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ABSTRACT 

 N-glycans are essential to eukaryotic biology and are important modulators of 

glycoprotein folding, stability, binding, and other functions. Glycoproteins often host multiple 

sites of N-glycosylation, each of which is modified by an extensive non-template process as the 

glycoprotein folds and travels through the secretory pathway. Each site of N-glycosylation on an 

individual glycoprotein hosts its own distinct distribution of glycoforms which often denote 

details of their incomplete processing, a phenomenon termed ‘microheterogeneity’. Due to the 

importance of N-glycans in the development of biologics and biosimilars, there is great interest 

in both understanding and controlling N-glycan microheterogeneity to improve the quality 

control and efficacy of therapeutics. This dissertation looks to understand the underlying causes 

of microheterogeneity from the perspective of the glycoprotein that is modified and with a focus 

on the stages of processing that delineate the three major classes of N-glycan: high-mannose, 

hybrid, and complex. By utilizing modern high-resolution high-accuracy mass spectrometry 

methods and glycopeptide-focused data analysis, we characterized a set of reporter glycoproteins 

that host varying numbers and diversities of N-glycans, totaling 38 sites of N-glycosylation. 

Following the development of this enzyme-specific activity database we looked to identify 



surrounding structural features that influence N-glycan processing. We identify the importance 

of protein tertiary structure in defining the relative efficiencies of glycan-processing enzymes 

towards differing sites. Using protein surface modeling, we identify convexity as a predictor of 

N-glycan processing efficiency. We also find that proximal phenylalanines may influence the 

balance between high-mannose and hybrid/complex structures. Additionally, we share a new tool 

(ppmFixer) for the mass spectrometry search engine pGlyco that dramatically improves the 

accuracy of its output. Future studies will continue to characterize downstream glycan-

processing enzymes as well as the structural determinants that define glycoprotein-

glycosyltransferase reactions. 
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Abstract 

N-glycosylation is an abundant and essential post-translational modification that is preserved 

across all eukaryotes. N-glycans have important functions in protein stability and protein-protein 

interactions. N-glycans exhibit a high degree of heterogeneity, even within an individual site on 

the same protein, a phenomenon that is termed ‘microheterogeneity’ that is the focus of this review. 

Much of what we know about N-glycan microheterogeneity is informed by in vitro experiments 

with free N-glycans that monitor the rate of transfer to specific branches. Traditional analytical 

approaches with released glycans are limited in their usefulness in studying microheterogeneity 

due to most glycoproteins having more than one site of N-glycosylation. Since specific N-glycans 

at specific sites can confer important functions to glycoproteins, this presents a significant gap 

between the information content of glycomics and glycoproteomics experiments. More recently, 

intact glycopeptide analyses using tandem mass spectrometry is used to analyze glycans while 

retaining site-specific information. The microheterogeneity of glycoproteins presents a significant 

analytical challenge not only during mass spectrometry analyses but also in downstream data 

processing. Use of specialized search engines followed by extensive manual validation are 

required for accurate and in-depth glycoproteomics. Overall, recent advances in analytical 

technology and data processing present exciting new opportunities to analyze N-glycans in a site-

specific manner. Understanding the underlying basis of N-glycan microheterogeneity has 

implications across many fields, including the development of glycoprotein biologics.  



 

3 

 

Figure 1.1: Graphical abstract. 

 

Introduction 

N-linked glycosylation is an essential eukaryotic post-translational modification that is 

required for proper embryogenesis and glycoprotein stability (1). A significant amount of 

cellular resources are dedicated to the production of N-glycans and their nucleotide sugar 

precursors (2). One reason why glycan processing is important to higher eukaryotes is that it 

serves to distinguish host tissue from bacterial and yeast cells, which present their own distinct 

classes of glycans (3).  For this reason, it is both a clinical and regulatory priority that 

glycosylation of manufactured biologics have consistent, human-compatible glycosylation (4). 

Thus, it is important that we understand the biological basis of N-glycan microheterogeneity 

(Fig. 1.1). It should be noted that O-glycans also have microheterogeneity, but this topic is 

beyond the scope of this review. 

Due to their size, diversity, and numerous biological functions, N-glycans have been a 

point of focus for glycobiologists for several decades. N-glycans are initially transferred en bloc 
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to asparagines within the conserved sequence Asn-X-Ser/Thr (termed ‘sequons’) (5), where X is 

any amino acid besides proline. The presence of a sequon is usually necessary but not sufficient 

for N-glycan transfer (6); however there are exceptions such as occasional addition of N-glycans 

to Asn-X-Cys groups (6), Asn-X-Val groups (6), and potentially even N-G groups (6). This 

suggests that the oligosaccharyltransferase is able to accommodate a variety of small amino acids 

to a limited extent near the active site (7). The sugars that predominate in human N-glycans are 

mannose (Man), N-acetylglucosamine (GlcNAc), galactose (Gal), N-acetylneuraminic acid 

(Neu5Ac), and fucose (Fuc) though other monosaccharides are incorporated at lower frequencies 

(Fig. 1.2). The donor species for sugar transfer are nucleotide sugars such as UDP-GlcNAc, 

GDP-Fuc, or CMP-Neu5Ac. N-glycans have a common Man3GlcNAc2 core structure that forms 

a minimum of two branches. The reducing-end GlcNAc, which is attached to the Asn side-chain, 

can also be fucosylated, a phenomenon termed ‘core fucosylation’ (Fig. 1.2). 

 

Overview of N-glycan processing 

N-glycans are initially transferred to sequons on the lumenal face of the endoplasmic 

reticulum (ER) during translation. The initial structure is a Glc3Man9GlcNAc2 glycan that is 

quickly trimmed down to GlcMan9GlcNAc2, a substrate that is recognized by the lectins calnexin 

and calreticulin, whose interactions with the nascent glycoprotein are important in protein 

folding (8). The mannoses extending from the ⍺-6 linked branch act as a quality control timer in 

that one or two terminal mannoses are gradually removed by ER mannosidase I as the 

glycoprotein remains in the ER; eventually these sub-Man9 glycans are recognized by ER 

degradation enhancing ⍺-mannosidase-like protein (EDEM) and are subjected to ER-associated 

degradation. Properly folded glycoproteins are recognized by mannose-binding lectins such as 
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ERGIC-53 and are transported out of the ER and through the ER-Golgi intermediate 

compartment (ERGIC). 

 As the glycoprotein linked to high-mannose N-glycans passes into the Golgi, we begin to 

see divergence into multiple N-glycan classes. N-glycan structures can be grouped into three 

categories: high-mannose, hybrid, and complex. High-mannose glycans represent less-processed 

structures that resemble the initial 

N-glycan structure transferred to 

sequons in the ER, albeit minus the 

terminal glucoses . High-mannose 

structures are trimmed down by 

Golgi mannosidase I to form a 

common GlcNAc2Man5 structure. 

This structure marks the branching 

point between high-mannose and 

hybrid N-glycans; MGAT1 adds a 

β,2-linked GlcNAc to the ⍺,3-linked 

mannose (Fig. 1.2), which forms a 

hybrid structure that can be further 

elaborated on that specific branch 

(9). The mannosidase MAN2A1 can 

then cleave the two non-reducing 

end mannoses on the ⍺,6-linked 

mannose branch, which is termed a paucimannose structure. MGAT2 can then add a β,2-linked 

Figure 1.2 – Anatomy of a biantennary complex N-
glycan. 
The ⍺1,3-linked arm and ⍺1,6-linked arm extend out 
from the chitobiose core, which may or may not be 
core fucosylated. Glycans represented using the 
Symbol Nomenclature for Glycans (SNFG). The 
conserved core consists of two GlcNAcs extended by 
a tri-mannose fork. The two mannoses that can be 
extended into long branches can be thought of as two 
‘arms’, one being 1,3-linked and the other being 1,6-
linked. Additionally, the central mannose can be 
GlcNAc-modified, forming a ‘bisected’ structure. 
 

GlcNAc2Man3 core

1,6-linked arm1,3-linked arm

Core fucose

Glucose Mannose Galactose GlcNAc Sialic acidFucoseGalNAc

Symbol Nomenclature for Glycans

β

β4

β4

α6α3

β2 β2

β4 β4

α2,6 α2,6

FUT8

MGAT1 MGAT2

B4GALT1B4GALT1

ST6GAL1 ST6GAL1
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GlcNac to the ⍺,6-linked mannose which forms the simplest of complex structures. Biantennary 

complex structures are one of the more common glycans observed in vivo, especially on the Fc 

domain of antibodies, and a cartoon of a typical complex N-glycan is shown in Figure 1.2. 

The addition of GlcNAc to non-reducing end mannoses is the key step in the branching 

of N-glycans. Additional GlcNAcs can be added to the two branching mannoses through the 

activity of enzymes such as MGAT4A, MGAT4B, and MGAT5. These GlcNAcs can be 

extended into sugar chains by enzymes such as B4GALT1, ST6GAL1/2, and ST3GAL1-6, 

which sequentially add β1-4 linked galactose, ⍺2-6 linked Neu5Ac, and ⍺2-3 linked Neu5Ac, 

respectively. Alternatively, lactosamine (LacNAc) structures can extend out from branching 

GlcNAcs as repeating units of galactose-β1,4-GlcNAc. Sialic acids are seen as ‘capping’ 

structures and are rarely further elaborated. The GlcNAc-transferase MGAT3 adds a bisecting 

GlcNAc to the central mannose in the trimannose core. MGAT3 activity truncates N-glycan 

processing and is inhibited by the extension of branches with galactose (10). ⍺1,6-linked core 

fucosylation of the Asn-bonded GlcNAc by the fucosyltransferase FUT8 often requires a 

terminal GlcNAc on the ⍺3-linked mannose, and hence requires the activity of MGAT1 (11), 

although interestingly there are exceptions with certain fully-folded proteins (12). Like sialic 

acid, fucosylation of the branching arms is usually a capping structure in human N-linked 

glycans that does not allow for further extension. 

 

Historical Perspective 

The earliest references to microheterogeneity in literature registered in PubMed refer to 

protein microheterogeneity due to small distributions of differential activity, size, or separation 

within a purified sample of protein (13). In some of these cases, it was discovered that the 
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underlying source of these differences were due to sugar modifications creating subpopulations 

of glycoproteins (14, 15). The term ‘microheterogeneity’ began being applied to glycans as 

advances in glycan characterization developed during the 1960s eventually leading to an 

appreciation of the number of possible structural variants that can exist at any given site on a 

glycoprotein (16). 

Studies of readily obtained glycoproteins such as ovalbumin (17, 18) and fetuin (19) 

demonstrated common linkages between observed sugars, but slight variations in the 

composition of the glycan led to some confusion of what the representative structure could be. 

This is largely because studies at the time were limited to identifying relative contributions to the 

total carbohydrate content of a population of glycoproteins via digestion with broad-specificity 

proteases, hydrolysis/hydrazinolysis, and paper chromatography. Later experiments with 

thyroglobulin by Spiro & Spiro investigated microheterogeneity and found that the glycoprotein 

contained two distinct glycan units which were separable with extensive dialysis (20). Further, it 

was demonstrated that much of this heterogeneity could be homogenized with neuraminidase 

treatment, demonstrating the contribution of sialic acids to observed protein heterogeneity in 

electrophoeresis (20, 21). Along with studies characterizing ovalbumin (22, 23), immunoglobulin 

G (IgG) (24), and other proteins (15, 25–32) it was eventually recognized that this heterogeneity 

was likely due to incomplete processing by glycosyltransferases rather than amino acid-like 

substitutions due to the specificity of glycosyltransferases (16, 33, 34), and that this incomplete 

processing is likely influenced by protein configuration (30).  

In the early 1970s, new analytical techniques such as isoelectric focusing were applied 

and additional proteins were shown to demonstrate neuraminidase-sensitive microheterogeneity 

(35–37). It was also shown that the carbohydrate content of glycoproteins in mouse embryos 
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may be altered over the course of development (38) due to an increase in sialyltransferase 

activity (39). The identification of various specific endo- and exo-glycosidases also became an 

invaluable tool for carbohydrate identification during this time (40). Work by the Kobata group 

eventually led to the elucidation of high-mannose structures (41), characterization of hybrid 

structures (42), and elucidation of complex biantennary N-glycan structures (43), a notable step 

forward from the compositional analysis of the 1960s. At this time, enough site-specific N-

glycan data became available that it became possible to look at general trends of N-glycans 

within the context of the glycoprotein’s primary structure. Pollack and Atkinson found that high-

mannose glycans tended to be more common toward the C-terminal end of proteins, suggesting 

that protein folding may impact the accessibility of N-glycans (44), a finding that was supported 

by other statistical studies (45). 

Mass spectrometry combined with methylation (46) and chromatographic separation also 

took several steps forward at this time that facilitated analyses of glycans and glycoproteins. Fast 

atom bombardment-mass spectrometry (FAB-MS) and glycosidase treatment were used to 

determine the structure of N-linked lactosaminoglycans (47, 48). FAB-MS was used in 

conjunction with neutral gas collision in order to generate fragments that were informative of 

oligosaccharide structure, even between isomeric groups (49). FAB-MS, combined with EndoH 

treatment and classical peptide separation techniques, was shown to be capable of deducing 

which sequons were occupied on a multiply glycosylated yeast invertase (50). Electron impact-

field desorption mass spectrometry was used to determine the structure of larger high-mannose 

N-glycans such as GlcNAc2Man8 (51). NMR analysis was also used to identify less populous 

species that contribute to N-glycan microheterogeneity in ovalbumin (52). While all of these 

approaches have contributed greatly to our understanding of N-glycans and glycoproteins in 
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general, it is important to note that many of them do not consider site-specific N-glycosylation, 

in which detailed analysis has only been recently made possible with the development of new 

analytical techniques (see section Site-specific analysis of N-glycans). 

 

Biological determinants of N-glycan microheterogeneity 

Impact of cell type on N-glycan microheterogeneity 

Cell type has been shown to impact N-glycan microheterogeneity. Early studies with 

vesicular stomatitis virus (VSV) showed differences in glycan composition when the VSV 

glycoprotein was expressed in different cell types (53). Thy-1 (54) and OX2 (55) glycoproteins 

purified from rats have different carbohydrate compositions when purified from brain versus 

thymocytes. Purified pig endopeptidase-24.11 has been shown to have differential glycosylation 

when purified from intestine rather than kidney, particularly with respect to fucose content (56). 

