 (99). The discrepancy between the predicted scale-factors and that 

found by Bause et al, could be due to different species or the in vitro nature of the 

experiment. The addition of MAN1 substrate specificity allowed the satisfactory fitting 

of the oligomannose distribution in all cell lines investigated in this work.  

 

During the fitting of WT HEK293T cells glycan profile, the requirement for enzyme 

specificity for the GalT and SiaT enzymes was highlighted. Substrate specificity was 

introduced using scale-factors for each enzyme. In the case of GalT, the rate of 

galactosylation for bi-antennary glycans was allowed to differ from that of tri- and tetra-

antennary glycans (92). Following the fitting of WT HEK293T and MSC glycan profiles 
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the GalT scale factor did not converge to 1.0, indicating that to fit these glycan profiles, 

substrate specificities for GalT were required. Indeed, differences in the activity of GalT 

towards bi-, tri and tetra-antennary glycans have been shown (92). For sialylation, 

SiaT was allowed to act on each antenna of a bi-antennary glycan at different rates. 

Similar to the GalT scale-factor, the SiaT scale-factor was fitted and converged to a 

value greater than 1.0 in all instances. Evidence for antenna specificity for SiaT 

enzyme could also be found in the literature (111, 222). For example, the majority of 

sialylation (95%) occurs on the 1-3Man branch of a bi-antennary glycan attached to 

an IgG (111). 

 

More evidence for differences in SiaT substrate specificity is shown in the modelling 

of glycosylation in swainsonine-treated cell lines. Accounting for the known effects of 

swainsonine (inhibition of MAN2), by completely removing MAN2 activity from the WT 

cell line models without further fitting, could not reproduce the experimentally observed 

glycan profiles of swainsonine-treated HeLa (figure 3.12) or HEK293T (figure 3.13) 

cells. This was characterized by a sialylation rate that was too low and required 

increasing to fit the glycan profiles of swainsonine-treated cell lines. The inability of the 

simulation with MAN2 removed to fully reproduce the glycan profiles of swainsonine-

treated cells can be explained in two ways. Firstly, hybrid and complex-type glycans 

could act differently as substrates. Due to the higher abundance of complex glycans 

compared with hybrid glycans, the fitting of WT glycan profiles is strongly biased 

towards enzymes acting on complex glycans. This explanation is supported by 

examining the simulated and experimental glycan profile of the WT HEK293T cells, in 

which the fit for the hybrid-type glycans is relatively poor. As hybrid glycans are in 

relatively low abundance in the cell lines studied in this work and because of the desire 

to avoid increasing parameter numbers and simulation times, scale-factors for 

enzymatic activity on hybrid substrates were not used in this work. In the context of 

sialylation, hybrid glycans may only be sialylated on the 1-3Man branch, which is the 

preferential branch for SiaT (111, 222) further supporting the argument that hybrid 

glycans act differently as substrates compared with complex glycans.  

 

A second explanation is that the glycosylation machinery has been fundamentally 

altered as a result of inhibiting MAN2, either by altering enzyme expression levels or 

by changing the physical properties of the glycosylation enzymes. The glycan profiles 
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of swainsonine-treated HeLa (figure 3.14) and HEK293T (figure 3.15) cells could be 

reproduced accurately following fitting, with the model predicting an increase in 

sialylation (HeLa and HEK293T) and galactosylation (HEK293T).  The predicted 

increase in the activities of SiaT and GalT could be the result of changes in expression 

levels. Alternatively, many of the glycosylation enzymes are themselves glycosylated 

or predicted to be glycosylated (table 3.7). The enzymatic rate of SiaT in particular has 

been shown to be affected by the structure of the glycan that resides on it (112). The 

absence of galactose but not sialic acid was found to reduce the activity of SiaT by 

60% (112). 

 

6.3 Fitting whole cell glycan profiles of mammalian cell lines 

In chapter 3, the glycan profiles of WT HeLa and WT HEK293T cells were modelled. 

As discussed in section 6.2, the fitting process necessitated the inclusion of substrate 

specificities for MAN1, GalT and SiaT. The developed modelling methodology was 

able to reproduce quantitative fits for the glycan profiles of mammalian cell lines. 

However, there were discrepancies between the fitted and experimental glycan 

profiles. It was not expected that the modelling framework would be able to reproduce 

perfectly the experimental glycan profiles. The discrepancies between the simulated 

and experimental glycan profiles can arise from a number of different sources, 

technical and biological, including enzyme specificities (section 6.2).  

 

The whole cell glycan profile is a global average readout of the glycosylation process. 

The influence of protein structure in determining the glycan structures is not 

considered in the modelling framework. This is likely a major factor in the 

discrepancies between simulated and experimental glycan profiles. However, by 

modelling the whole cell glycan profile rather than the glycan profile of an individual 

protein, predictions can be made regarding the whole Golgi glycan processing 

pathway. This is potentially an important feature of the model, for example in 

investigating the effects of COG complex mutations on the cellular glycosylation 

pathway. A second likely source of discrepancies between the simulated and 

experimental glycan profiles is the absence of glycan competition in the model. In the 

model, glycans are processed one at a time meaning that differences in protein flux 
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through the secretory pathway between cell lines or conditions is not accounted for. 

The introduction of glycan competition is potentially a future addition to the SSA.  

 

Despite the presence of some discrepancies, the whole cell glycan profile of WT HeLa 

and HEK293T cells could be simulated following the Bayesian fitting procedure 

described earlier.  The more elaborate glycan profile of WT HEK293T cells required 

the Golgi model to consist of four compartments compared with the three required for 

modelling the HeLa cell glycan profile (figure 3.2). Furthermore, the transit time per 

cisterna was predicted to be longer in WT HEK293T cells than in HeLa cells (figure 

3.10C), supporting the notion that a model of WT HEK293T glycosylation requires 

increased glycan processing capacity. The predicted transit time per cisterna would 

result in a total Golgi residence time of 15.81 minutes and 29.04 minutes for WT HeLa 

and HEK293T cells, respectively. This is in good agreement with the characteristic 

half-times of secretory proteins in the Golgi, which range from 5 to 20 minutes (240).  

 

For both the WT HeLa and HEK293T cells, the MAN1 distribution was predicted to be 

cis/medial and cis/early-medial respectively (figure 3.9). Often considered a marker of 

the cis-Golgi, MAN1 has been shown to have a variable distribution throughout the 

Golgi apparatus (221). Indeed in a variety of mammalian cell lines, the distribution of 

MAN1 was shown to overlap considerably with that of MAN2 (221), a feature which is 

predicted in both HeLa (table 3.5) and HEK293T (table 3.6) cells by the model.  

 

To validate the computational approach that has been developed in this work and to 

demonstrate that predictions made by the model were rational and verifiable, the N-

glycan profiles of swainsonine-treated HeLa and HEK293T cells were modelled 

(section 3.3.4). Unlike in the case of SiaT, in which evidence existed for potential 

differences in substrate specificities for hybrid and complex glycans, the in vitro activity 

of FUT8 for hybrid glycans was shown to be similar to that of complex glycans (93). 