Galactosylation of human IgG fluctuates based on the age of the donor, among multiple other 

factors, indicating that site-specific glycosylation can change over the life of an individual (57–

59). However, many of these early studies lacked the instrumentation necessary to deduce site-

specific glycan data for these multiply N-glycosylated proteins and were thus limited to 

glycoprotein-specific information rather than site-specific information. 

Studies of γ-glutamyl transpeptidase by the Kobata group revealed inter-organ 

differences in the glycosylation of the protein expressed in liver vs. kidney, with the liver 

glycans all containing sialic acid groups and the kidney all neutral (60).Additional studies with 

Thy-1, this time empowered by NMR spectroscopy, demonstrated that thymus-expressed Thy-1 

is sialylated while brain-expressed Thy-1 is not (61). Interestingly, neural-expressed Thy-1 

appears to have strong conservation of glycan-type across species, even though there are 
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significant inter-species differences at the polypeptide level (62). Using Sindbis virus 

glycoproteins, Hakimi et al. showed that related glycoproteins translated in the same 

compartment can result in differential glycosylation of high-mannose glycopeptides, suggesting 

the required mannosidases have varying activities towards glycan substrates (63).  

A comparative analysis of native human and recombinantly expressed fetuin clearly 

demonstrates the impact that cell type can have on post-translational modifications. Lin et al. 

expressed recombinant human fetuin (rhFetuin) in HEK293 cells and used a combined native 

and bottom-up mass spectrometry approach to compare it to human fetuin from serum (hFetuin), 

which is mostly synthesized in the liver (64). They found that rhFetuin was more likely to 

express terminally galactosylated and core fucosylated structures while hFetuin expressed mostly 

sialylated structures. Some of these differences may arise from slightly different processing of 

the protein moiety in the two cell types, leading to structural differences. Comparison of closely 

related major histocompatibility complexes (MHCs) using radiolabeled sugars and site-specific 

release of glycans demonstrated that small structural variations can have dramatic consequences 

on the extent of branching found in complex glycans, and that glycosylation patterns are 

reproducible when expressed in the same tissue over time (in the case of this study, several 

months) (65). 

 

Impact of species on N-glycan microheterogeneity 

Studies of γ-glutamyl transpeptidase by the Kobata group revealed inter-species 

differences in transpeptidase glycosylation between rats, cattle, and mice (66). An interesting 

finding was the presence of bisected N-glycans in mouse and human kidney that were absent in 

bovine and rat kidney γ-glutamyl transpeptidase (67, 68). A study of viral glycoproteins 
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demonstrated significant differences in carbohydrate composition depending on the host cell that 

the viral glycoprotein was expressed in, and site-specific analysis of trypsin-digested peptides 

revealed that this composition was due to diversity within individual sites (69). A comparison of 

bovine and human fetuin showed similarities at shared sites, but slight differences in branching 

preferences (64). 

 

Efficiency of Core Glycosylation 

The initial transfer of the Glc3Man8GlcNAc2 to the N-X-S/T sequon on acceptor 

glycoproteins by OST is a key step in producing heterogeneity in that incomplete transfer, which 

is a common occurrence, will result in a subpopulation of unglycosylated sequons. The 

proportion of occupied vs. unoccupied sites can vary drastically even on a single glycoprotein, as 

illustrated with the ranging occupancies of HIV Env glycoprotein (70). For some glycoproteins, 

the specific nature of the glycans themselves is often of less importance than their general 

presence. For viral glycoproteins like influenza A virus hemagglutinin, glycans shield lysines, 

arginines, and aromatic residues that are the target of defensive host proteases like trypsin and 

chymotrypsin for delivery of glycopeptides to the MHC (71, 72). Indeed, inhibition of 

glycosylation with tunicamycin increases the rate of influenza nucleoprotein degradation (73). 

However, for complex organisms processing of the glycan can be important for proper 

development. Mice lacking MGAT1 die before coming to term, indicating that the formation of 

hybrid and complex N-glycans rather than the presence of N-glycans in general is important for 

higher eukaryotic development (74). Complex-type N-glycans are expressed as early as the 4-to-

8 cell stage of embryonic development, and mouse embryos cultured with the OST inhibitor 
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tunicamycin fail to develop past 9-11 days (75). The interplay between site occupancy and N-

glycan microheterogeneity has been termed “macro-heterogeneity” (76). 

As this initial step of N-glycosylation often happens co-translationally, it may be helpful 

to consider this transfer within the context of a nascent polypeptide rather than a mature, folded 

glycoprotein. Transfer of the oligosaccharide by OST takes place within 30-40Å of the ER 

lumen, which is roughly the length of 12-14 peptide residues (77). For this reason, it is likely that 

in some cases core glycosylation may be in competition with protein folding in the context of 

secondary structure formation. This is supported by the lack of glycosylation found on cysteines 

known to participate in disulfide bonds, and that limiting disulfide bond formation can promote 

glycosylation at sites that are proximal to disulfide bonds (78). Consequently, one can imagine a 

sequon that is synthesized after the formation of several disulfide bonds will be presented to OST 

in a different structural context than one synthesized before the formation of disulfide bonds. 

The primary sequence of glycoproteins seemingly has the most impact on glycans at the point of 

core glycosylation. The presence of a threonine rather than a serine in the +2 position of the 

sequon increases the efficiency of core glycosylation of rabies virus glycoprotein, although it is 

unclear how this impacts further processing by Golgi enzymes (79). Also, roughly 75% of 

unoccupied sequons have a serine in the +2 position (80). Sequons with aromatic residues in the 

-2 and -1 positions are more likely to be glycosylated (80). The presence of proline in the either 

‘X’ position or immediately C-terminal to the hydroxy-amino acid (S/T) abrogates core 

glycosylation (81). Close proximity to the signal sequence may also be responsible for poor core 

glycosylation efficiency (82). On the other end of the nascent peptide, C-terminal N-glycans are 

thought to interact more weakly with STT3A (OST-A) due to the formation of secondary and 

tertiary structure as the protein nears full synthesis, and these C-terminal sequons are thought to 
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be modified post-translationally primarily by STT3B (OST-B) (7). In further studies with rabies 

virus glycoprotein, it was shown that the ‘X’ moiety can have some impact on site occupancy as 

large, hydrophobic residues such as tryptophan appear to reduce the efficiency of core 

glycosylation (83). These negative effects on core glycosylation tend to be more pronounced at 

sequons that contain a serine rather than a threonine in the +2 position (80). Moving forward, 

knowledge of primary and tertiary structural features that help define core glycosylation could be 

utilized to engineer novel sites of N-glycosylation into glycoprotein targets, such as biologics. 

 

Forks in N-glycan processing 

As glycoproteins travel through the secretory pathway, their glycans are presented to 

glycosyltransferases and glycosyl hydrolases with varying activities and substrate specificities. 

These glycan-processing enzymes compete with one another to process glycan substrates along 

differing pathways that may or may not be mutually exclusive. The easiest way to grasp the flux 

of N-glycans during their processing is by recognizing “forks” in processing. These forks are 

best understood with the system first described by Schachter in his excellent review (84), in 

which a fork can either mark a point at which a glycan is no longer a substrate for certain 

enzymes (GO-NOGO) or a point at which a glycan becomes a valid substrate for certain 

enzymes (NOGO-GO). 

Two major GO-NOGO forks take place during early cis-Golgi N-glycan processing. The 

first is the addition of a bisecting GlcNAc onto GlcNAc3Man5 structures blocks the action of 

MAN2A1, hence locking the glycan into a hybrid structure (85). This bisecting GlcNAc also 

blocks core fucosylation by FUT8 (11) and additional branching of the ⍺-3 linked mannose via 
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MGAT4 (86). B4GALT1 activity is also reduced, but not totally ablated, by the presence of a 

bisecting GlcNAc (87).  

The addition of blood group antigens have their own GO-NOGO forks. The presence of 

an ⍺-3 or ⍺-4 linked fucose to the β-2 linked GlcNAc blocks the formation of A, B, and H(O) 

antigens on the terminal galactose of the N-glycan (84). Thus, the competing activities and 

specificities of glycan-processing enzymes can directly impact host recognition and host-

pathogen interactions.  

The addition of a β-4 linked galactose to the ⍺-3 linked mannose blocks the activity of 

MAN2A1 (85), MGAT2 (9), MGAT3 (86), MGAT4 (86), MGAT5, and FUT8. Hence, the 

activity of B4GALT1 can take a nascent hybrid structure (such as the MGAT1 GlcNAc2Man5 

product) and lock it into a hybrid conformation by blocking pathways to complex glycosylation. 

These restrictions can be rationalized by considering many these enzymes require a common 

recognition branch of GlcNAcβ1-2Man⍺1-3Manβ1-4 for efficient transfer (84). During the 

conversion of high-mannose to hybrid and complex N-glycans, it is important to differentiate 

between the ⍺-3 linked mannose and the ⍺-6 linked mannose in the GlcNAc2Man3 core. For 

instance, B4GALT1 preferentially transfers to the ⍺-3 branch of the glycan compared to the ⍺-6 

branch (88, 89). In biantennary glycans, ⍺2-6 linked sialic acid is preferentially added to the ⍺-3 

linked branch in comparison to the ⍺-6 linked branch (90). Another example of competing 

specificities can be found in the interplay between polyLacNAcylation and sialic acid linkage. 

By separating N-glycans by LacNAc chain length through tomato lectin binding, Merkle and 

Cummings found that in shorter LacNAc chains ⍺2-6 linked sialic acid is favored while the ⍺2-3 

linkage is more abundant in longer LacNAc chains (91).  



 

15 

NOGO-GO forks occur when the addition of a sugar converts a glycan nonsubstrate into 

a glycan substrate for a specific set of enzymes. The most important NOGO-GO fork occurs with 

the activity of MGAT1, which adds a terminal β-2 linked GlcNAc to the ⍺-3 linked mannose in 

the GlcNAc2Man3 core. The activity of MGAT1 is necessary for the formation of hybrid and 

complex structures, and the presence of the terminal GlcNAc is required for activity by MGAT2, 

MGAT3, MGAT4, and in some cases FUT8 (84). It should be noted that these are general rules 

that apply to N-glycan processing at large and exceptions exist in which these forks are 

contradicted. However, these oddball products often represent small fractions of the overall 

glycoprotein population and are likely not significant contributors to the glycoprotein’s overall 

function. 

 

Impact of secondary structure on N-glycan microheterogeneity 

The initial transfer of N-glycans to N-X-S/T sequons seems to be promoted by the 

acceptor being an unfolded peptide, similar to its state during co-translational transfer (92). It is 

perhaps for this reason that N-glycans are frequently found on β-turns (6, 93) where the 

underlying peptide backbone remains readily accessible after folding is complete. Additionally, 

sites of N-glycosylation are enriched at points in which the secondary structure changes (80), 

which raises the question as to whether glycosylation promotes the formation of these secondary 

structures. Interestingly, N-glycans are enriched on β-sheets when compared to their distribution 

with proteins generally (94). 

Time-resolved fluorescence energy transfer has been used on glycopeptides to 

demonstrate that glycosylation can affect the conformations that the peptide is able to adopt, 

indicating that N-glycosylation alters folding and potentially acts as a nucleation event for 
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secondary/tertiary structure formation (95). The requirement of N-glycosylation for proper 

glycoprotein folding is domain-dependent, as has been shown with the HIV surface glycoprotein 

gp120, whose V1 and V2, but not V3, domains require glycosylation for proper folding, likely 

due to recognition by calnexin/calreticulin chaperones (96). 

 

Impact of tertiary structure on N-glycan microheterogeneity 

It has long been thought that N-glycan processing is impacted by the tertiary structure of 

the acceptor glycoprotein. Early studies used differential sensitivity to EndoH to illustrate that 

some sites enriched in high-mannose N-glycans only become accessible to the enzyme when 

denatured (97). It is reasonable to assume that initial N-glycan transfer in these cases is only 

possible in the early stages of protein folding. 

A common example of protein structure impacting N-glycan processing is found in the 

glycosylation of IgG heavy and light chains, where the heavy chain N-glycan is mostly 

unbisected biantennary complex while the light chain N-glycan is predominantly bisected (98). 

The reason behind this is revealed by the crystal structure of serum IgG. The 3D structure shows 

that the Man⍺1-6Man linkage of the heavy chain N-glycan is in a gauche-gauche conformation 

(⍵=-60°) (99) which is not a valid conformation for the bisected MGAT3 product that solely 

adopts the trans-gauche conformation (⍵=+180°) (100). Essentially, the light chain N-glycan is 

free to adopt an ⍵ of -60° or +180° while the heavy chain N-glycan is restricted by the tertiary 

structure of the glycoprotein to -60°, restricting its processing. The interactions between IgG 

glycans and the underlying protein are of great interest as these protein-glycan interactions are 

important in receptor binding and inducing antibody-dependent cellular cytotoxicity. 

Modification of the region surrounding the heavy chain N-glycan can improve the antibody’s 
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overall stability (101). Modification of the protein-glycan interface of IgG can lead to more 

extensive processing of the N-glycan, inducing hypergalactosylation and hypersialylation (102). 

Replacement of certain hydrophobic residues on IgG Fc with alanine causes an increase in heavy 

chain galactosylation and sialylation, demonstrating the role of the underlying protein in defining 

N-glycan heterogeneity (103). For more information on immunoglobulin site occupancy and 

glycan heterogeneity, please see the recent review by Čaval et al (76). 

Much work has been completed recently by the Aebi group in deducing the underlying 

basis of N-glycan microheterogeneity using the model protein yeast protein disulfide isomerase 1 

(Pdi1p). Pdi1p has five sites of N-glycosylation, one of which (site 4) is much less processed 

than the others, and molecular dynamics simulations indicate that the glycan at this site interacts 

with the protein backbone of Pdi1b (104). Upon removing the region of the protein that the 

glycan was found to interact with, ER processing of the glycan improved. The Aebi group has 

also developed an in vivo kinetics model of N-glycan processing using parallel reaction 

monitoring (PRM) mass spectrometry (105). 

Recent work by our group has demonstrated that tertiary structure plays a critical role in 

dictating N-glycan microheterogeneity (106). We expressed a series of reporter glycoproteins in 

MGAT1- cells, resulting in an enrichment of the GlcNAc2Man5 glycoform at a total of 38 sites 

of glycosylation on proteins ranging from having 3 to 22 sites. We then used these purified 

glycoproteins as substrates for purified glycosyltransferases and MAN2A1 and quantified the 

relative ratios of substrates and products via tandem mass spectrometry to determine the rate of 

the reactions over time. Sites that were enriched with less processed structures (e.g. high-

mannose and hybrid) were found to be worse substrates for the enzymes than their more-

processed counterparts on the same glycoprotein. These transfer rate differences were abrogated 
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when the reporter glycoprotein was reduced and digested into glycopeptides prior to enzyme 

addition, indicating that the tertiary structure of the glycoprotein is a key player in 

microheterogeneity (106). 