For example, the conversion percentage of Man5GlcNAc3 was 75% compared with 

90% for Man3GlcNAc4 (93). This similar conversion rate of FUT8 towards hybrid and 

complex glycans explains why no change in FUT8 activity was predicted by the model 

for the swainsonine-treated cell lines.  
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Despite this finding FUT8 does have a wide range of substrate specificities (93, 113, 

224). To include all of these into the modelling methodology as parameters subject to 

the fitting process would have been unfeasible, because of the large number of extra 

parameters that would have to be introduced and the difficulty in constructing 

compatible rules in linear notation. More extensive substrate specificities are included 

in other computational models of glycosylation as Km values (190, 192) but are not 

subject to fitting. An unavoidable feature of FUT8 that needed to be included was the 

ability of FUT8 to fucosylate Man5GlcNAc2 (figure 3.12, figure 3.13). This reaction was 

allowed to occur in the fitting of WT cell glycan profiles but only became relevant in 

fitting the swainsonine-treated cells. Fucosylation of Man5GlcNAc2 has been observed 

in MGAT1-deficient cell lines (115) and FUT8 has been identified as the sole enzyme 

involved in the synthesis of Fuc1Man5GlcNAc2 (114). Fuc1Man5GlcNAc2 was detected 

in swainsonine-treated cells (figure 3.11, 3.12), and in cells deficient in MGAT1 (115).  

 

The modelling of swainsonine-treated cell lines described in this thesis does offer an 

explanation for why Fuc1Man5GlcNAc2 is observed. In the fitting of glycan profiles from 

swainsonine-treated cells, the predicted total activity of MGAT1 in swainsonine-treated 

cells is reduced along with the activity of MAN2. Therefore, the modelling suggests 

that Man5GlcNAc2 is a substrate for FUT8 but that FUT8 is out-competed by MGAT1 

and MAN2 in normal cases. Indeed, FUT8 has recently been shown to act on Man5-

GlcNAc2 in vitro, given the correct polypeptide context. In the case where MGAT1 

activity is perturbed, such as in MGAT1-deficient cells, FUT8 can now compete and 

act on Man5GlcNAc2. Why MGAT1 activities are predicted to be reduced in 

swainsonine-treated cells requires further investigation.  

 

6.4 Semi-quantitative N-glycan analysis of Cog4KO HEK293T cells 

In order to investigate the role of the COG complex in dictating the N-glycosylation of 

secretory proteins, mass spectrometry was used to glycan profile Cog4KO HEK293T 

cells (figure 4.5). The glycan profiling of Cog4KO HEK293T cells was undertaken by 

the author as part of a larger collaboration with Vladimir Lupashin (University of 

Arkansas for Medical Sciences) and is published (58). As expected, the complete 

depletion of Cog4 resulted in large changes in the glycan profile compared with that 

of WT HEK293T cells. The distribution of oligomannose glycans is altered as a result 
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of Cog4KO; for example, the level of Man5GlcNAc2 is markedly increased in the 

Cog4KO HEK293T cell line (figure 4.6). This increase in the relative abundance of 

Man5GlcNAc2 appears to be a common consequence of disrupting the COG complex 

(58, 60).  

 

In addition to the changes in oligomannose glycan distribution, Cog4KO also resulted 

in an increase in the total levels of oligomannose glycans and a concomitant decrease 

in complex-type glycans. Decreases in the functionally important modifications of 

fucosylation and sialylation are also observed (figure 4.7B, C), suggesting that Cog4 

depletion affects both early and later stages of glycosylation. This finding is in contrast 

to previous suggestions that lobe B, not lobe A subunits are the effectors of the final 

stages of glycan processing (86). Lobe A and B may have different functions but 

depletion of either lobe may result in the same outcome (64). Cog3KD HeLa cells 

displayed abnormal Golgi structure but no change in the levels of GalT and SiaT, while 

Cog7KD HeLa cells had reduced levels of GalT and SiaT but normal Golgi structure 

(64). However, in both cell lines terminal Golgi glycosylation was not as efficient as in 

WT cells. Analysis of the observed glycan profiles revealed a decrease in tri- and tetra-

antennary glycans but not bi-antennary glycans suggesting that MGAT2 is unaffected 

by Cog4KO in HEK293T cells (figure 4.7D). 

 

6.5 Alterations to Golgi glycosylation homeostasis in Golgi 

trafficking perturbed cell lines 

Mutations in the COG complex have been implicated in a number of CDGs (section 

1.2.5). As none of the Cog subunits have any known enzymatic activity but have been 

implicated in the trafficking of glycosylation enzymes (reviewed in Fisher and Ungar, 

2016), alterations to glycosylation are believed to be the result of disrupted enzyme 

homeostasis. As perturbations to the COG complex are likely to affect numerous 

enzymes (34, 62, 65, 241), it is difficult to identify which reactions are critically 

impacted. The model developed in this work has been shown to be capable of 

predicting changes in glycosylation enzyme activities and localizations as a result of 

Cog4KD in HeLa cells (figure 4.2) and Cog4KO in HEK293T cells (figure 4.9).  
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Cog4KD in HeLa cells resulted in minor changes to the glycan profile (60). Notable 

alterations that did occur as a result of Cog4KD centred around the oligomannose 

glycan distribution (figure 4.1) and led the model to predict a flattening out of the MAN1 

distribution (figure 4.4). The shift towards the trans-Golgi of the MAN1 enzyme 

distribution was able to account for the relative increases in Man9GlcNAc2 and 

Man6GlcNAc2. Similarly to the prediction in Cog4KD HeLa cells, MAN1 was shifted in 

the trans direction in the Cog4KO HEK293T cells, albeit to a lesser extent than in the 

Cog4KD HeLa cells. In the context of cisternal maturation, the flattening out of an 

enzyme distribution would suggest a defect in retrograde trafficking (figure 6.1). The 

inability to recycle MAN1 in a retrograde fashion to more immature cisternae would 

result in a diffusion of the enzyme across the Golgi stack.  

 

 

 

Figure 6.1 | Defective retrograde trafficking in Cog4KD HeLa cells  

Proposed model of Golgi cisternal maturation and COPI-vesicle retrograde trafficking of MAN1 
in WT and Cog4KD HeLa cells. 

 

 

MAN1 acts early on in the Golgi glycosylation pathway; it therefore follows that without 

correct oligomannose glycan processing, the downstream modifications to form 

complex glycans could potentially be faulty. If individual secreted or cell surface 

proteins had been modelled instead of the whole cell glycan profile, this alteration to 

the MAN1 distribution would have been missed because only a subset of glycans end 
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up on cell surface or secreted proteins and these tend not to be oligomannose glycans. 

Despite the challenges in modelling whole cell glycan profiles, for making predictions 

relevant to the mechanistic nature of COG-CDGs for example, modelling whole-cell 

glycosylation is necessary.  

 

The modelling of Cog4KO HEK293T cells also led to predicted shifts in the 

localizations of MGAT5 and GalT (figure 4.10). These predicted shifts were not 

predicted to occur in the Cog4KD HeLa cell line most likely due to the small amount 

of complex glycans in the HeLa cells. Interestingly, the distribution of GalT and MGAT5 

was predicted to be shifted towards the cis-Golgi in Cog4KO HEK293T cells. This shift 

in distribution was validated using confocal microscopy to visualise the localization of 

GalT-YFP relative to the cis-Golgi marker, GM130 (figure 4.11). To visualise the 

localization of GalT-YFP in the Golgi apparatus, the cells were treated with nocodazole 

in order to disperse the Golgi ribbon. Nocodazole treatment simplifies the Golgi 

architecture by disrupting microtubules and generating functional Golgi ministacks. 

Assessing the localization of glycosylation enzymes within the Golgi apparatus 

necessitates the use of nocodazole, as cisternae are intertwined and overlap in the 

Golgi ribbon making analysis difficult. 

 

The shift of GalT towards the cis-Golgi as a result of Cog4KO can be explained in a 

number of ways. Firstly, the shift could be caused by the mis-sorting of GalT into earlier 

cisternae (figure 6.2). In this scenario, GalT would be trafficked more efficiently from 

the later, more mature cisternae into early cisternae in the Cog4KO HEK293T cells. 

This explanation is not consistent with the known role of the COG complex in 

retrograde trafficking at the Golgi apparatus (242). Defects in the COG complex would 

be expected to result in disruption to the retrograde trafficking of Golgi-resident 

proteins, such as GalT, not increased retrograde trafficking.  

 

A second explanation for a cis shift in the localization of GalT in Cog4KO cells relative 

to WT HEK293T cells, is that GalT has been depleted in the trans cisternae to a greater 

extend compared with other cisternae (figure 6.2). In this case, GalT would be 

packaged into COPI-vesicles but these vesicles would not be delivered to adjacent 

cisternae due to the depletion of the Cog4. This would implicate lobe A subunits in the 

trafficking of trans-Golgi proteins as previously proposed (58). The overall level of 
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endogenous GalT is also reduced in Cog4KO HEK293T cells (figure 4.13), suggesting 

that the GalT in vesicles originating from the trans-Golgi are ultimately degraded or 

secreted by Cog4KO HEK293T cells. In lobe A-deficient CHO cells, the Golgi SNARE 

protein, GOS-28, has been shown to be rapidly degraded by the proteasome following 

mis-localization to the ER (62), suggesting a potential outcome of GalT in Cog4KO 

HEK293T cells.   

 

Finally, the shift towards the cis-Golgi in Cog4KO HEK293T cells could be a result of 

disrupted architecture of the Golgi apparatus (figure 6.3). The Golgi morphology has 

been shown to be altered in COG-CDG patient cells (52) and in cell lines deficient in 

COG complex subunits (34, 58). A dilated and fragmented Golgi apparatus would 

potentially result in the loss of separation between the trans- and cis-Golgi. While the 

model does not predict changes in Golgi morphology, a convergence of the Golgi 

cisternae as a result of Cog4KO is equivalent to a shift from trans to cis. This 

explanation would mean that all trans-Golgi enzymes should be shifted in the cis 

direction, this is not a prediction made by the model. 

 

Modelling of Cog4KO HEK293T cells predicted reductions in the total activities of 

MGAT1, MGAT5 and GalT (figure 4.12). The predicted decreases in the activities of 

these enzymes can be explained by reductions in protein level, and the levels of 

MGAT1 and GalT were validated with western blotting (figure 4.13). Although not 

investigated in this work, MAN2 has been shown to be sensitive to the depletion of 

other lobe A COG subunits (62). The predicted decrease in MGAT5 activity explains 

the lack of tri- and tetra-antennary glycans observed in the glycan profile of Cog4KO 

HEK293T cells (figure 4.7D). The decreases in protein amount for these enzymes are 

most likely explained by trafficking defects, due to the known role of the COG complex. 

The enzymes are no longer retained within the Golgi apparatus and are degraded as 

a result of disruption to the COG complex.  

 

The predicted total activity of MGAT1 was decreased in Cog4KO HEK293T compared 

with WT HEK293T cells (figure 4.12). It was important to validate this prediction (figure 

4.13B, D) as MGAT1 catalyses the reaction that converts oligomannose to hybrid and 

then complex glycans. Oligomannose glycans are likely to be attached to lysosomal 

hydrolases, while hybrid and complex glycans dominate cell surface glycoproteins 
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(243). Due to the differing fates of oligomannose glycans in relation to hybrid/complex 

glycans, the model could effectively use the MGAT1 activity parameter to account for 

differences in degradation between oligomannose and hybrid/complex glycans in the 

two cell lines. In other words, if the steady-state level of cell surface proteins was 

reduced in the Cog4KO HEK293T cells due to alterations in glycosylation, this would 

manifest itself as a decrease in the relative abundance of complex glycans in a whole 

cell glycan profile. A total cell membrane proteomics experiment comparing protein 

levels between the WT and Cog4KO HEK293T cell lines was used as an additional 

control experiment and to ensure that changes in glycosylation were not the result in 

changes to the proteome. There was no global reduction in cell surface 

transmembrane proteins (figure 4.8). For example, the fold-change between Cog4KO 

and WT cells for the transferrin receptor (four glycosylation sites) was 0.93, while for 

the insulin receptor (18 glycosylation sites) the fold-change was 0.71.  



 

184 
 

 

 

Figure 6.2 | Mis-localization of GalT in Cog4KO HEK293T cells 

Potential explanations for the shift towards the cis-Golgi of GalT as a result of Cog4KO in HEK293T cells. 
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6.6 FUT8 is insensitive to Cog4KO  

Despite the reduction in total fucosylation as a result of Cog4KO (figure 4.7), the model 

did not predict a decrease in the total activity of FUT8 following fitting of the Cog4KO 

HEK293T cell line (figure 4.12). The overall protein level of FUT8 was shown to be 

unaltered between WT and Cog4KO HEK293T cells through western blotting (figure 

4.13C, D). To investigate the action of FUT8 in Cog4KO HEK293T cells, flux maps 

were generated in silico and the competing reactions for the top six substrates of FUT8 

analysed (figure 4.17). The activity of FUT8 was not restricted to a subset of substrates 

in the model but the predicted top six N-glycans acted on by FUT8 (table 4.3) were in 

line with the preferred substrates, Man5GlcNAc3 and Man3GlcNAc4, of FUT8 (93, 244).   