The quaternary structure of glycoproteins has been shown to impact N-glycan 

microheterogeneity, which is reasonable considering the additional restrictions on 3-dimensional 

space that occur as multimers form. The proteins Mac-1 and LFA-1 both have identical β-chains 

and differing ⍺-chains at the polypeptide level, and both form multimers before reaching the 

Golgi. The N-glycosylation of the β-chain differs from each multimeric species, indicating that 

quaternary structure can impact N-glycan processing (107). 

 

Effects of Precursor Availability 

One potential source for N-glycan heterogeneity is the availability of nucleotide sugar 

donors. These precursors have relatively low concentrations in the cytosol (or nucleus in the case 

of CMP-Sia) where they are metabolized but are concentrated in the Golgi by nucleotide sugar 

transporters (108). Once inside the Golgi, the nucleotide sugars can be used as substrates for 

glycosylation. Degradation of these substrates is counterintuitively important for the proper 

cycling of metabolites due to nucleotide sugar transporters being antiporters that require 

monophosphate nucleotides (such as UMP or GMP) in order to transport the activated sugar 

from the cytosol (108). In support of this, inhibition of GDPase in yeast causes defects in N-

glycosylation (109). Additionally, local cytosolic concentration of nucleotide sugar donors is 

controlled pyrophosphatases that degrade nucleotide sugars (for UDP/GDP-sugar groups) (110) 

or a specific hydrolase (for CMP-Sia) (111), which is thought to act as a way to regulate import 

of these substrates by antiporters. 
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However, nucleotide sugar availability cannot be a sufficient explanation for observed N-

glycan microheterogeneity. When a glycoprotein with multiple N-glycan sites passes through the 

secretory pathway, not all thes sites are processed in the same way despite passing through the 

same subcellular space, and presumably through the same concentrations of nucleotide sugars. 

For similar reasons, availability of divalent cofactors is also unlikely to be responsible for 

observed microheterogeneity. 

Supplementation of tissue slices with dolichylphosphate promotes core glycosylation 

generally, indicating that this important N-glycan precursor may not be saturated within the cell 

(112). CDG type I, which results in global decrease in N-glycosylation levels, can be caused by a 

defect in the phosphomannomutase that converts glucose to mannose-1-phosphate, a critical 

substrate for the formation of the sugar nucleotide donor GDP-mannose (113, 114). 

 

Effects of Enzyme Availability 

The potential diversity of N-glycans observed is a product of the repertoire of glycan-

processing enzymes that are expressed by the cell. In humans, ribonucleases (RNases) isolated 

from different tissues have slightly different glycan occupancies (115). Specific inhibition of 

glycosyltransferases contributes to changes in glycosylation seen during development. Inhibition 

of MGAT1 by GnT1IP promotes the production of high-mannose species during 

spermatogenesis (116). Studies with Lec1 cell lines, which are deficient in MGAT1, have been 

critical in understanding the impact of complex N-glycan formation and branching (117). By 

using cooler culture conditions to slow the trafficking of proteins through the secretory pathway, 

it is possible to increase the amount of poly-LacNAc groups on lysosomal membrane 

glycoproteins (LAMPs), presumably via an increase in incubation time with trans-Golgi 
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enzymes (118). However, while the repertoire of glycan processing enzymes dictates the variety 

of structures that are possible in a cell, it is unlikely that their availability has an impact on 

differences in microheterogeneity between different sites on the same protein. 

 

Effect of development and disease state on N-glycan microheterogeneity 

There is much interest in using glycans as biomarkers for disease, and thus it is important 

to consider how N-glycan diversity is affected by age and disease state. There is a particular 

interest in biomarker availability in serum due to its ease and non-invasiveness (119). An 

important point to remember is that glycoproteins from serum will generally be biased towards 

sialylated structures, as non-silalylated structures are continuously removed from circulation by 

the asialoglycoprotein receptor. Thus, the steady-state level of glycosylation in serum, while 

biologically relevant, is not necessarily an accurate representation of the glycoprotein population 

that is actually synthesized. Another challenge in site-specific glycopeptide analysis is a well-

developed understanding of the normal range of site-specific glycosylation across healthy 

patients of varying ages, sexes, and ethnic groups. Developing a deeper understanding of these 

control groups will require close collaboration with clinicians (120). 

Site-specific N-glycosylation can have functional consequences in physiology and 

disease. The abundant urine glycoprotein uromodulin has eight sites of N-glycosylation, six of 

which are processed to complex structures and two of which remain high-mannose. Uromodulin 

forms nanometer-scale filaments, and it has been found that only the high-mannose N-glycan on 

the filamentous arm is recognized by E. coli adhesins, which aggregate on the filaments and are 

dispelled to prevent urinary tract infections (121). Patients with rheumatoid arthritis have been 

found to have reduced levels of IgG galactosylation and also correlated with disease severity 



 

21 

(122). NMR studies of agalactosylated IgG glycans demonstrate that in the absence of galactose, 

the underlying glycan is liberated from glycan-protein interactions adopts a more flexible 

conformation that allows the terminal GlcNAcs to be recognized by the complement-activating 

lectin mannose-binding protein (MBP) (123). Individuals with sepsis have been found to have an 

increase in fetuin fucosylation (124). 

 

The effects of glycan flexibility 

Glycans are flexible molecules and exist as a population of various conformations. For 

this reason, crystal structures often do not provide much information on the position of the 

glycan. Due to this inherent flexibility, molecular dynamics studies can be an enlightening 

method of exploring the structure-function properties of glycans that are not observable via 

crystallographic methods (125). N-glycans on NMDA receptors influence the protein structure 

by stabilizing an “open-clamshell” conformation that is important in facilitating transport (126). 

Further studies with NMR and mass spectrometry confirmed this finding and also found that 

processing of two of the N-glycans is restricted by these glycan-protein contacts (127). Recent 

evidence from studies of the bacterial glycosidase EndoS suggests that the N-glycan in IgG 

heavy chains is able to adopt a ‘flipped-out’ conformation that may explain its ability to mature 

into complex structures despite spatial restrictions (128). 

 

Site-specific analysis of N-glycans 

Bottom-up glycoproteomics – LC-MS/MS 

Glycoproteomics by liquid chromatography coupled with mass spectrometry presents 

challenges in both instrumentation and data analysis due to the complexity of glycopeptides 
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introduced by glycan heterogeneity (Figs. 1.1, 1.3). Traditional approaches in bottom-up 

glycoproteomics often involve partial or total deglycosylation of glycoproteins and glycopeptides 

followed by separate analyses of the protein (proteomics) (70, 94, 129–132)  and glycan entities 

(glycomics) (133–138) , which benefits from retaining linkage information but information on 

site-specific glycosylation becomes lost. Advances of mass spectrometry have allowed confident 

assignment of glycosylation sites in intact glycopeptides. While collision induced dissociation 

(CID) results in loss of the glycan moiety at the expense of peptide backbone fragments, 

electron-based dissociation, such as electron transfer dissociation (ETD) and electron capture 

dissociation (ECD), produces peptide backbone fragments with any labile modification attached, 

therefore enabling unambiguous site localization (139–141). Several instrument methods have 

been developed combining CID and ETD for a comprehensive characterization of intact 

glycopeptides (142–144) . 

The implementation of beam-type CID, known as high energy C-trap dissociation or 

higher energy collisional dissociation (HCD) (145), in hybrid ion tap-orbitrap mass 

spectrometers improved the characterization of intact glycopeptides significantly: (1) the 

generation of distinct Y1 ions (peptide backbone fragments with a single N-acetylhexosamine 

(HexNAc) attached) by HCD provides useful information in localizing the site of glycosylation, 

(2) the glycan-specific oxonium ions produced by HCD can be used as diagnostic fragments to 

sequence the glycan moiety, and (3) the secondary fragmentation that is inherent to beam-type 

dissociation offers backbone fragments to sequence the peptide entity. Scott et al. combined 

HCD and CID to analyze the N-linked glycoproteome of Campylobacter jejuni (142). Zhao et al. 

combined HCD and ETD for the analysis of O-linked glycosylation (146), which led to the  
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a)

b)

Figure 1.3 – N-glycan microheterogeneity at a single sequon. 
A, The presented spectrum was merged from two sets of MS1 spectra averaged from different 
periods of retention times of a Fabrazyme peptide: (1) 48 MS1 spectra averaged from 
retention time 94 through 97 min; (2) 15 MS1 spectra averaged from retention time 103 
through 104 min. Brackets indicate the precise branch placement of a terminal residue cannot 
be confirmed, “P” indicates a phosphate group. B, The annotated stepped HCD spectrum of 
the glycopeptide species at m/z 1001 in Fig. 2A (indicated with red arrow) representing the 
Fabrazyme peptide modified by a single sialylated biantennary glycan with core fucosylation 
(Neu5Ac1Gal2GlcNAc2Man3GlcNAc2Fuc1).  
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implementation of HCD product ion-triggered ETD (HCD-pd-ETD) in the hybrid ion trap-

orbitrap mass spectrometers from Thermo Scientific™. 

However, optimizing a normalized collision energy (NCE) of HCD that is universally 

suited for fragmenting a wide range of glycopeptides differing in glycan moieties, peptide 

sequences, and charge states, to yield the highly informative sequential neutral losses of glycans 

as well as peptide backbone fragments remained as a challenge. Wu et al. evaluated individual 

HCD NCEs for fragmenting intact glycopeptides, and found different optimal NCE values for 

glycan moieties and peptide backbones (147). Later on, the option of stepped collision energy 

(SNCE) became available, where a central value and a variation value are defined by users to 

obtain three NCE values. Using HCD with SNCE, or stepped HCD, the same precursor ions are 

injected three times and fragmented with the three NCEs correspondingly, the product ions from 

three fragmentation are combined and sent to a user selected analyzer for detection resulting a 

multiplexed spectrum (Fig. 1.3). The strategy of stepped HCD has been widely adopted and 

applied in intact glycopeptide analysis (106, 148–150). Recently, a more versatile feature of 

NCE selection mode has been developed to facilitate the fragmentation of small molecules, the 

assisted collision energy, where a single optimal energy would be selected in real time from a list 

of energies input by users (151). 

 

Bottom-up glycoproteomics – Data analysis 

Advances in dedicated software solutions and bioinformatics tools for high-throughput 

glycopeptide identification have aided the automation of glycoproteomic analysis in recent years 

(152–160). However, challenges still remains, particularly for the quality control of database 

search output, where a false discovery rate (FDR) evaluation is needed for both glycan parts and 
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peptide parts of the glycopeptide matches. For peptide identification, the target-decoy strategy is 

usually employed to estimate the peptide and protein FDR, and a sequence-based decoy database 

generated from the target database is routinely used. Unlike homogenous peptides, glycans are 

often heterogeneous branched trees due to their non-template-driven synthesis, which creates 

difficulties in constructing a corresponding tree-based target-decoy database that is necessary for 

FDR estimation. The use of a FDR for the glycan assignment increases the specificity and 

sensitivity in identifying complex intact glycopeptides and allows for FDR control of both the 

peptides and glycans. However, most available software currently only calculates FDR on 

peptides but not on glycans (152–155, 157). There are only a few exceptions where the glycan 

FDR is considered. 

pGlyco addressed the glycan FDR issue by introducing a spectrum-based target-decoy 

method to estimate glycan FDR of glycopeptides (156). In this method, the theoretical target 

glycopeptide spectrum was first generated after the masses of the Y ions (peptide backbone 

fragments with glycan attached) were deduced based on the putative peptide backbone mass, 

then a random mass ranging from 1 to 30 Da was added to the mass of each deduced Y ion to 

generate a theoretical decoy spectrum, and the glycan FDR for the glycopeptides was calculated 

based matches against both databases. A finite mixture model (FMM) was also employed to 

adjust the bias from assuming “the number of incorrect identifications from target or decoy 

sequences are equally likely” (161) in a target-decoy approach (156, 162).  

In their latest version of the software, MSFragger also addressed the glycan FDR issue 

for N-linked glycopeptides by including Y-ions and oxonium ions for glycan identification and 

by introducing an associated glycan FDR estimation method (158). Their new glycan FDR 

estimation approach first matches the peptide sequence, then matches the mass difference 
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between the peptide sequence mass and the observed precursor mass to candidate glycans to 

determine the composition. After that, pairwise comparison of all candidates determines the best 

match to the spectrum based on unique fragment ions for each candidate and mass and isotope 

errors. Finally, a composite glycan score is generated from a variety of spectral evidence, 

including Y-ions, oxonium ions, and the observed mass and precursor isotope errors, and FDR is 

computed using the score distribution of target and decoy glycans (158, 163). 

A recent evaluation of existing software and informatics solutions for large-scale 

glycopeptide analysis revealed comparable performance of freeware and commercial products, 

with similar limitations, especially for matching glycans with similar or identical masses (N-

acetylneuraminic acid, N-glycolylneuraminic acid, multi-fucose, methionine oxidation, cysteine 

carbamidomethylation) (164). They are frequently mis-assigned by the evaluated search engines, 

demonstrating the need for improvement in matching isobaric and near isobaric glycopeptides. 

The search outputs in terms of specificity (accuracy) and sensitivity (coverage) were also 

variable with different search engines, indicating that orthogonal searches and pool of results 

could be useful for a comprehensive glycoproteomics analysis. The search parameter settings 

also contributed to the discrepancy associated with search results, especially the post-processing 

tools used to filter search results (164). For these reasons, some level of manual validation is 

often used for confirmation of search engine results. 

 

Utilization of mixed workflows and glycosidases 

While glycoproteomics can provide site-specific glycan information and general glycan 

topology, it can be difficult to differentiate between the compositions of specific glycan antennae 

since much of the information is derived from fragmentation products via oxonium ions. Mass 
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spectrometry-driven glycoproteomics can also be facilitated by glycomics, often known as 

glycomics-assisted or glycomics-informed glycoproteomics (148). In a glycomics-informed 

glycoproteomics study, the profile of glycans is released by enzymatic treatment or chemical 

reaction, and analyzed for their linkage and structural details that is often unattainable or 

ambiguous from the analysis of intact and un-derivatized glycopeptides. This is especially useful 

for the elucidation of terminal and internal or core structures, such as differentiating core and 

terminal fucosylation, which is often ambiguous in intact glycopeptide analysis since both 

features produce the same oxonium ions and needs specific Y ions to clarify. Not only does 

glycomics provide additional structural information and an orthogonal validation to the 

glycopeptide analysis, it also helps expand the application of glycoproteomics to complex 

biological samples such as protein extracts from cells, tissues, and bodily fluid (165). 