 

The flux map normalized to the total fucosylation flux for each cell line (figure 4.17, 

table 4.3) demonstrates fucosylation pattern differences between the cell lines. The 

differences are due to the decrease in enzymatic competition in the Cog4KO HEK293T 

cell line. The loss of enzymatic competition from MGAT5 and GalT in Cog4KO 

HEK293T cells results in a relative increase in the fucosylation of Hex4HexNAc4, 

compared with WT. Therefore, even though the reduction in total fucosylation was due 

to a decrease in the levels of complex glycans, restoring the levels of total complex 

glycan in Cog4KO HEK293T cells would not lead to the same fucosylated glycans 

observed in the WT HEK293T glycan profile. The ability to identify glycosylation 

reactions that are affected by mutations in the trafficking machinery has the potential 

to provide targeted solutions to correct glycosylation in CDG patients. Furthermore, 

proposed treatments for CDGs can be replicated in silico using the developed model 

and the outcomes assessed, potentially saving time and money.  

 

6.7 Modelling glycan alterations during osteogenesis  

Having applied and then demonstrated that a stochastic model of glycosylation with a 

Bayesian methodology to fit the model to the observed data can be used to predict 

alterations in the Golgi glycosylation machinery, the model was applied to a cell 

biological process (osteogenesis). Furthermore, changes to N-glycosylation have 

been shown to influence osteogenesis. For example, inhibition of MAN1 in 

undifferentiated MSCs promoted osteogenesis, while knockdown of Cog4 in MSCs 
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prevented osteogenesis (147), although it should be noted that depletion of COG 

subunits would likely affect both N- and O-glycosylation (61).  

 

Comparison of the glycan profiles from Y101 MSCs and osteoblasts derived from them 

showed a marked decrease in the levels of oligomannose glycans as a result of 

differentiation (107). Oligomannose glycans are often found on lysosomal hydrolases 

as a result of the Man6P targeting tag. This pathway is accounted for by the model 

with the inclusion of the GlcNAc-phosphoT enzyme, the activity of which is predicted 

to be depressed in the osteoblasts relative to the Y101 MSCs (figure 5.6). Therefore, 

the levels of oligomannose glycans can be an indirect measure of the lysosomal 

volume of the cell. Fewer and/or smaller lysosomes would suggest lower levels of 

lysosomal hydrolases, which in turn would result in lower levels of oligomannose 

glycans in an observed glycan profile. The levels of LAMP1 (lysosomal marker) and 

the activity of β-hexosaminidase (lysosomal glycosidase) were increased in 

osteoblasts relative to MSCs indicating the lysosomal content of osteoblasts was in 

fact increased above that of MSCs (figure 5.7). This finding is in good agreement with 

proteomic (233) and microscopic data (234). These findings suggest that the observed 

decrease in oligomannose glycan in osteoblasts is not related to changes in the 

lysosomal content of the cell. By considering just the complex glycans in MSCs and 

osteoblasts (figure 5.9), the significant differences in glycan profiles of the two cell 

lines are largely diminished.  The small changes in complex glycans between MSCs 

and osteoblasts means there are few changes in the glycosylation machinery as 

predicted by the model. The differing fates of oligomannose and hybrid/complex 

glycans is a likely explanation for the changes to the oligomannose/complex glycan 

ratios between osteoblasts and MSCs. In the case of osteoblasts, the cells produce 

extracellular matrix (ECM) (containing glycoproteins) which accumulates over the 

course of the 21-day differentiation protocol, increasing the relative amount of complex 

glycans compared with oligomannose glycans. Meaningful conclusions regarding the 

oligomannose/complex glycan ratio cannot therefore be made without additional 

information, such as the absolute amount of N-glycan in each sample. 

 

Despite the abundance of complex glycans increasing in osteoblasts relative to MSCs, 

the predicted total activity of MGAT5 was reduced in osteoblasts (figure 5.6). Excluding 

the oligomannose glycans, a switch from tri-antennary to bi-antennary glycans upon 
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osteogenesis can be observed (figure 5.9B), a feature that may not have been noticed 

had the model not predicted a decrease in the activity of MGAT5. MGAT5-mediated 

N-glycan antenna number has been intimately linked to galectin binding (105). 

Galectins are a family of small soluble proteins capable of binding galactose-

containing moieties and can aggregate with ligands resulting in galectin 

oligomerization (245), which is important for inducing signalling pathways. Once in the 

extracellular space, galectins may either promote endocytosis of cell-surface proteins 

(246) or inhibit endocytic uptake of cell-surface proteins (105, 247). Altered receptor 

endocytosis has been shown to impact cell proliferation and differentiation (133). This 

is due to an intricate balance between proliferation and differentiation that is 

maintained by UDP-GlcNAc levels influencing antenna number (133). 

 

Inhibiting galectin interactions using lactose in the first week of a three-week 

osteogenesis experiment promoted osteogenesis when compared with a control 

(sucrose) treatment (figure 5.10). This finding is consistent with previous work 

demonstrating that galectin-3 downregulates the expression of osteogenic markers 

and inhibits osteogenesis (235). Furthermore, MSCs pre-treated with kifunensine, 

which completely abrogates MGAT5-mediated branching, promoted osteogenesis 

(147). The increase in osteogenic potential due to kifunensine pre-treatment of MSCs 

agrees with the results of the inhibition of galectin binding in the first week of the 21-

day osteogenesis protocol and suggests an existence of an early switch from 

proliferation to differentiation, influenced by glycosylation. These findings suggest that 

by switching from tri- to bi-antennary glycans, an inhibitory effect on osteogenesis is 

released. 

 

6.8 Future work 

In terms of the modelling framework, the introduction of glycan competition would be 

a logical addition. The inclusion of glycan competition in the modelling framework 

would help identify changes in secretory protein flux, which is of particular importance 

for overexpression experiments. This is an important consideration when producing 

biotherapeutics, the glycosylation of which could also be modelled in the future. As a 

goal of cellular engineering is to increase production of biologics from cells, the effect 

this increased flux through the secretory pathway has on the glycosylation process 
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could be predicted using a modelling framework incorporating glycan competition. 

Previous work has already shown the importance of secretory protein flux on the 

glycosylation process (248). Alongside modelling the glycan profiles of biologics, 

hypothetical glycan profiles expressing the desired glycoforms for specific biologics 

could also be modelled, in order to predict manipulations to the glycosylation 

machinery that could achieve the desired glycosylation. 

 

The developed model could be used to gain much deeper insight into COG-dependent 

Golgi trafficking. Instead of depleting COG subunits, by studying COG mutants with 

disrupted interactions with other Golgi trafficking players the role in glycosylation of 

individual interactions may be assessed. By modelling the glycosylation of these COG-

mutant cell lines, binding partners can be identified that are primarily responsible for 

the localization of specific enzymes. Additionally, the glycosylation of cells expressing 

CDG-causing COG mutations could also be modelled. Predicting alterations to the 

glycosylation machinery in COG-CDG mutation-expressing cells has the ability to 

propose targeted therapies, made even more accurate through the analysis of flux 

maps.    

 

In regard to chapter 5, further work is required to fully understand the role of 

glycosylation in determining cell fate. The development and characterization of a 

MGAT5KO MSC would demonstrate the role of MGAT5 in dictating osteogenic 

potential. Identifying the key receptor(s) that may be affected by N-glycan branching 

and galectin binding is difficult, although it has been suggested that inhibition of 

osteogenesis by galectins occurs through the Notch signally pathway (235). 

Investigating the glycosylation of the Notch receptors would be a good starting point. 

MSCs also have the ability to differentiate into adipocytes; glycan profiling and the 

modelling of the glycosylation into adipocytes could therefore also provide interesting 

avenues of investigation. The modelling of whole-cell glycan profiles can be seen as 

a process of discovery, generating hypotheses that wait to be tested and explored. 
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Abbreviations 

 

ABC = approximate Bayesian computation 

ADCC = antibody-dependent cell-mediated cytotoxicity 

ALG = asparagine-linked glycosylation  

ALP = alkaline phosphatase 

Ant FUT = antenna fucosylation 

BCA = bicinchoninic acid 

CATCHR = complexes associated with tethering containing helical rods 

CDG = congenital disorders of glycosylation  

CHO = Chinese hamster ovary  

COG = conserved oligomeric Golgi 

COPI = coatomer protein complex-I 

DHB = 2, 6-dihydroxybenzonic acid  

DMSO = dimethyl sulfoxide 

DTT = dithiothreitol 

ECM = extracellular matrix 

EDTA = ethylenediaminetetraacetic acid 

Endo-MAN = glycoprotein endo-alpha-1,2-mannosidase 

ER = endoplasmic reticulum 

ERGIC = endoplasmic reticulum Golgi intermediate complex 

FTICR = Fourier-transform ion cyclotron resonance  

Fuc = fucose 

FUT8 = fucosyltransferase 8 

GalT = galactosyltransferase 

GlcNAc = N-acetylglucosamine 

GlcNAc-PhosphoT = N-acetylglucosamine-1-phosphate transferase 

Glc = glucose 

Gal = galactose 

GRASP = Golgi reassembly stacking protein 

HEK = human embryonic kidney 

HPLC = high performance liquid chromatography 
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hTERT = human telomerase reverse transcriptase 

KD = knockdown 

KO = knockout 

LDL = low-density lipoprotein 

MALDI = matrix-assisted laser desorption  

Man = mannose 

MAN1 = mannosyl-oligosaccharide 1,2-alpha-mannosidase 1 

MAN2 = alpha-mannosidase 2 

MCMC = Markov chain Monte Carlo 

MGAT1 = alpha-1,3-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase 

MGAT2 = alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase 

MGAT4 = alpha-1,3-mannosyl-glycoprotein 4-beta-N-acetylglucosaminyltransferase 

MGAT5 = alpha-1,6-mannosylglycoprotein 6-beta-N-acetylglucosaminyltransferase 

MLE = maximum likelihood estimation 

MS = mass spectrometry 

MSC = mesenchymal stromal cells 

NeuAc = N-acetylneuraminic acid 

PBS = phosphate buffered saline 

PNGase F = peptide N-glycosidase F 

PVDF =  polyvinylidene fluoride 

RF = radiofrequency 

SDS = sodium dodecyl sulfate 

SEM = standard error of the mean 

SiaT = sialyltransferase 

SNARE = soluble N-ethylmaleimide sensitive factor attachment protein receptor 

SSA = stochastic simulation algorithm 

TGN = trans Golgi network 

VSV-G = vesicular stomatitis virus G protein  

WT = wild-type 
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Appendix 1 

Enzyme Name Rate Cisterna 1 Rate Cisterna 2 Rate Cisterna 3 

MAN1 Log-normal Log-normal Exponential decay 

EndoMAN Log-normal Exponential decay Exponential decay 

MAN2 Exponential decay Log-normal Exponential decay 

MGAT1 Exponential decay Log-normal Exponential decay 

MGAT2 (1) Exponential decay Log-normal Exponential decay 

MGAT2 (2) Exponential decay Log-normal Exponential decay 

MGAT2 (3) Exponential decay Log-normal Exponential decay 

MGAT4 Exponential decay Log-normal Exponential decay 

MGAT5 Exponential decay Log-normal Exponential decay 

FUT8 (1) Exponential decay Log-normal Exponential decay 

FUT8 (2) Exponential decay Log-normal Exponential decay 

FUT8 (3) Exponential decay Log-normal Exponential decay 

FUT8 (4) Exponential decay Log-normal Exponential decay 

FUT8 (5) Exponential decay Log-normal Exponential decay 

FUT8 (6) Exponential decay Log-normal Exponential decay 

FUT8 (7) Exponential decay Log-normal Exponential decay 

GalT (1) Exponential decay Exponential decay Log-normal 

GalT (2) Exponential decay Exponential decay Log-normal 

GalT (3) Exponential decay Exponential decay Log-normal 

GalT (4) Exponential decay Exponential decay Log-normal 

SiaT Exponential decay Exponential decay Log-normal 

GlcNAc-

PhospoT 

Log-normal Exponential decay Exponential decay 

Appendix 1 | Table representing assignment of PDFs for enzymatic parameters 
in HeLa cells 
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Appendix 2 

Enzyme Name Rate Cisterna 1 Rate Cisterna 2 Rate Cisterna 3 

MAN1 0.233496705 0.527139663 0.178111358 

MAN1(2) 0.037217926 0.084022791 0.028389845 

EndoMAN 0.029461455 0.003994726 0.004010006 

MAN2 0.453718821 3.451994737 0.568873221 

MGAT1 0.01393476 0.304813621 0.009163032 

MGAT2(1) 1.798471895 12.77035395 1.700470263 

MGAT2(2) 1.798471895 12.77035395 1.700470263 

MGAT2(3) 1.798471895 12.77035395 1.700470263 

MGAT4 0.004194392 0.031407158 0.004211912 

MGAT5 0.020214963 0.307998276 0.020739824 

FUT8(1) 0.049015259 0.412099132 0.053306307 

FUT8(2) 0.049015259 0.412099132 0.053306307 

FUT8(3) 0.049015259 0.412099132 0.053306307 

FUT8(4) 0.049015259 0.412099132 0.053306307 

FUT8(5) 0.049015259 0.412099132 0.053306307 

FUT8(6) 0.049015259 0.412099132 0.053306307 

FUT8(7) 0.000147627 0.001514319 0.000146666 

GalT(1) 0.451799263 0.448824895 3.148618158 

GalT(2) 0.451799263 0.448824895 3.148618158 

GalT(3) 0.451799263 0.448824895 3.148618158 

GalT(4) 0.451799263 0.448824895 3.148618158 

SiaT 0.006008948 0.006231213 0.127969208 

GlcNAc-phosphoT 0.125711779 0.014646036 0.014101402 
 

0.710849474 0.009048474 5.279178421 

Appendix 2 | Table representing the fitted parameter values for WT HeLa cells 
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Appendix 3 