Linkage-specific glycosidases can also be a useful method in elucidating N-glycan 

structures with greater specificity. An example of this can be seen with the determination of 

sialic acid linkages in complex N-glycans. Sialic acids on N-glycans are usually found in either 

an ⍺-2,6 or an ⍺-2,3 linkage. Since bottom-up glycoproteomics is unable to distinguish between 

these two different linkages, linkage-specific sialidases are useful tools for determining the 

identity of specific sialylated structures (166). While most sialidases are either ⍺-2,3-specific or 

of a broad ⍺-2,3/⍺-2,6/⍺-2,8 specificity, the recent development of an ⍺-2,6-specific sialidase 

may be able to further power these kinds of analyses (167). 

A method for determining the relative ratios of occupancy and N-glycan classes while 

retaining site-specificity is described by Cao et al (168). This approach resembles a standard 

bottom-up proteomics workflow, but after protease digestion utilizes the differing specificities of 

endoglycosidases EndoH and PNGaseF in the presence of 18O-water. The end result is that 



 

28 

sequon-containing peptides will exist in some or all of three forms that denotes their occupancy: 

1) Asn-GlcNAc (+204 Da difference, high-mannose/hybrid) 2) 18O-Asp (+3 Da difference, 

complex) and 3) unmodified (+0 Da difference, unoccupied). A major benefit of this approach is 

that it reduces the heterogeneity of the glycopeptide population into three distinct subpopulations 

which have a greater signal than any specific intact glycopeptide on its own, thus reducing the 

required sensitivity of the mass spectrometry analysis. Additionally, it reduces the differences in 

ionization between differing glycopeptide species which streamlines quantitation. 

 

Other Approaches 

Other mass spectrometry approaches are applicable to N-glycopeptides but have their 

own disadvantages. Native mass spectrometry (native MS) has recently arisen as another way to 

observe N-glycan microheterogeneity and benefits from the ability to maintain protein 

complexes during analysis (169). However, it suffers from the disadvantage that site-specific 

information cannot be obtained for proteins with more than one N-glycosylation site. Advances 

in native MS can provide valuable information regarding the meta-heterogeneity of N-glycans, 

and is particularly applicable to glycoproteins which have ample glycomics and glycoproteomics 

data available (169). This approach can be used in tandem with lectin affinity purification in 

order to enrich for and characterize specific classes of N-glycans and their binding to 

lectins(170). For less complex samples such as purified IgG glycopeptides, MALDI-TOF-MS is 

a valid approach with the benefits of a robust, high-throughput workflow, but at the cost of 

reduced sensitivity compared to other in-line mass detection methods (171).  
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Conclusion 

Microheterogeneity is an inherent characteristic of N-glycans, and in order to understand 

these biomolecules in their entirety their diversity needs to be taken into account. N-glycans have 

been shown to impact glycoprotein function through both the actions of specific glycoforms and 

through the general properties of N-glycans. Site-specific glycosylation can be altered in disease 

states and much work still needs to be done to develop useful site-specific glycan biomarkers for 

early detection of diseases such as cancer. 

Bottom-up glycoproteomics is the most direct way to characterize site-specific N-glycan 

diversity. This is a method that is still rapidly developing as both analytical and computational 

technologies improve and meet the demanding specificity and sensitivity of glycan analysis. 

However, this method must be complemented by glycomics and traditional glycosidase treatment 

to gain a full understanding of linkage information and relative glycan quantities. Other methods 

that interrogate the structure of glycoproteins such as crystallography, cryo-EM, and molecular 

dynamics are all necessary to fully understanding the role of the glycan in the context of the 

glycoprotein. 

Advances in understanding what causes a glycoform to be enriched at a specific site are 

critical for further advances in ‘glycoengineering’ biologics that have defined and consistent N-

glycans. As our technology and understanding of N-glycans grows, look to this field for exciting 

new opportunities in our understanding of disease and the development of therapeutics. 
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CHAPTER 2 

SEQUENTIAL IN VITRO ENZYMATIC N-GLYCOPROTEIN MODIFICATION REVEALS 

SITE-SPECIFIC RATES OF GLYCOENZYME PROCESSING (106) 
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Abstract 

N-glycosylation is an essential eukaryotic post-translational modification that affects various 

glycoprotein properties, including folding, solubility, protein-protein interactions, and half-life. N-

glycans are processed in the secretory pathway to form varied ensembles of structures, and 

diversity at a single site on a glycoprotein is termed ‘microheterogeneity’. To understand the 

factors that influence glycan microheterogeneity, we hypothesized that local steric and 

electrostatic factors surrounding each site influence glycan availability for enzymatic modification. 

We tested this hypothesis via expression of reporter N-linked glycoproteins in N-

acetylglucosaminyltransferase MGAT1-null HEK293 cells to produce immature Man5GlcNAc2 

glycoforms (38 glycan sites total). These glycoproteins were then sequentially modified in vitro 

from high-mannose to hybrid and on to biantennary, core-fucosylated, complex structures by a 

panel of N-glycosylation enzymes, and each reaction time-course was quantified by LC-MS/MS. 

Substantial differences in rates of in vitro enzymatic modification were observed between glycan 

sites on the same protein, and differences in modification rates varied depending on the 

glycoenzyme being evaluated. In comparison, proteolytic digestion of the reporters prior to N-

glycan processing eliminated differences in in vitro enzymatic modification. Furthermore, 

comparison of in vitro rates of enzymatic modification with the glycan structures found on the 

mature reporters expressed in wild type cells correlated well with the enzymatic bottlenecks 

observed in vivo. These data suggest higher-order local structures surrounding each glycosylation 

site contribute to the efficiency of modification both in vitro and in vivo to establish the spectrum 

of microheterogeneity in N-linked glycoproteins. 
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Introduction 

Glycans are important modulators of protein properties and functions across all clades of 

life (172, 173). N-glycosylation is a conserved and essential co- and post-translational 

modification in higher eukaryotes (174) and plays an important role in protein homeostasis (175). 

N-glycans are co- and/or post-translationally attached en bloc by oligosaccharyltransferase (176) 

to the conserved motif N-X-S/T(C), also known as a “sequon”, where ‘X’ can be any amino acid 

except proline (5, 79, 177). The initial oligosaccharide is mannose-rich and it is trimmed by a 

series of glycoside hydrolases in the endoplasmic reticulum (ER), eventually exposing the core 

structure of N-glycans, which is made up of a chitobiose core (GlcNAc-GlcNAc) with branching 

mannoses, Man5GlcNAc2. N-glycans are generally categorized as belonging to one of three classes 

based on the extent of their processing: high-mannose, hybrid, or complex. High-mannose glycans 

are the least processed and most closely resemble the initial oligosaccharide that is transferred onto 

proteins, while complex glycans are the most processed and can take a variety of forms. This can 

include branching, extensions, and core fucosylation (1). However, the efficiency of glycan 

maturation at a given acceptor site on glycoproteins can often be incomplete, most notably (but 

not solely) because of steric or electrostatic factors that impact enzyme-substrate recognition (1, 

105, 178). This often results in heterogeneous ensembles of glycan structures on glycoprotein 

acceptor (85), and even on individual glycosites on the same glycoprotein (179). This phenomenon 

is termed ‘microheterogeneity’ and is a hallmark of protein glycosylation that has been a focus of 

biochemical analysis for several decades (180, 181). 

An important branching point in N-glycan processing is the addition of a branching β-2-

linked GlcNAc to the ⍺3 mannose of the Man5GlcNAc2 structure by the GT-A family 
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glycosyltransferase MGAT1 (9, 182). This step marks a class switch from high-mannose (e.g. 

Man5GlcNAc2) to hybrid (e.g. GlcNAcMan5GlcNAc2) glycans, as this branching GlcNAc can be 

further elaborated by other glycosyltransferases into a variety of structures. The activity of 

MGAT1 is also necessary for the subsequent trimming of the two terminal mannoses from the ⍺6 

mannose by the glycoside hydrolase MAN2A1 (85), which results in a GlcNAcMan3GlcNAc2 

structure. This GlcNAcMan3GlcNAc2structure acts as the substrate for MGAT2 (179), which 

marks the point at which hybrid N-glycans transition to complex N-glycans, with two branching 

GlcNAc moieties that serve as a base for highly elaborated bi-, tri-, or tetra-antennary structures.  

There is much interest in understanding the underlying criteria that define N-glycan 

microheterogeneity. N-glycans have been shown to be important modulators in antibody-receptor 

interactions, both with respect to glycosylation of the antibody (183–185) and their receptors (186, 

187).  In particular, the contribution of glycosylation to the properties of therapeutics  is of 

particular interest in the development and manufacturing of biologics (175, 188) and biosimilars 

(189). Glycosylation of these therapeutics is known to impact their stability and pharmacokinetics 

(175). Additionally, N-glycans are a vital component of viral glycoprotein properties and are 

known to impact host immune surveillance (190, 191) and host receptor interactions involved in 

viral entry (148). 

There have been several approaches to studying N-glycan microheterogeneity. Early 

studies demonstrated that N-glycan microheterogeneity is reproducible on a site-by-site basis (65), 

and that access by glycosyl hydrolases is predictive of N-glycan processing (192). NMR studies 

of N-glycan structures suggest that glycan interactions with the protein backbone can alter glycan 

conformations in ways that can impact N-glycan processing (98, 100, 193). There is evidence that 

changing nearby amino acids can alter N-glycan heterogeneity (178, 194). Some recent studies 
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have taken a systems approach, often by monitoring in vivo processing of N-glycans in cell culture 

systems (105, 178). The involvement of the peptide-glycan interactions in affecting glycan 

conformation, and thus potentially N-glycan processing, has also been supported by molecular 

dynamics simulations using yeast protein disulfide isomerase (PDI) as a model reporter 

glycoprotein (104, 195). Additionally, a meta-analysis of site-specific glycoproteomics papers 

found that solvent accessibility is related to the extent of branching and core fucosylation (196). A 

recent study by Mathew et al. studied early N-glycan processing steps through molecular dynamics 

simulations and in vitro processing of N-glycans on the yeast protein disulfide isomerase, a similar 

approach as this study (197). They found that the shape of the surrounding protein environment 

and subsequent glycan conformation can influence the rate at which individual sites are processed. 

They studied early mannose trimming and class switching from high-mannose to hybrid glycans 

using three mannosidases and the GlcNAc transferase MGAT1 on the processing of PDI. Our work 

here expands on this by using enzymes involved in later N-glycan processing using not only the 

model yeast protein PDI but also multiple N-linked glycoproteins of interest to human health. 

In this study, we report extensive site-specific in vitro N-glycan processing data for five 

multiply N-linked glycosylated proteins, with 38 different sites of N-glycosylation in total. By 

enriching all sites of all glycoproteins with a common Man5GlcNAc2 substrate and then monitoring 

N-glycan processing through time-course reactions, we were able to identify key bottlenecks that 

prevent specific sites on glycoproteins from being converted from high-mannose to complex N-

glycans. These bottlenecks appear to persist in vivo upon microheterogeneity analysis of each site 

of the reporter proteins when expressed in wild type cells.  Additionally, we found that removing 

the tertiary structure of the protein abolished all site-specificity of N-glycan processing, 

highlighting the importance of protein tertiary structure in defining N-glycan microheterogeneity. 
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Results 

Expression of reporter proteins in WT-HEK293F cells 

In order to probe individual steps of N-glycan processing, we first established a set of 

reporter proteins to be used as case studies (Table 2.1, Fig. S1). These proteins were selected based 

on their various applications in biology, virology, and use as therapeutics as well as their diversity 

in displayed glycans and the availability of quality crystal structures. CD16a (Fc ᵧ receptor IIIa) is 

an IgG receptor that is known to have differential affinities to antibodies depending on its glycan 

presentation which impacts downstream signaling (187, 194, 198). Protein disulfide isomerase 

(PDI) is a resident ER glycoprotein that has been used as a model protein for studying N-glycan 

processing due to its ease of expression, analysis, and well-defined site-specific glycan 

heterogeneity (104, 105, 178, 195, 197). Etanercept is a bioengineered therapeutic fusion protein 

of a TNF⍺ receptor and an IgG1 Fc domain commonly used to help treat auto-immune disorders 

(199). Erythropoietin is a therapeutic glycoprotein that stimulates red-blood cell growth, and its 

glycosylation is known to impact its pharmacokinetics (200–202). SARS-CoV-2 spike 

glycoprotein is a highly glycosylated trimer that is responsible for the viral entry of the associated 

coronavirus SARS-CoV-2 via binding to the human receptor ACE2 (148, 203). 

Table 2.1: Glycoprotein reporters  
Reporter Uniprot 

ID 
Amino acids Glycan 

sites 
Glycan structures PDB 

Etanercept 
TNFR-IgG Fc 
fusion 

P20333 + 
P01857 

1-235 + 
236-467 

3 Varied per site 3ALQ 
3AVE 

Erythropoietin P01588 28-193 3 Tri- and tetra-antennary 1EER 
SARS-CoV2 Spike P0DTC2 1-1208 22 Varied high man to 

complex 
6VSB 

CD16a 
Fc ɣ receptor IIIa 

P08637 19-192 5 Mostly complex bi-, tri-, 
and tetra-antennary 

5BW7 

Pdi1p (yeast) P17967 29-522 5 Complex, varied 2B5E 
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The reporter proteins were first transiently expressed in high yields in wild type HEK293F 

cells then harvested from supernatant and purified with Ni-NTA chromatography (Figs. S1b-f). 

Glycopeptide analysis using LC-MS/MS was performed on these purified proteins in order to 

determine their glycan occupancy and diversity when expressed in a “wild type” background (Fig. 

2.1). With liquid chromatography and tandem mass spectrometry techniques, we were able to 

obtain a detailed characterization of the N-glycan profile at each site on the reporter proteins, some 

of which contained dozens of different glycan moieties with a variety of terminal structures 

including sialylation, as well as core 

fucosylation (Fig. 2.2a-c). 

 

All classes of glycans were 

observed at most sites (Fig. 2.3, S5-

S42), with SARS-CoV-2 spike 

glycoprotein pictured separately due to 

its large number of sites (Fig. S2a). Of 

particular interest are the sites on reporter glycoproteins that greatly differ from other sites on the 

same protein: sequons 2 and 4 on CD16a (Fig. 2.3a) and sequon 4 on PDI (Fig. 2.3b) are 

predominantly less-processed high-

mannose and hybrid structures, while the 

other sites of N-glycosylation on the same 

proteins are mostly highly processed complex structures. This is in contrast to etanercept (Fig. 

2.3c) and erythropoietin (Fig. 2.3d), which have more homogenous N-glycan presentations. The 

Figure 2.1: Graphical representation of 
approach. Reporter proteins were expressed in 
HEK293F WT and MGAT1- cells, analyzed via 
LC-MS/MS, and then processed by purified 
glycosyltransferases and hydrolases in vitro. 
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SARS-CoV-2 spike glycoprotein had a diversity of N-glycan presentations on its 22 sites, with 

most sites enriched with complex N-glycans and certain sites mostly presenting high-mannose N-

glycans (Fig. S2). Interestingly, we noted that Man5GlcNAc2 was always the most abundant high 

mannose structure on 36 of our 38 sites with two exceptions being N0234 and N0717 of SARS-

CoV-2 that both contain less than 15% complex structures (Figs. S2, S27, S35). 
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Figure 2.2: Microheterogeneity at a single site on CD16a (Site 2, N063). Glycopeptide 
analysis with individual glycan types quantified via spectral count when expressed in a wild-
type HEK293F cells or Lec1-HEK293F (MGAT1-) cells, divided by glycan class. Column 
color denotes terminal features associated with composition a, WT-expressed CD16a high-
mannose  N-glycans. b, WT-expressed CD16a hybrid N-glycans. c, WT-expressed CD16a 
complex N-glycans. d, Lec1-expressed CD16a N-glycans (all). Colored bars denote glycan 
terminal features. 
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Expression of reporter proteins in Lec1-HEK293F cells 

Next, these same proteins were transiently overexpressed in HEK293S GnTI- (MGAT1 

null) cells. The activity of MGAT1 is necessary for the formation of both hybrid and complex N-

glycans, as the addition of GlcNAc to the non-reducing end ⍺3-linked mannose is needed for 

further elaboration and capping by downstream enzymes. Knockout of MGAT1 substantially 

reduces the diversity of glycans at all sites of N-glycosylation and causes a significant enrichment 

of Man5GlcNAc2 structures N-glycans on expressed glycoproteins, as shown on sequon 2 of 

CD16a (Fig. 2.2d) as well as the other reporter sites (Figs. S5-S42). This is useful because it allows 

for the in vitro processing of all N-glycans on a glycoprotein to begin from a common substrate. 

This enrichment was successful for most sites on all reporter proteins (Figs. 2.3, S2b). However, 

there is an exception at Sequon 2 of etanercept, which contained a significant population of 

apparent hybrid N-glycans by an unknown processing event that we are currently exploring. These 

appear to be true hybrid structures with an attached GlcNAc on the ⍺-3-linked mannose based on 

MS2 fragmentation data (Fig. S16b). 

 

Conversion of high-mannose glycans to hybrid glycans 

In order to probe the effects of tertiary structure on N-glycan processing, we first monitored 

the conversion of Man5GlcNAc2 N-glycans to GlcNAcMan5GlcNAc2 N-glycans via the addition 

of GlcNAc by the glycosyltransferase MGAT1 on intact reporter proteins expressed and purified 

from MGAT1 deficient cells. We did this through a series of time-course reactions using purified 

protein and MGAT1 in the presence of the nucleotide sugar donor UDP-GlcNAc followed by 

analysis and quantitation via LC-MS/MS (Fig. 2.4, example TIC can be found in Fig. S43). The 

ratio of enzymes to molarity of reporter N-glycan sites was kept constant so that we could compare  
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Figure 2.3: Site occupancy of reporter proteins expressed in WT-HEK293F and Lec1-
HEK293F cells. Relative proportion of glycan classes at each site on reporter proteins when 
expressed in a wild-type or Lec1 (MGAT1-) background. a, CD16a. b, PDI. c, Etanercept. d, 
Erythropoietin. Relative populations were ascertained with glycopeptide analysis and 
quantified with spectral counts. 
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the inter-protein as well as intra-protein rates of N-glycan processing. We observed site-specific 

rates of GlcNAc addition across the range of our 38 sites of N-glycosylation. Generally, these rates 

corresponded well to the distributions of N-glycans that were found on the respective sites when 

the reporters were expressed in wild type HEK293F cells (Figs. 2.3, S5-42). For example, sequons 

2 and 4 on CD16a are both modified relatively slowly by MGAT1 (Fig. 2.4a) and are also enriched 

with high-mannose structures when expressed in wild type HEK293 cells (Fig. 2.3a). This also 

holds for sequon 4 of PDI (Fig. 2.3b), which is the only site on PDI that is modified slowly by 

MGAT1 (Fig. 2.4b). This pattern is also demonstrated on SARS-CoV-2 spike glycoprotein: we 

observed a broad distribution of MGAT1 activity rates across its 22 sites of N-glycosylation (Figs. 

2.4e, S3), and the fastest and slowest sites are enriched in complex and high-mannose N-glycans, 

respectively (Fig. 2.4f). This is best represented by sites N0234 and N0717 on Spike glycoprotein, 

which had slow transfer rates and primarily were occupied by high-mannose N-glycans when 

expressed in a wild type background (Figs. 2.4f, S2).  

In contrast to the demonstration of site-specificity for PDI and CD16a, all sites on 

etanercept have relatively high levels of high-mannose glycans (Fig. 2.3c), and all are processed 

slowly by MGAT1 (Fig. 2.4c). Additionally, erythropoietin’s three sites of N-glycosylation are all 

processed efficiently by MGAT1 (Fig. 2.4d), and when expressed in wild type HEK293 cells 

mostly produce complex N-glycans (Fig. 2.3d). 

 

Conversion of hybrid glycans to complex glycans 

The conversion of hybrid N-glycans such as GlcNAcMan5GlcNAc2 to complex N-glycans 

requires the activity of two enzymes: the glycoside hydrolase MAN2A1 and the GlcNAc 

transferase MGAT2. In order to probe the site-specific rates of MAN2A1 activity, we first reacted  
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Figure 2.4: Site-specific monitoring of MGAT1 activity. Time-course reaction of GlcNAc 
addition to reporter proteins with recombinant MGAT1. a, CD16a. b, Protein disulfide 
isomerase. c, Etanercept. d, Erythropoietin. e, SARS-CoV-2 spike glycoprotein. f, wild-type 
glycopeptide profiles for the sites on SARS-CoV-2 spike glycoprotein with the fastest 
(N1194) and slowest (N0234) rates of MGAT1 activity. Error bars and legend omitted for 
SARS-CoV-2 spike glycoprotein due to large number of sites. Reaction progress calculated as 
proportion of the sum of monoisotopic peak heights of product (Man5GlcNAc3) vs. the sum of 
product and reactant (Man5GlcNAc2) peak heights. Experiments performed in triplicate, error 
bars represent standard deviation. 
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the reporters expressed in the MGAT1 null cell line with an excess of MGAT1 to enrich 

GlcNAcMan5GlcNAc2 structures. After ensuring >80% conversion to product at each site, we then 

examined conversion of the GlcNAcMan5GlcNAc2 product to GlcNAcMan3GlcNAc2 following 

digestion with MAN2A1 (Fig. 2.5). Similar patterns of site-specific rates were seen as with 

MGAT1, with sequons 2 and 4 of CD16a (Fig. 2.5a) and sequon 4 of PDI (Fig. 2.5b) all having 

much lower levels of activity compared to the other sites on the same protein. Again, all sites on 

etanercept (Fig. 2.5c) were processed much more slowly than those on erythropoietin (Fig. 2.5d). 

Notably, no cleavage products were observed at sequon 5 (N0149) on SARS-CoV-2 spike 

glycoprotein (Fig. S3). Inspection of the GlcNAcMan4GlcNAc2 intermediate in MAN2A1 

processing revealed that at this site, only one mannose was able to be removed (Fig. S4). Despite 

this in vitro observation, when expressed in a wild type background this site produces an 

abundance of complex-type N-glycans (Figs. S2, S25). This is in contrast to sites N0234 and 

N0717 on the spike glycoprotein, which exhibit both slow transfer rates and an enrichment of high-

mannose N-glycans (Figs. 2.5f, S2-S3), but still form the GlcNAcMan3GlcNAc2 product. 

The next step in the formation of complex glycans is the addition of a β-2-linked GlcNAc 

to the ⍺6-mannose of the GlcNAcMan3GlcNAc2 moiety.  We reacted the reporter proteins 

expressed in the MGAT1 null cells with an excess of MGAT1, MAN2A1, and the UDP-GlcNAc 

donor in order to enrich the GlcNAcMan3GlcNAc2 substrate, then performed another set of time-

course reactions with MGAT2. Sites which could not be efficiently converted to 

GlcNAcMan3GlcNAc2 structures by MGAT1 and MAN2A1 treatment (e.g. sequon 4 on PDI (Fig. 

2.5b)) were excluded from further analyses. Similar patterns of modification were observed in the 

MGAT2 reactions as were seen in the MGAT1 and MAN2A1 experiments, with lower levels of 

activity observed at sequons 2 and 4 on CD16a compared to other sites on the same protein (Fig.  
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Figure 2.5: Site-specific monitoring of MAN2A1 activity. Time-course reaction of 
GlcNAc addition to reporter proteins with recombinant MGAT1. a, CD16a. b, Protein 
disulfide isomerase. c, Etanercept. d, Erythropoietin. e, SARS-CoV-2 spike glycoprotein. f, 
wild-type glycopeptide profiles for the sites on SARS-CoV-2 spike glycoprotein with the 
fastest (N0603) and slowest (N0747) rates of MAN2A1 activity for a site that was able to 
form product. Legend omitted for SARS-CoV-2 spike glycoprotein due to large number of 
sites. Reaction progress calculated as proportion of the sum of monoisotopic peak heights of 
product (Man3GlcNAc3) vs. the sum of product and reactant  (Man5GlcNAc3) peak heights. 
Experiments performed in triplicate, error bars represent standard deviation. 
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2.6a). Additionally, all sites on etanercept (Fig. 2.6c) were processed more slowly than 

those on erythropoietin (Fig. 2.6d). A broad range of processing rates was observed on SARS-

CoV-2 spike glycoprotein (Fig. 2.6e). Sites that were modified fastest in our in vitro modification 

studies were also enriched in complex N-glycans when expressed in wild type HEK293 cells and 

the sites that were the slowest for in vitro modification corresponded to sites that were relatively 

enriched with high-mannose N-glycans when generated in wild type cells (Figs. 2.6f, S3). 

 

Core fucosylation of N-glycans by FUT8 

Following the above experiments, we wanted to see if similar patterns of site-specific N-

glycan processing rates would apply to core fucosylation. Core fucosylation is the attachment of 

an ⍺1,6-linked fucose to the GlcNAc that is directly attached to the asparagine at the core of N-

linked glycans, a reaction which is catalyzed by the fucosyltransferase FUT8. This reaction is 

generally specific to complex N-glycans (12), and thus we generated GlcNAc2Man3GlcNAc2 

glycans on our collection of reporter proteins by reacting with an excess of MGAT1, MAN2A1, 

and MGAT2 in the presence of the UDP-GlcNAc sugar donor. We then examined the rates of 

modification of the respective glycans with FUT8 (Fig. 2.7). Interestingly, at many sites we found 

substantial core fucosylation prior to in vitro processing despite the reporter proteins being 

expressed in an MGAT1-null cell line and thus lacking complex N-glycans (Figs. 2.7a-b, d-e, S5-

42). Otherwise, we observed a diversity of fucosylation rates among the different sites. Sequon 2 

on CD16a (Fig. 2.7a) and sequon 1 and 5 on PDI were markedly slow (Fig. 2.7b), as well as sequon 

3 on etanercept (Fig. 2.7c). All sites on erythropoietin were fucosylated rapidly, which possibly 

reflects their high initial levels of fucosylation even before the FUT8 reaction (Fig. 2.7d). Most 

sites on SARS-CoV-2 spike glycoprotein were efficiently fucosylated (Fig. 2.7e), with a few  
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Figure 2.6: Site-specific monitoring of MGAT2 activity. Time-course reaction of GlcNAc 
addition to reporter proteins with recombinant MGAT2. a, CD16a. b, Protein disulfide 
isomerase. c, Etanercept. d, Erythropoietin. e, SARS-CoV-2 spike glycoprotein. f, wild-type 
glycopeptide profiles for the sites on SARS-CoV-2 spike glycoprotein with the fastest 
(N0603) and slowest (N0717) rates of MGAT2 activity. Error bars and legend omitted for 
SARS-CoV-2 spike glycoprotein due to large number of sites. Asterisks on site legend 
indicate that not enough substrate was generated from previous N-glycan processing steps to 
monitor reaction progress. Reaction progress calculated as proportion of the sum of 
monoisotopic peak heights of product (Man3GlcNAc4) vs. the sum of product and reactant 
(Man3GlcNAc3) peak heights. Experiments performed in triplicate, error bars represent 
standard deviation. 
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Figure 2.7: Site-specific monitoring of FUT8 activity. Time-course reaction of Fucose 
addition to reporter proteins with recombinant FUT8. a, CD16a. b, Protein disulfide 
isomerase. c, Etanercept. d, Erythropoietin. e, SARS-CoV-2 spike glycoprotein. f, wild-type 
glycopeptide profiles for the sites on SARS-CoV-2 spike glycoprotein with the fastest 
(N0657) and slowest (N1098) rates of FUT8 activity. Error bars and legend omitted for 
SARS-CoV-2 spike glycoprotein due to large number of sites. Asterisks on site legend 
indicate that not enough substrate was generated from previous N-glycan processing steps to 
monitor reaction progress. Reaction progress calculated as proportion of the sum of 
monoisotopic peak heights of product (Man3GlcNAc4) vs. the sum of product and reactant  
(Man3GlcNAc4Fuc1) peak heights. Experiments performed in triplicate, error bars represent 
standard deviation. 
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exceptions (N0122, N0801, N1074, N1098) (Fig. S3). Glycopeptide analysis data reflects that sites 

modified more rapidly by FUT8 in vitro had higher levels of fucosylation in vivo (Fig. 2.7f). 