Enzyme Name Rate Cisterna 1 Rate Cisterna 2 Rate Cisterna 3 

MAN1 0.217140421 0.716860211 0.174680053 

MAN1(2) 0.039337033 0.12986598 0.031644937 

EndoMAN 0.047610013 0.004292252 0.004242789 

MAN2 0.020611184 0.082378211 0.020556605 

MGAT1 0.005638958 0.173814332 0.010241469 

MGAT2(1) 1.869815789 13.12817263 1.741911842 

MGAT2(2) 1.869815789 13.12817263 1.741911842 

MGAT2(3) 1.869815789 13.12817263 1.741911842 

MGAT4 0.004275932 0.030062337 0.004408021 

MGAT5 0.021468105 0.3103385 0.021851513 

FUT8(1) 0.050996627 0.547423579 0.001383333 

FUT8(2) 0.050996627 0.547423579 0.001383333 

FUT8(3) 0.050996627 0.547423579 0.001383333 

FUT8(4) 0.050996627 0.547423579 0.001383333 

FUT8(5) 0.050996627 0.547423579 0.001383333 

FUT8(6) 0.050996627 0.547423579 0.001383333 

FUT8(7) 0.000149171 0.537967974 6.40199E-05 

GalT(1) 0.466929947 0.549856632 2.952280789 

GalT(2) 0.466929947 0.549856632 2.952280789 

GalT(3) 0.466929947 0.549856632 2.952280789 

GalT(4) 0.466929947 0.549856632 2.952280789 

SiaT 0.006608056 0.006707846 0.713332926 

GlcNAc-phosphoT 0.098124853 0.014375818 0.014271601 
 

0.725984295 0.008530408 6.358872105 

Appendix 3 | Table representing the fitted parameter values for swainsonine-
treated HeLa cells 
 

 

 

 



 

216 
 

Appendix 4 

Enzyme Name Rate Cisterna 1 Rate Cisterna 2 Rate Cisterna 3 

MAN1 0.233496705 0.527139663 0.178111358 

MAN1(2) 0.037217926 0.084022791 0.028389845 

EndoMAN 0.029461455 0.003994726 0.004010006 

MAN2 0.453718821 3.451994737 0.568873221 

MGAT1 0.01393476 0.304813621 0.009163032 

MGAT2(1) 1.798471895 12.77035395 1.700470263 

MGAT2(2) 1.798471895 12.77035395 1.700470263 

MGAT2(3) 1.798471895 12.77035395 1.700470263 

MGAT4 0.004194392 0.031407158 0.004211912 

MGAT5 0.020214963 0.307998276 0.020739824 

FUT8(1) 0.049015259 0.412099132 0.053306307 

FUT8(2) 0.049015259 0.412099132 0.053306307 

FUT8(3) 0.049015259 0.412099132 0.053306307 

FUT8(4) 0.049015259 0.412099132 0.053306307 

FUT8(5) 0.049015259 0.412099132 0.053306307 

FUT8(6) 0.049015259 0.412099132 0.053306307 

FUT8(7) 0.000147627 0.001514319 0.000146666 

GalT(1) 0.451799263 0.448824895 3.148618158 

GalT(2) 0.451799263 0.448824895 3.148618158 

GalT(3) 0.451799263 0.448824895 3.148618158 

GalT(4) 0.451799263 0.448824895 3.148618158 

SiaT 0.006008948 0.006231213 0.127969208 

GlcNAc-phosphoT 0.125711779 0.014646036 0.014101402 
 

0.710849474 0.009048474 5.279178421 

Appendix 4 | Table representing the fitted parameter values for Cog4KD HeLa 
cells 
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Appendix 5 

Enzyme 

Name 

Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

Rate 

Cisterna 4 

MAN1 0.194485087 1.7516927 0.22349944 0.022924432 

MAN1(2) 0.021928699 0.197507902 0.025200142 0.002584789 

EndoMAN 0.030639145 0.005333927 0.004076729 0.000423947 

MAN2 0.50131336 2.9467012 1.914476833 0.547513267 

MGAT1 0.007119538 0.636804333 0.098816213 0.009268861 

MGAT2(1) 1.796796067 6.5077812 5.896882133 1.7318214 

MGAT2(2) 1.796796067 6.5077812 5.896882133 1.7318214 

MGAT2(3) 1.796796067 6.5077812 5.896882133 1.7318214 

MGAT4 0.004176106 0.02006288 0.019514897 0.004981294 

MGAT5 0.020047691 0.168627987 0.24528994 0.031690672 

FUT8(1) 0.049176632 0.177289367 0.071655067 0.04276546 

FUT8(2) 0.049176632 0.177289367 0.071655067 0.04276546 

FUT8(3) 0.049176632 0.177289367 0.071655067 0.04276546 

FUT8(4) 0.049176632 0.177289367 0.071655067 0.04276546 

FUT8(5) 0.049176632 0.177289367 0.071655067 0.04276546 

FUT8(6) 0.049176632 0.177289367 0.071655067 0.04276546 

FUT8(7) 0.002713389 0.009782188 0.003953668 0.002359644 

FUT8OFF 0.099446587 0.099446587 0.099446587 0.099446587 

Ant FUT 0.000999622 0.014081887 0.011049582 0.001026963 

GalT(1) 0.010020635 0.072018267 0.2061617 0.25531468 

GalT(2) 0.010020635 0.072018267 0.2061617 0.25531468 

GalT(3) 0.010020635 0.072018267 0.2061617 0.25531468 

GalT(4) 0.010020635 0.072018267 0.2061617 0.25531468 
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GalT(5) 0.003562637 0.025604659 0.073296684 0.090772046 

GalT(6) 0.003562637 0.025604659 0.073296684 0.090772046 

GalT(7) 0.003562637 0.025604659 0.073296684 0.090772046 

GalT(8) 0.003562637 0.025604659 0.073296684 0.090772046 

GalT(9) 0.003562637 0.025604659 0.073296684 0.090772046 

SiaT(1) 0.006000835 0.006713236 0.084122005 0.09841716 

SiaT(2) 0.006000835 0.006713236 0.084122005 0.09841716 

SiaT(3) 0.002754859 0.003081907 0.038618664 0.045181272 

GlcNAc-

phosphoT 

0.052862328 0.011772589 0.014043215 0.001410821 

 
0.1132855 0.030996753 7.2580224 

 

Appendix 5 | Table representing the fitted parameter values for WT HEK293T 
cells 
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Appendix 6 