 

Impact of tertiary structure on site-specificity 

In order to determine whether these site-specific differences in glycosyltransferase rates 

were due to tertiary structure, we repeated the transfer of GlcNAc onto PDI-Man5GlcNAc2 glycans 

using MGAT1, but first digested the protein with trypsin to cleave the fully-folded protein 

substrate into glycopeptides. 

Without the reporter protein tertiary 

structure, all site-specificity of 

GlcNAc transfer rate was lost and the 

overall rate of transfer was reduced 

(Fig. 2.8a compared to Fig. 2.4B). 

Since FUT8 activity requires access 

to the core GlcNAc linked to the Asn 

residue of the peptide backbone, we 

were curious to see if the 

glycoprotein being cleaved to 

glycopeptides would eliminate the 

site-specificity observed on intact protein. Similar to MGAT1, all site-specific modification by 

FUT8 was lost following cleavage of CD16a to glycopeptides, with all sites (including the slow 

site 2 (Fig. 2.2a)) exhibiting similar rates of modification (Fig. 2.8b). CD16a was used instead of 

PDI for the FUT8 experiment to more fully illustrate that local tertiary structure was important for 
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specificity of N-glycan processing rates. Time-course 
reaction of N-glycan processing on proteins digested into 
glycopeptides with proteases. a, Reaction of MGAT1 
with PDI glycopeptides. b, Reaction of FUT8 with 
CD16a glycopeptides. Reaction progress calculated as 
proportion of the sum of monoisotopic peak heights of 
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more than just one of our reporter proteins and because site 4 on PDI cannot adequately form  

complex N-glycans due to low MAN2A1 activity (Fig. 2.5b). 

 

Discussion 

While N-glycans are a crucial component in the production of membrane bound and 

secreted glycoproteins, the determinants that define the diversity of N-glycan structures at any 

given site are not well understood. Factors that have been suggested to influence N-glycan 

microheterogeneity include the expression of glycosyltransferases and glycoside hydrolases (204, 

205), the availability of nucleotide sugar donors (206), secretory pathway trafficking (104, 105, 

205), and the accessibility of the acceptor site (102, 178, 197). The impact of enzyme availability 

in cells has mostly been probed through genetic engineering approaches (204). However, 

availability of enzymes and sugar nucleotides cannot sufficiently explain site specific differences 

on the same polypeptide nor can protein trafficking in the secretory pathway.  Thus, we 

hypothesize that it is the impact of acceptor site accessibility that allows for site specific 

differences on the same protein. This could occur by multiple mechanisms including the substrate 

glycan interacting with the substrate protein backbone at a specific site and thus hampering 

engagement of the glycoenzyme with the substrate glycan.  An example of this is site 4 on PDI 

that was elegantly demonstrated by Aebi and colleagues (178). Additionally, the glycosylation on 

the Fc fragment of etanercept (site 3, N317) differs from what is normally seen on IgG as there is 

an abundance of high-mannose glycans accompanying the expected biantennary-complex 

structures (207), which may indicate altered accessibility to the N-glycan at that site in this non-

naturally occurring fusion protein. Another possibility is local secondary and tertiary structure of 

the substrate protein at individual sites of modification and the glycoenzyme active site resulting 
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in steric or electrostatic clashes that prohibit optimal binding for catalysis. Interestingly, our 

analysis revealed that proteolytically digesting substrate proteins before transfer reactions 

abolished site specific rate differences (Fig. 2.8), and in the case of MGAT1 reduced the overall 

rate of reaction. This strongly support higher-order structure of the substrate playing an important 

role in transfer rates and in agreement with proposed mechanisms for microheterogeneity. 

Molecular dynamics studies and Markov state modeling by Mathew et al. demonstrated 

that the relative amount of time a glycan spends extended away from the protein and exposed to 

solvent correlates with site-specificity of glycan-processing rates on the yeast model protein 

disulfide isomerase (197). Additionally, they monitored in vitro N-glycan processing rates with 

ER mannosidases as well as MGAT1 and MAN2A1, and the results with overlapping enzymes in 

our present study agree well. Site 4 of PDI was identified as a “slow” site (Figs. 2.4b, 2.5b), and 

their Michaelis-Menten analysis of PDI processing kinetics are also consistent with our 

observations (Figs. 2.4b, 2.5b). Additionally, their studies on the kinetics of earlier glycan-

processing steps involving ER mannosidase I and Golgi mannosidase IB show that this site-

specificity is conserved in earlier steps of N-glycan processing. However, their approach to reduce 

tertiary structure through reduction and alkylation prior to in vitro modification led to results 

contrasting with our glycopeptide experiments (Fig. 2.8), and they observed differences in 

modification rate at different sites. This may be due to some secondary structures of the protein 

not being completely disrupted without the use of protease digestion to cleave the model protein 

utilized, or perhaps the denatured protein can still influence site kinetics. 

Generally, these results indicate that the tertiary structure specific to an acceptor site can 

be an important factor in defining the types of N-glycans seen at a given site. In particular, the 

efficiency (or lack thereof) of MGAT1 and MAN2A1 appears to be highly predictive of high-
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mannose-type glycans at a sequon.  In vivo it is likely that MGAT1 is rate-limiting as the most 

common high-mannose structure at most sites when expressed in a wild type background is the 

MGAT1 substrate Man5GlcNAc2 (Figs. S5-42), and its activity is required for downstream 

processing by enzymes like MAN2A1. The rate limiting role of MAN2A1 was also observed in 

our in vitro studies, particularly at sites that were also poorly modified with MGAT1. This may be 

partly due to lower activity of the recombinant enzyme employed in our in vitro studies; four times 

as much MAN2A1 had to be used in assays compared to the glycosyltransferases (1:250 

enzyme:substrate molar ratio for MAN2A1 vs. 1:1,000 for glycosyltransferases). MAN2A1 

processing has previously been identified as a potential bottleneck in N-glycan processing (197). 

Potential steric barriers to MAN2A1 action are suggested by the structure of MAN2A1:substrate 

complex that demonstrates a significant portion of the total N-linked glycan must fit into the active 

site of the enzyme for efficient binding and catalysis (208).  If a site is not processed totally by 

MAN2A1, it may form hybrid structures, but cannot form complex structures due to the necessity 

of mannose trimming on the ⍺6 branch of the tri-mannosyl N-glycan core. By contrast, the active 

site structure of MGAT1 involved in acceptor recognition has not yet been determined, but likely 

also presents significant steric barriers for access to some poorly modified sites. 

While these studies provide a sound starting point for determining what structural features 

may be important in determining N-glycan destiny, much work remains. We purposely chose 

reporter proteins and processing enzymes with experimentally determined structures (Table 2.1), 

(203, 209–212). We are currently utilizing MD simulations of glycosylated reporter proteins and 

site-specific docking of specific glycan modified reporters with glycoenzymes to determine site-

specific glycans interacting with the reporter protein as well as clashes between the reporter sites 

and the glycoenzymes. This will guide future work involving mutagenesis studies to influence the 
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rate at which glycosyltransferases and glycosyl hydrolases are able to modify acceptor sites. There 

is evidence that this approach can indeed alter the distribution of N-glycans at a specific site, as 

evidenced through modification of a tyrosine residue proximal to sequon 4 on protein disulfide 

isomerase (178). Taking a systematic approach that involves site-specific rate monitoring coupled 

with modeling and mutagenesis should result in common rules that not only will allow prediction 

of microheterogeneity but will allow us to tune it. 

 

Experimental procedures 

Expression and purification of glycoprotein reporters and glycosylation enzymes for in vitro 

modification. 

Expression constructs encoding the reporter proteins were generated with either NH2-

terminal fusion tags (CD16a (low affinity immunoglobulin gamma Fc region receptor III-A, 

FCGR3A), UniProt P08637, residues 19-193; Erythropoietin (EPO), UniProt P01588, residues 28-

193; Etanercept (TNF receptor-IgG1 fusion), GenBank AKX26891, residues 1-467) or C-terminal 

fusion tags (yeast PDI1 (protein disulfide-isomerase), UniProt P17967, residues 1-494; SARS-

CoV-2 Spike glycoprotein, UniProt P0DTC2, residues 1-1208). The constructs employing N-

terminal fusion sequences employed the pGEn2 expression vector while the PDI1 construct was 

generated in the PGEc2 vector as previously described (213).For the pGEn2 constructs, the fusion 

protein coding region was comprised of a 25-amino acid signal sequence, an His8 tag, AviTag, the 

“superfolder” GFP coding region, the 7-amino acid recognition sequence of the tobacco etch virus 

(TEV) protease followed by the catalytic domain region for reporter proteins (213). Constructs 

encoding MGAT1, MAN2A1, MGAT2 and FUT8 employed the pGEn2 vector and were 

expressed and purified as previously described (213). For the PDI1 construct the pGEc2 vector 



 

53 

was employed and encoded the segment of Saccromyces cerevisiae PDI1 indicated followed by 

an SGSG tetrapeptide, the 7 amino acid TEV recognition sequence, the “superfolder” GFP coding 

region, and an His8 tag (213). For SARS-CoV-2 Spike, the construct contained an additional 

COOH-terminal trimerization sequence and His6 tag as previously described (214). The 

recombinant reporter proteins were expressed as a soluble secreted proteins by transient 

transfection of suspension culture HEK293F cells (FreeStyleTM 293-F cells, Thermo Fisher 

Scientific, Waltham MA) for wild type glycosylated structures and in HEK293S (GnTI-) cells 

(ATCC) to generate Man5GlcNAc2-Asn glycan structures (213, 215). Cultures were maintained at 

0.5–3.0x106 cells/ml in a humidified CO2 platform shaker incubator at 37°C with 50% humidity. 

Transient transfection was performed using expression medium comprised of a 9:1 ratio of 

FreestyleTM293 expression medium (Thermo Fisher Scientific, Waltham MA) and EX-Cell 

expression medium including Glutmax (Sigma-Aldrich). Transfection was initiated by the addition 

of plasmid DNA and polyethyleneimine as transfection reagent (linear 25-kDa polyethyleneimine, 

Polysciences, Inc., Warrington, PA). Twenty-four hours post-transfection the cell cultures were 

diluted with an equal volume of fresh media supplemented with valproic acid (2.2 mM final 

concentration) and protein production was continued for an additional 5 days at 37°C3.  The cell 

cultures were harvested, clarified by sequential centrifugation at 1200 rpm for 10 minutes and 

3500 rpm for 15 minutes at 4°C, and passed through a 0.8 µM filter (Millipore, Billerica, MA). 

The protein preparation was adjusted to contain 20 mM HEPES, 20 mM imidazole, 300 mM NaCl, 

pH 7.5, and subjected to Ni-NTA Superflow (Qiagen, Valencia, CA) chromatography using a 

column preequilibrated with 20 mM HEPES, 300 mM NaCl, 20 mM imidazole, pH 7.5 (Buffer I). 

Following loading of the sample the column was washed with 3 column volumes of Buffer I 

followed by 3 column volumes of Buffer I containing 50 mM imidazole, and eluted with Buffer I 
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containing 300 mM imidazole at pH 7.0. The protein was concentrated to approximately 3 mg/ml 

using an ultrafiltration pressure cell (Millipore, Billerica, MA) with a 10-kDa molecular mass 

cutoff membrane and buffer exchanged with 20 mM HEPES, 100 mM NaCl, pH 7.0, 0.05% 

Sodium azide and 10% glycerol. 

 

In vitro N-Glycan processing 

For the time-course reactions, purified reporter proteins generated in HEK293S (GnTI-) 

cells were used. Reactions were performed at 37°C in 1.5-mL Eppendorf tubes in a reaction 

volume of 150 μL, with 20 mM HEPES (VWR) pH 7.5 and 300 mM NaCl (Fisher). For 

glycosyltransferases, the corresponding nucleotide sugar, UDP-GlcNAc (Sigma) for MGAT1 and 

MGAT2 and GDP-Fucose (CarboSynth) for FUT8, was kept in excess at 1 mM. MGAT1 and 

MGAT2 reactions were supplemented with 1 mM MnCl2 (Sigma). The concentration of total N-

glycans for each reaction was kept at 5 μM: for example, for a reporter protein with 5 sites of N-

glycosylation, the concentration of the protein would be 1.25 μM. For MGAT1, MGAT2, and 

FUT8 reactions, a 1:1,000 enzyme-to-glycan ratio was used with the concentration of respective 

enzyme at 5 nM; for MAN2A1 reactions, a 1:250 enzyme-to-glycan ratio was used with the 

concentration of MAN2A1 at 20nM. Prior to adding enzymes, time-course reaction vessels were 

equilibrated at 37°C for 15 minutes. At each time point, 20 μL of samples were taken and reactions 

were deactivated by heating at 95°C for 5 minutes. The samples were then digested by proteases 

and processed for LC-MS/MS analysis. In order to prepare substrate reporter proteins for N-glycan 

processing steps downstream of MGAT1 (e.g. MAN2A1, MGAT2, FUT8), reporters were reacted 

with the appropriate combination of enzymes and sugar nucleotides at a 1:100 enzyme:glycan ratio 
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for 3 hours. Reporters were confirmed to have been >80% converted to desired product by LC-

MS/MS, detailed below. 

 

Enzymatic digestion of PDI1, etanercept, EPO, CD16a, and SARS-CoV-2 spike from wild type and 

HEK293S (GnTI-) cells 

All proteins were reduced by incubating with 10 mM of dithiothreitol (Sigma) at 56 °C and 

alkylated by 27.5 mM of iodoacetamide (Sigma) at room temperature in dark. For the intact 

glycopeptide analysis, aliquots of PDI1 proteins were digested respectively using trypsin 

(Promega), a combination of trypsin and Glu-C (Promega), or a combination of trypsin and AspN 

(Promega); aliquots of etanercept proteins were digested respectively using trypsin (Promega), or 

AspN (Promega); aliquots of EPO proteins were digested respectively using a combination of 

trypsin and Glu-C (Promega), or Glu-C (Promega); aliquots of CD16a proteins were digested 

respectively using chymotrypsin (Athens Research and Technology), AspN (Promega), or a 

combination of chymotrypsin (Athens Research and Technology) and Glu-C (Promega); aliquots 

of S proteins were digested respectively using alpha lytic protease (New England BioLabs), 

chymotrypsin (Athens Research and Technology), a combination of trypsin and Glu-C (Promega), 

or a combination of Glu-C and AspN (Promega). For the analysis of deglycosylated glycopeptides, 

aliquots of PDI1 proteins were digested respectively using trypsin (Promega), or a combination of 

trypsin and Glu-C (Promega); aliquots of etanercept proteins were digested respectively using 

trypsin (Promega), or AspN (Promega); aliquots of EPO proteins were digested respectively using 

a combination of trypsin and Glu-C (Promega), or Glu-C (Promega); aliquots of CD16a proteins 

were digested respectively using chymotrypsin (Athens Research and Technology), or AspN 

(Promega); aliquots of S proteins were digested respectively using chymotrypsin (Athens Research 
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and Technology), a combination of trypsin and Glu-C (Promega), or AspN (Promega). Following 

digestion, the proteins were deglycosylated by Endo-H (Promega) followed by PNGaseF 

(Promega) treatment in the presence of 18O water (Cambridge Isotope Laboratories). 

 

LC-MS/MS analysis of glycopeptides of PDI1, etanercept, EPO, CD16a, and SARS-CoV-2 spike 

from wild type and HEK293S (GnTI-) cells 

The resulting peptides from respective enzymatic digestion of each protein were separated 

on an Acclaim PepMap RSLC C18 column (75 µm x 15 cm) and eluted into the nano-electrospray 

ion source of an Orbitrap Fusion™ Lumos™ Tribrid™ or an Orbitrap Eclipse™ Tribrid™ mass 

spectrometer (Thermo Fisher Scientific) at a flow rate of 200 nL/min. The elution gradient for 

PDI1, etanercept, EPO, and CD16a proteins consists of 1-40% acetonitrile in 0.1% formic acid 

over 220 minutes followed by 10 minutes of 80% acetonitrile in 0.1% formic acid. The elution 

gradient for S protein consists of 1-40% acetonitrile in 0.1% formic acid over 370 minutes followed 

by 10 minutes of 80% acetonitrile in 0.1% formic acid. The spray voltage was set to 2.2 kV and 

the temperature of the heated capillary was set to 275 °C. For the intact glycopeptide analysis, full 

MS scans were acquired from m/z 200 to 2000 at 60k resolution, and MS/MS scans following 

higher-energy collisional dissociation (HCD) with stepped collision energy (15%, 25%, 35%) were 

collected in the orbitrap at 15k resolution. For the deglycosylated glycopeptide analysis, full MS 

scans were acquired from m/z 200 to 2000 at 60k resolution, and MS/MS scans following 

collision-induced dissociation (CID) at 38% collision energy were collected in the ion trap. 

For time-course reactions, a shorter LC gradient was used, and digests of the same reporters 

were combined prior to analysis for higher throughput. The elution gradient used for PDI, 

etanercept, EPO, and CD16a proteins was 1-80% acetonitrile in 0.1% formic acid over 60 minutes 



 

57 

followed by 5 minutes of 80% acetonitrile in 0.1% formic acid. The peptides were eluted into the 

source of an Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo Fisher Scientific). The spray 

voltage was set to 2.25 kV and the temperature of the heated capillary was set to 280°C. Full MS 

scans were acquired from m/z 300 to 2000 at 60k resolution, and MS/MS scans following 

collision-induced dissociation (CID) at 38% collision energy were collected in the ion trap. The 

elution gradient used for SARS-CoV-2 spike glycoprotein was 1-80% acetonitrile in 0.1% formic 

acid over 300 minutes followed by 10 minutes of 80% acetonitrile in 0.1% formic acid. The 

peptides were eluted into the source of an Orbitrap Eclipse™ Tribrid™ mass spectrometer 

(Thermo Fisher Scientific). The spray voltage was set to 2.25 kV and the temperature of the heated 

capillary was set to 275°C. Full MS scans were acquired from m/z 300 to 1900 at 60k resolution, 

and MS/MS scans following collision-induced dissociation (CID) at 38% collision energy were 

collected in the ion trap. 

 

MS data analysis 

For the intact glycopeptide analysis, the raw spectra were analyzed using pGlyco3 (156) 

for database searches with mass tolerance set as 20 ppm for both precursors and fragments. The 

database search output was filtered to reach a 1% false discovery rate for glycans and 10% for 

peptides. The filtered result was further validated by manual examination of the raw spectra. For 

isobaric glycan compositions, fragments in the MS/MS spectra were evaluated to provide the most 

probable topologies. Quantitation was performed by calculating spectral counts for each glycan 

composition at each site. Any N-linked glycan compositions identified by only one spectra were 

removed from the quantitation. For the deglycosylated glycopeptide analysis, the spectra were 

analyzed using SEQUEST (Proteome Discoverer 1.4 and 2.5, Thermo Fisher Scientific) with mass 
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tolerance set as 20 ppm for precursors and 0.5 Da for fragments. The search output from Proteome 

Discoverer 1.4 was filtered using ProteoIQ (v2.7, Premier Biosoft) to reach a 1% false discovery 

rate at protein level and 10% at peptide level. The search output from Proteome Discoverer 2.5 

was filtered within the program to reach a 1% false discovery rate at protein level and 10% at 

peptide level. Occupancy of each N-linked glycosylation site was calculated using spectral counts 

assigned to the 18O-Asp-containing (PNGaseF-cleaved) and/or HexNAc-modified (EndoH-

cleaved) peptides and their unmodified counterparts. 

For time-course reactions, quantitation was performed through manual inspection of MS1 

spectra using Thermo Freestyle 1.7 (Thermo Fischer Scientific). The intensities of monoisotopic 

peak heights for all observable charge states for reactants and products were determined and then 

summed and averaged in triplicate to determine percent conversion to product over time. Plots 

generated using RStudio (1.4.1717). 

 

Data availability 

All data generated or analyzed during this study are included in this article and supporting 

information files. The glycopeptide analysis MS data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD032149. MS data for 

time-course reactions available upon request. 
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CHAPTER 3 

MONITORING THE SITE-SPECIFICITY OF ELONGATING N-

GLYCOSYLTRANSFERASES AND THEIR STRUCTURAL DETERMINANTS 

 

Introduction 

N-glycans are important contributors to protein stability, binding, and function (1). In 

addition to these properties, N-glycans are of much interest in the development of biologics and 

biosimilars where N-glycosylation is recognized as a critical quality attribute (cQA) (216, 217). 

For these reasons, there is great interest in understanding what defines a particular N-

glycosylation site’s glycoform profile. There are efforts towards controlling the glycan profile of 

glycoprotein therapeutics through adjustments to their production and processing (200, 218). 

However, unlike proteins and nucleic acids, N-glycans are synthesized and processed through a 

non-template driven process that results in a distribution of glycoforms with differing extents of 

branching and elongation, many of which result in divergent terminal sugars (219). Glycoprotein 

characterization is further complicated by the phenomenon of N-glycan microheterogeneity, in 

which glycoproteins with multiple sites of N-glycosylation show differing distributions of 

glycans at each site (see Chapter 2).  

 There is evidence that protein structure impacts N-glycan microheterogeneity. One 

common model for studying microheterogeneity is protein disulfide isomerase, a resident 

endoplasmic reticulum (ER) glycoprotein that hosts five sites of N-glycosylation. Losfeld et al. 

found that at one less-processed site of N-glycosylation, mutagenesis of a tyrosine in proximity 



 

61 

of the glycosite to an alanine resulted in the production of more-processed fucosylated complex 

structures when expressed in Chinese hamster ovary (CHO) cells (178). The inhibitory effect of 

the tyrosine was made more pronounced by a phenylalanine. In addition, by mutating an 

aspartate proximal to a more-processed site of glycosylation into a tyrosine, they were able to 

slow N-glycan processing at that specific site. Thus, the Aebi group was able to both slow and 

accelerate N-glycan processing depending on the substitution made (178). Mathew et al. 

demonstrated that protein disulfide isomerase (PDI) N-glycan processing is altered when the 

tertiary structure of the protein has an influence on N-glycan microheterogeneity (197), a finding 

that has since been supported by our previous work (106). 

 In this chapter, we further explore the relationships between site-specific N-glycan 

processing rates and wild-type glycan abundance with a focus on the elongating 

glycosyltransferases B4GALT1 and ST6GAL1. We probed these transfer rates through the use 

of a roster of reporter glycoproteins expressed in HEK293F cells, all of which have well-

characterized crystal structures (Table 3.1). Additionally, we identify acceptor structural features 

that may have an impact on N-glycan microheterogeneity. We then use statistical analyses to 

determine which features may be relevant and which are irrelevant and compare our findings 

with previous work. 
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Table 3.1: Glycoprotein reporters  
Reporter Uniprot 

ID 
Amino acids Glycan 

sites 
Glycan structures PDB 

Etanercept 
TNFR-IgG Fc 
fusion 

P20333 + 
P01857 

1-235 + 
236-467 

3 Varied per site 3ALQ 
3AVE 

Erythropoietin P01588 28-193 3 Tri- and tetra-antennary 1EER 
SARS-CoV2 Spike P0DTC2 1-1208 22 Varied high man to 

complex 
6VSB 

CD16a 
Fc ɣ receptor IIIa 

P08637 19-192 5 Mostly complex bi-, tri-, 
and tetra-antennary 

5BW7 

Pdi1p (yeast) P17967 29-522 5 Complex, varied 2B5E 
 

Methods 

 Glycosyltransferase reactions and mass spectrometry analysis were largely carried out as 

described in Chapter 2 (106). Briefly, glycoproteins and glycosyltransferases were expressed in a 

secreted form from MGAT1-/- HEK293-F cells and subsequentially purified via Ni-NTA 

chromotography.  These purified glycoproteins were then modified in vitro with recombinant 

glycan-processing enzymes (MGAT1, MAN2A1, and MGAT2) in excess to form substrates for 

B4GALT1 and ST6GAL1. For the time course reactions for B4GALT1, a 1:100 

enzyme:substrate ratio was used while for ST6GAL1 a 1:500 enzyme:substrate ratio was used. 

Time course reactions took place over 90min, with individual timepoints being boiled after 

sampling to halt enzymatic activity. Samples were then processed through a standard C18 

cleanup as described previously (106). Processed timepoints were then analyzed using tandem 

LC-MS/MS with a Thermo Orbitrap Fusion mass spectrometer as described previously (106). 

Data analysis was completed using Thermo Freestyle 1.7 (Thermo Fischer Scientific), where 

substrate and product ratios were determined by comparing the intensities of their respective 

monoisotopic peaks. Data analysis used R (4.1.1). 
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 All modeling was completed using PyMol and Chimera to analyze the crystal structures 

described in Table 3.1. Convexity at each glycosite was determined using Chimera’s attribute 

calculator, where convexity = atom.areaSAS/atom.areaSES with ‘atom’ being the terminal 

nitrogen of the asparagine at the glycosite. Statistical analysis used R (4.1.1). 

 

Results 

 We continued progress from previous experiments with monitoring site-specific N-

glycan processing, this time using downstream enzymes that are responsible for extending 

GlcNAc-terminal hybrid and complex structures into galactosylated and sialylated structures as 

described in our study from last year (see Chapter 2: Sequential in vitro enzymatic N-

glycoprotein modification reveals site-specific rates of glycoenzyme processing, or see reference 

from original publication)(106). Due to a problematic co-precipitation of CD16a and B4GALT1, 

this previously characterized reporter glycoprotein was excluded from these experiments. 

Briefly, a suite of four reporter glycoproteins were used as acceptors for glycosyltransferase 

time-course reactions. Glycopeptide analysis of the individual timepoints allowed us to observe 

the progress of glycosyltransferase reactions over time in a site-specific manner. 

 We first monitored the rate of galactosylation of GlcNAc3Man5 N-glycans via B4GALT1 

(Fig. 3.1). We chose to transfer to a hybrid N-glycan, as differing rates of elongation along each 

arm of N-glycans could complicate analysis (88, 89). Rates of galactosylation for erythropoietin 

(Fig. 1a) and etanercept (Fig. 3.1b) were fairly similar across all sites of their respective 

glycoprotein, with transfer to erythropoietin greatly outpacing transfer to etanercept. For protein 

disulfide isomerase, transfer to four of the five sites of N-glycosylation were modified rapidly 

while a lone site (sequon 4) was not modified at all (Fig. 3.1c). For the reporter glycoproteins 
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listed so far, this mostly recapitulates results from upstream glycosyltransferase experiments (see 

Chapter 2). For the SARS-CoV-2 spike glycoprotein, our sample size was unfortunately limited 

to 14 of the 22 N-glycan sites due to problems in protein digestion and sample processing. 

However, it is interesting to note that the range of transfer rates for B4GALT1 were distributed 

more narrowly than what was observed for upstream N-glycan processing enzymes. 

 We then monitored the rate of sialylation of GlcNAc3Man5Gal1 N-glycans via 

ST6GAL1 (Fig. 3.2). Like with B4GALT1, we used a hybrid acceptor structure (the product 

from the B4GALT1 reaction) due to differing branch specificities of ST6GAL1 (90). Again, due 

to problems with sample processing, we were limited to only 15 of the 22 N-glycan sites on the 

SARS-CoV-2 spike glycoprotein. Erythropoietin’s three sites of glycosylation resulted in 

divergent rates of sialylation by ST6GAL1 (Fig. 3.2a), which contrasts with the B4GALT1  
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Figure 3.1: Site-specific monitoring of B4GALT1 activity. Time-course reaction of 
galactose addition to reporter proteins with recombinant B4GALT1. a, Erythropoietin. b, 
Etanercept. c, Protein disulfide isomerase (PDI). d, SARS-CoV-2 spike glycoprotein. 
Reaction progress calculated as proportion of the sum of monoisotopic peak heights of 
product (Gal1Man3GlcNAc4) vs. the sum of product and reactant (Man3GlcNAc4) peak 
heights. Experiments performed in triplicate, error bars represent standard deviation. 
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Figure 3.2: Site-specific monitoring of ST6GAL1 activity. Time-course reaction of 
neuraminic acid (Neu5Ac) addition to reporter proteins with recombinant ST6GAL1. a, 
Erythropoietin. b, Etanercept. c, Protein disulfide isomerase (PDI). d, SARS-CoV-2 
spike glycoprotein. Reaction progress calculated as proportion of the sum of 
monoisotopic peak heights of product (Sia1Gal1Man3GlcNAc4) vs. the sum of product 
and reactant (Gal1Man3GlcNAc4) peak heights. Experiments performed in triplicate, 
error bars represent standard deviation. 
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results (Fig. 3.1a). A similar contrast was seen with Etanercept (Fig. 3.2b), in which transfer to 

sequon 3 was much slower than to the other two sites. PDI behaved similarly to previous 

experiments, where four sites of N-glycosylation were modified rapidly while sequon 4 was 

slightly modified, if at all (Fig. 3.2c). For the SARS-CoV-2 spike glycoprotein, overall rates of 

sialylation were reduced when compared to the other reporter glycoproteins (Fig. 3.2d). A 

broader range of transfer rates were observed for the viral glycoprotein when compared to the 

B4GALT1 data (Fig. 3.1d). 