Enzyme 

Name 

Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

Rate 

Cisterna 4 

MAN1 0.148468438 1.382024 0.242616881 0.023389545 

MAN1(2) 0.018257739 0.169952844 0.029835538 0.002876303 

EndoMAN 0.030787209 0.005775171 0.003909426 0.000452394 

MAN2 0.025405775 0.025219844 0.015022541 0.024132106 

MGAT1 0.007097191 0.285030219 0.091399238 0.009116399 

MGAT2(1) 1.794842375 6.60331125 5.829263 1.94838375 

MGAT2(2) 1.794842375 6.60331125 5.829263 1.94838375 

MGAT2(3) 1.794842375 6.60331125 5.829263 1.94838375 

MGAT4 0.004211199 0.01504282 0.013251575 0.004850105 

MGAT5 0.020005323 0.183632925 0.257015981 0.033191759 

FUT8(1) 0.049294611 0.192566797 0.066660625 0.046202119 

FUT8(2) 0.049294611 0.192566797 0.066660625 0.046202119 

FUT8(3) 0.049294611 0.192566797 0.066660625 0.046202119 

FUT8(4) 0.049294611 0.192566797 0.066660625 0.046202119 

FUT8(5) 0.049294611 0.192566797 0.066660625 0.046202119 

FUT8(6) 0.049294611 0.192566797 0.066660625 0.046202119 

FUT8(7) 0.017024658 0.06650593 0.023022281 0.015956618 

FUT8OFF 0.099503951 0.099503951 0.099503951 0.099503951 

Ant FUT 0.001002962 0.013080549 0.007934707 0.000886347 

GalT(1) 0.009985707 0.071914269 0.229779956 0.432610181 

GalT(2) 0.009985707 0.071914269 0.229779956 0.432610181 

GalT(3) 0.009985707 0.071914269 0.229779956 0.432610181 

GalT(4) 0.009985707 0.071914269 0.229779956 0.432610181 

GalT(5) 0.003531843 0.025435346 0.081270836 0.153009826 

GalT(6) 0.003531843 0.025435346 0.081270836 0.153009826 

GalT(7) 0.003531843 0.025435346 0.081270836 0.153009826 

GalT(8) 0.003531843 0.025435346 0.081270836 0.153009826 

GalT(9) 0.003531843 0.025435346 0.081270836 0.153009826 

SiaT(1) 0.005991593 0.006270562 0.122704588 0.31972855 
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SiaT(2) 0.005991593 0.006270562 0.122704588 0.31972855 

SiaT(3) 0.002851303 0.002984059 0.058393141 0.152153678 

GlcNAc-

phosphoT 

0.030139624 0.012389008 0.013977596 0.001502368 

 
0.11671605 0.012219881 9.275291 

 

Appendix 6 | Table representing the fitted parameter values for swainsonine-
treated HEK293T cells 
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Appendix 7  

Enzyme 

Name 

Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

Rate 

Cisterna 4 

MAN1 0.207270829 1.769651714 0.497360333 0.024201713 

MAN1(2) 0.023412045 0.199889032 0.056178781 0.002733677 

EndoMAN 0.03048921 0.005530166 0.004349325 0.00041441 

MAN2 0.497703229 2.447501333 1.352916762 0.522109143 

MGAT1 0.007135823 0.294988483 0.051401381 0.009110397 

MGAT2(1) 0.178693757 0.737605371 0.593994476 0.197388386 

MGAT2(2) 0.178693757 0.737605371 0.593994476 0.197388386 

MGAT2(3) 0.178693757 0.737605371 0.593994476 0.197388386 

MGAT4 0.004205056 0.019599488 0.019078714 0.005590132 

MGAT5 0.020243149 0.128970705 0.073751829 0.027164443 

FUT8(1) 0.049662796 0.206351155 0.105898033 0.055317005 

FUT8(2) 0.049662796 0.206351155 0.105898033 0.055317005 

FUT8(3) 0.049662796 0.206351155 0.105898033 0.055317005 

FUT8(4) 0.049662796 0.206351155 0.105898033 0.055317005 

FUT8(5) 0.049662796 0.206351155 0.105898033 0.055317005 

FUT8(6) 0.049662796 0.206351155 0.105898033 0.055317005 

FUT8(7) 4.96674E-05 0.00020637 0.000105908 5.53221E-05 

FUT8OFF 0.072470219 0.072470219 0.072470219 0.072470219 

Ant FUT 0.001002334 0.014333406 0.012777042 0.001043961 

GalT(1) 0.009959058 0.07245599 0.15254361 0.10177224 

GalT(2) 0.009959058 0.07245599 0.15254361 0.10177224 

GalT(3) 0.009959058 0.07245599 0.15254361 0.10177224 

GalT(4) 0.009959058 0.07245599 0.15254361 0.10177224 

GalT(5) 0.003525369 0.025648424 0.05410513 0.03609722 

GalT(6) 0.003525369 0.025648424 0.05410513 0.03609722 

GalT(7) 0.003525369 0.025648424 0.05410513 0.03609722 

GalT(8) 0.003525369 0.025648424 0.05410513 0.03609722 

GalT(9) 0.003525369 0.025648424 0.05410513 0.03609722 

SiaT(1) 0.006027384 0.006607882 0.113236252 0.121332895 
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SiaT(2) 0.006027384 0.006607882 0.113236252 0.121332895 

SiaT(3) 0.002794113 0.003063214 0.052492891 0.056246249 

GlcNAc-

phosphoT 

0.086969672 0.011764207 0.014015796 0.001537617 

 
0.390088557 0.018145524 6.693468952 

 

Appendix 7 | Table representing the fitted parameter values for Cog4KO 
HEK293T cells 
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Appendix 8  

Enzyme 

Name 

Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

Rate 

Cisterna 4 

MAN1 0.15 1.757304643 0.154082229 0.024309597 

MAN1(2) 0.013169447 0.154202283 0.01352061 0.002133151 

EndoMAN 0.030250348 0.005568547 0.003948526 0.00041535 

MAN2 0.506190971 4.903260857 2.659008286 0.545422786 

MGAT1 0.00693554 0.5 0.1 0.009975619 

MGAT2(1) 0.179587836 0.564087143 0.727762607 0.248050429 

MGAT2(2) 0.179587836 0.564087143 0.727762607 0.248050429 

MGAT2(3) 0.179587836 0.564087143 0.727762607 0.248050429 

MGAT4 0.004190141 0.014352356 0.018409193 0.005405872 

MGAT5 0.020134409 0.057334779 0.076209429 0.030761723 

FUT8(1) 0.048188871 0.15043975 0.057443964 0.057784225 

FUT8(2) 0.048188871 0.15043975 0.057443964 0.057784225 

FUT8(3) 0.048188871 0.15043975 0.057443964 0.057784225 

FUT8(4) 0.048188871 0.15043975 0.057443964 0.057784225 

FUT8(5) 0.048188871 0.15043975 0.057443964 0.057784225 

FUT8(6) 0.048188871 0.15043975 0.057443964 0.057784225 

FUT8(7) 0.002654511 0.008287059 0.003164333 0.003183077 

FUT8OFF 0.082556143 0.082556143 0.082556143 0.082556143 

Ant FUT 0.000998262 0.013721026 0.0007 0.0007 

GalT(1) 0.010078676 0.065822614 0.784380357 0.483927857 

GalT(2) 0.010078676 0.065822614 0.784380357 0.483927857 

GalT(3) 0.010078676 0.065822614 0.784380357 0.483927857 

GalT(4) 0.010078676 0.065822614 0.784380357 0.483927857 

GalT(5) 0.005056857 0.033025725 0.393553645 0.242805127 

GalT(6) 0.005056857 0.033025725 0.393553645 0.242805127 

GalT(7) 0.005056857 0.033025725 0.393553645 0.242805127 

GalT(8) 0.005056857 0.033025725 0.393553645 0.242805127 

GalT(9) 0.005056857 0.033025725 0.393553645 0.242805127 

SiaT(1) 0.006077692 0.006680604 0.04679148 0.034442945 



 

224 
 

SiaT(2) 0.006077692 0.006680604 0.04679148 0.034442945 

SiaT(3) 0.003315519 0.003644421 0.025525814 0.018789408 

GlcNAc-

phosphoT 

0.03 0.01252273 0.013914026 0.001323202 

 
0.3 0.017735158 10.03370857 

 

Appendix 8 | Table representing the fitted parameter values for hTERT-MSCs 
(Y101s) 
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Appendix 9  

Enzyme 

Name 

Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

Rate 

Cisterna 4 

MAN1 0.224048482 1.693398 0.211269164 0.029133404 

MAN1(2) 0.02097832 0.158557845 0.019781754 0.002727846 

EndoMAN 0.028452668 0.005762128 0.004382028 0.000465687 

MAN2 0.507186291 0.015138 0.042572204 0.524604818 

MGAT1 0.007002892 0.2 0.1 0.011384847 

MGAT2(1) 0.177453336 0.566492882 0.736911818 0.269098955 

MGAT2(2) 0.177453336 0.566492882 0.736911818 0.269098955 

MGAT2(3) 0.177453336 0.566492882 0.736911818 0.269098955 

MGAT4 0.004201773 0.026264944 0.0210087 0.005631788 

MGAT5 0.020347337 0.076022202 0.125928314 0.032938956 

FUT8(1) 0.049140775 0.077683573 0.045423322 0.058024591 

FUT8(2) 0.049140775 0.077683573 0.045423322 0.058024591 

FUT8(3) 0.049140775 0.077683573 0.045423322 0.058024591 

FUT8(4) 0.049140775 0.077683573 0.045423322 0.058024591 

FUT8(5) 0.049140775 0.077683573 0.045423322 0.058024591 

FUT8(6) 0.049140775 0.077683573 0.045423322 0.058024591 

FUT8(7) 0.01965631 0.031073429 0.018169329 0.023209836 

FUT8OFF 0.073580291 0.073580291 0.073580291 0.073580291 

Ant FUT 0.000999117 0.014057616 0.00080452 0.000637988 

GalT(1) 0.010049891 0.064834567 0.983165636 0.539144564 

GalT(2) 0.010049891 0.064834567 0.983165636 0.539144564 

GalT(3) 0.010049891 0.064834567 0.983165636 0.539144564 

GalT(4) 0.010049891 0.064834567 0.983165636 0.539144564 

GalT(5) 0.009464088 0.061055394 0.925857419 0.507718105 

GalT(6) 0.009464088 0.061055394 0.925857419 0.507718105 

GalT(7) 0.009464088 0.061055394 0.925857419 0.507718105 

GalT(8) 0.009464088 0.061055394 0.925857419 0.507718105 

GalT(9) 0.009464088 0.061055394 0.925857419 0.507718105 

SiaT(1) 0.006091524 0.006510832 0.027940549 0.030893268 



 

226 
 

SiaT(2) 0.006091524 0.006510832 0.027940549 0.030893268 

SiaT(3) 0.007820717 0.008359052 0.035871994 0.039662897 

GlcNAc-

phosphoT 

0.0211944 0.012634842 0.014064311 0.001281484 

 
0.209372209 0.009511833 13.81438091 

 

Appendix 9 | Table representing the fitted parameter values for swainsonine-
treated hTERT-MSCs (Y201s) 
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Appendix 10 

Enzyme 

Name 

Rate 

Cisterna 1 

Rate 

Cisterna 2 

Rate 

Cisterna 3 

Rate 

Cisterna 4 

MAN1 0.307558695 1.7744673 0.17476228 0.026185174 

MAN1(2) 0.030061662 0.173441485 0.017081763 0.002559413 

EndoMAN 0.033662145 0.00588473 0.004029459 0.000402867 

MAN2 0.5079001 6.093339 3.377208 0.587262 

MGAT1 0.007114036 0.6225316 0.079531065 0.009841085 

MGAT2(1) 0.18019222 0.46439071 0.7227887 0.26702385 

MGAT2(2) 0.18019222 0.46439071 0.7227887 0.26702385 

MGAT2(3) 0.18019222 0.46439071 0.7227887 0.26702385 

MGAT4 0.004192536 0.009751601 0.017818555 0.005511443 

MGAT5 0.019955005 0.029678331 0.04895692 0.032459256 

FUT8(1) 0.047849834 0.154176175 0.0523304 0.05802216 

FUT8(2) 0.047849834 0.154176175 0.0523304 0.05802216 

FUT8(3) 0.047849834 0.154176175 0.0523304 0.05802216 

FUT8(4) 0.047849834 0.154176175 0.0523304 0.05802216 

FUT8(5) 0.047849834 0.154176175 0.0523304 0.05802216 

FUT8(6) 0.047849834 0.154176175 0.0523304 0.05802216 

FUT8(7) 0.002452617 0.007902537 0.002682275 0.002974015 

FUT8OFF 0.092797335 0.092797335 0.092797335 0.092797335 

Ant FUT 0.000995563 0.01234311 0.000676167 0.000579693 

GalT(1) 0.010083057 0.05723082 1.14757235 0.53553684 

GalT(2) 0.010083057 0.05723082 1.14757235 0.53553684 

GalT(3) 0.010083057 0.05723082 1.14757235 0.53553684 

GalT(4) 0.010083057 0.05723082 1.14757235 0.53553684 

GalT(5) 0.005173889 0.029366679 0.588850366 0.274798416 

GalT(6) 0.005173889 0.029366679 0.588850366 0.274798416 

GalT(7) 0.005173889 0.029366679 0.588850366 0.274798416 

GalT(8) 0.005173889 0.029366679 0.588850366 0.274798416 

GalT(9) 0.005173889 0.029366679 0.588850366 0.274798416 

SiaT(1) 0.006091488 0.007073644 0.041135007 0.03149241 
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SiaT(2) 0.006091488 0.007073644 0.041135007 0.03149241 

SiaT(3) 0.002920068 0.003390883 0.019718831 0.015096473 

GlcNAc-

phosphoT 

0.013152243 0.012452489 0.014328323 0.001424251 

 0.301190675 0.012826073 12.091441 
 

Appendix 10 | Table representing the fitted parameter values for osteoblasts 
derived from hTERT-MSCs (Y101s) 

 
 