 With this database of N-glycosites in tow, we next looked to determine what structural 

features contribute to N-glycan microheterogeneity. To do this, we probed individual glycosites 

using previously available crystal structures on PDB (Table 3.1) and compared them to N-glycan 

processing rates over multiple enzymes. In addition to B4GALT1 and ST6GAL1, we included 

the previously characterized MGAT1, MAN2A1, MGAT2, and FUT8 (see Chapter 2). For the 

dependent variable in these analyses, we used the reaction progress at the 20-minute timepoint 

since the rate was linear for most glycosites at that point (Figs. 3.1, 3.2, and Chapter 2). Some 

sites were excluded from this analysis on the basis that they were not resolved in their associated 

protein’s crystal structure (CD16a site 1, SARS-CoV-2 spike sites 1,3,5,9,20-22). While these 

structures likely include loops whose flexibility disrupts resolution, there was no significant 

difference between reaction progress distribution of unresolved and resolved glycosites for all 

studied glycan-processing enzymes (Fig. 3.3a).  

 We began by interrogating basic primary and secondary structural properties to see if we 

could find any relationship between them and site-specific glycan processing. First, we compared 

the rates of sequons when they had either a serine or a threonine in the +2 position (e.g. NxS vs. 

NxT) (Fig. 3.3b). We found no significant relationship between the +2 position and transfer rate  
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Figure 3.3: Sequence and secondary structures do not trend with most N-glycan 
processing. a, Comparison of modification rates of crystallizable vs. non-crystallizable 
glycosites. Wilcoxon rank sum test. b, Comparison of modification rates of NxS vs. NxT 
N-glycan sequons. Wilcoxon rank sum test. c, Comparison of modification rates of 
differing secondary structures, non-crystallizable glycosites omitted. Kruskall-Wallis test 
used in conjunction with Wilcoxon test for pairwise comparisons. 
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for any of the studied enzymes. Next, we assigned every N-glycan site to a specific secondary 

structure based on its published crystal structure (Fig. 3.3c). Sites that do not resolve in their 

crystal structure were omitted from this analysis. While secondary structure as a whole was not a 

significant contributor to the productivity of any glycan-processing enzyme, there were some 

minor differences in their distributions, most notably with slightly elevated values for MGAT2 

activity at glycosites on helices when compared to sheets.  

 Next, we determined if proximal residues could influence N-glycan processing rates (Fig. 

3.4). We investigated three ringed amino acids: tyrosine, phenylalanine, and histidine. The 

rationale for this was that they were all identified as residues that may contribute to rates of N-

glycan processing as evidenced the by Losfeld et al. studies on protein disulfide isomerase (178). 

We initially searched within these residues within four residues of the glycosite in the protein 

sequence, as this positions a residue directly next to a neighboring residue in a helical turn, 

which was the rationale in the previously described study (178). For tyrosine and histidine, we 

found no significant relationship with any glycan-processing enzyme (Fig. 3.4a,b). However, 

with phenylalanine we found a significant decrease in MGAT1 activity as more phenylalanines 

were found in proximity (Fig. 3.4c). This relationship dissipated when instead counting the 

number of surface phenylalanines found within 7.5Å of the glycosylated asparagine (Fig. 3.4d). 

However, note that in contrast to the primary sequence analysis, this analysis omitted non-

crystallizable glycosites, which likely reduces the power of the analysis. 

 We then probed the relationship between the shape of the protein surface and site-specific 

glycan processing (Fig. 3.5). The convexity at a given position on a protein surface can be 

calculated by finding the ratio between the solvent exposed surface area and the solvent excluded 

surface area over a given region of a protein. We calculated the convexity of the protein surface  
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at the point of each asparagine that hosts an N-glycan sequon, where a value <1 indicates the 

surface is concave and a value >1 indicates the surface is convex. Most sites of N-glycosylation 

lie on convex regions, which is reasonable considering that the surface of a perfectly spherical 

globular protein would be entirely convex.  

For MGAT1, we initially saw a significant but very weak relationship between convexity 

and GlcNAc transfer  (Fig. 3.5a). However, when we omitted the densely glycosylated SARS-

CoV-2 spike glycoprotein from analysis, we saw a much stronger trend. We repeated this  
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Figure 3.4: Relationship between proximal ringed amino acids and N-glycan 
processing. Mean N-glycan activity rates for glycosites with differing number of ringed 
residues. a, Tyrosines +/- 4 amino acids from glycosite. b, Histidines +/- 4 amino acids 
from glycosite. c, Phenylalanines +/- 4 amino acids from glycosite. d, Surface 
phenylalanines within 7.5A of glycosylated asparagine. For all, the statistical method 
used was a one-way ANOVA. 
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analysis for all the other characterized glycan-processing enzymes. With MAN2A1 (Fig. 3.5b) and 

MGAT2 (Fig. 3.5c), we saw similar but weaker relationships between convexity and enzyme 

activity. Omitting the SARS-CoV-2 spike glycoprotein did result in a stronger trendline, but only 

slightly when compared to MGAT1. We found no relationship between convexity and the rate of 

fucosylation by FUT8 (Fig. 3.5d). We did see a trend with B4GALT1 that was similar to what was 

seen with MGAT1, including the recovery of the relationship with the omission of the spike 

glycoprotein (Fig. 3.5e). Finally, with ST6GAL1 we saw a significant trend when the spike 

Figure 3.5: Impact of convexity on N-glycan processing. Relationship between 
convexity of the protein surface at glycosylated asparagines and the activity of a, 
MGAT1. b, MAN2A1. c, MGAT2. d, FUT8. e, B4GALT1. f, ST6GAL1. All plots used 
linear regressions with the shaded area denoting 95% confidence intervals.  
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glycoprotein was included, but not when it was omitted (Fig. 3.5f). For the significant 

relationships, the r2 value ranged from 0.14-0.31 (0.30-0.59 when omitting Spike), indicating that 

convexity of the acceptor site can explain some of, but not all, the observed variance of transfer 

rates between sites on the reporter glycoprotein. 

 

Discussion 

 In this chapter, we continued our progress from Chapter 2 and continued characterizing 

N-glycan processing rates for elongating enzymes. Since we had already determined that protein 

structure is responsible for much of observed N-glycan microheterogeneity, we then investigated 

multiple structural features of each glycosite that may influence glycan-glycosyltransferase (or 

glycosyl hydrolase) interactions. 

By far the strongest trend with N-glycan processing found in this study was protein 

surface convexity (Fig. 3.5). This was initially hypothesized by Mathew et al. (197) when 

studying protein disulfide isomerase. Interestingly, this trend was strongest for MGAT1, but only 

when the SARS-CoV-2 spike glycoprotein was omitted from analysis. This suggests that in the 

committed step towards hybrid and complex N-glycans, densely glycosylated viral glycoproteins 

may be defined by other features such as glycan-glycan interactions. In contrast, we saw the 

opposite relationship with ST6GAL1, in which removing the SARS-CoV-2 spike glycoprotein 

from analysis ablated the relationship between convexity and ST6GAL1 productivity. It is 

possible that glycan-glycan interactions dominate when the GlcNAc2Man5 structure is in place, 

but that its influence starts to fade as the structure is extended away from the protein surface. 

However, due to this extension from the surface, there is a concomitant loss of convexity’s 

power as well, and the relationship only recovers due to a higher sample size. It would be 
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interesting to test this on dense high-mannose regions of glycoproteins such as those found on 

HIV-1 Env (220). Perhaps by knocking out surrounding sites of N-glycosylation, the relationship 

with protein surface convexity and early MGAT1 processing could be restored.  

The relationship between MGAT1 and proximal phenylalanines is particularly interesting 

(Fig. 3.4a). If one wished to shift the glycoprofile of a site of N-glycosylation away from 

hybrid/complex structures and towards high- or paucimannose structures, perhaps one could 

attempt to add phenylalanines proximal to the glycosite. Since MGAT1 is the committed step in 

hybrid N-glycan synthesis, inhibiting this enzyme would generate a separate pool of high- or 

paucimannose N-glycans while the glycans that are processed by MGAT1 would be decorated 

with terminal structures as usual. 

 We identified several structural features that do not appear to impact glycosyltransferase-

glycoprotein interactions (Fig. 3.3). It is reasonable that the +2 position of glycosites does not 

greatly impact the rate of N-glycan processing, as both serines and threonines are less bulky than 

asparagines, so the glycan’s terminal features protrude reasonably far away from these amino 

acids in space. However, it should be noted that this is in contrast to core-glycosylation via 

oligosaccharyltransferase, which acts at the site of the asparagine rather than the glycan (79). It is 

somewhat surprising that secondary structure does not appear to have a strong relationship with 

N-glycan processing, although this may be due to enzyme evolution accounting for all basic 

motifs. However, N-glycans are found more often in loop regions and random coils (80), so this 

may just be survivorship bias. 

 Future work could perhaps emulate the heterogenous nature of the Golgi apparatus 

through a competitive assay, where multiple reporter proteins are incubated with 

glycosyltransferases. Interestingly, B4GALT1 and ST6GAL1 are known to be able to form 
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heterodimers, a phenomenon that has also been observed with the GlcNAc transferases MGAT1 

and MGAT2 (221). Future experiments may look to study the effect of this these heterodimers 

on site-specific rates of glycan processing, as this may impact glycoprotein-glycosyltransferase 

interactions. Additional possibilities include the use of crowders to recapitulate the crowded 

nature of the secretory pathway, increasing the diversity of reporter glycoproteins studied, and 

further extending the characterization of glycosyltransferases to include branching enzymes such 

as MGAT4A, MGAT4B, MGAT5, and the truncating MGAT3. 
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CHAPTER 4 

PPMFIXER: A MASS ERROR ADJUSTMENT FOR PGLYCO3.0 TO CORRECT NEAR-

ISOBARIC MISMATCHES 
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Abstract 

Modern glycoproteomics experiments require the use of search engines due to the generation of 

countless spectra. While these tools are valuable, manual validation of search engine results is 

often required for detailed analysis of glycopeptides as false-discovery rates are often not reliable 

for glycopeptide data. Near-isobaric mismatches are a common source of misidentifications for 

the popular glycopeptide-focused search engine pGlyco3.0, and in this technical note we share a 

strategy and script that improves the accuracy of the search utilizing two manually validated 

datasets of the glycoproteins CD16a and HIV-1 Env as proof-of-principle. 

 

Introduction 

As mass spectrometry instrumentation matures, more in-depth data is being produced than 

ever before. The complexity of glycoproteomic data necessitates the use of specialized search 

engines (e.g. Byonic (152), pGlyco (156), MSFragger (163)) to assist the automated and high-

throughput data analysis of intact glycopeptides (222). However, one of the biggest challenges for 

glycoproteomic data analysis is the quality control of the search output, where a false discovery 

rate (FDR) evaluation is often underestimated leading to inaccurate glycopeptide spectral matches 

(GPSMs). Manual validation can increase the accuracy of GPSMs but requires large amounts of 

analyst time, effort, and expertise to complete as the searches often scale to thousands of GPSMs 

(223). Manually validated results can differ significantly from the FDR-filtered search engine 

output. The pGlyco search engine is of particular interest because it computes respective FDR 

values on peptide and glycan moieties (N-linked or O-linked) as well as an integrated FDR value 

on glycopeptide entities therefore providing a comprehensive FDR estimation, whereas most of 

the other search engines only consider FDRs on the peptides (156). To streamline the process of 
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validating pGlyco search outputs, in this technical note, we looked to identify common errors in 

glycopeptide spectral matching and build automated solutions. 

 

Results and Discussion 

When examining large sets of spectra that failed manual inspection, common themes 

emerge.  A major issue is the monoisotopic mass being incorrectly assigned to the 1 or 2 13C-

isotope peak that shifts the predicted mass of the glycopeptide by ~1-2 daltons.  Glycopeptides, in 

general, are more likely to have large masses and a higher number of Carbon atoms than a typical 

non-glycosylated peptide resulting in the base peak often not being the monoisotopic peak.  This 

incorrect calculation of the monoisotopic mass can result in common errors given that various 

combinations of sugars result in mass shifts of ~1 or ~2 daltons.   One of the most common errors 

found in glycopeptide spectral matching search engines is confusion between a pair of fucoses 

(Fuc) and a single N-acetylneuraminic acid (Neu5Ac). Two fucoses are roughly 1 Dalton (1.0204) 

greater than a single Neu5Ac. This problem can even be doubled, where 2 sialic acids are mistaken 

for 4 fucoses, which leads to erroneous GPSMs with multiple fucoses when the peak with two-13C 

isotopes is misidentified as the monoisotopic peak. Note the small difference in weight between 

two fucose for 1 Neu5Ac (1.0204) and a single proton (1.007276). 

In some cases, this problem can be easily identified with the presence of Neu5Ac oxonium 

ions in the MS/MS spectra (m/z 274 and m/z 292). An example of an assigned non-sialylated, 

triply-fucosylated glycopeptide is shown that is in fact a mono-fucosylated, mono-sialyated 

glycopeptide by manual examination (Fig. 4.1a, denoted using symbol nomenclature for glycans 

(224)). However, spotting this error becomes more difficult in glycopeptides with both and 

multiple Neu5Acs and fucoses, as the presence of Neu5Ac oxonium ions can be explained by the 

presence of a single or multiple Neu5Acs. Additionally, the Y-ions (defined as the peptide 
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backbone with glycan attached, Fig. 4.1a) rarely contain terminal monosaccharides, such as 

Neu5Acs and fucoses, due to non-reducing end fragmentation as well as limited mass range in the 

mass spectrometer. The neutral losses of the terminal Neu5Acs and fucoses are seldom observed 

for the aforementioned reasons as well. The latest version of pGlyco at the time of writing 

(pGlyco3.0_build20210615) attempts to find Neu5Ac oxonium ions (m/z 274 and m/z 292) in 

multiply fucosylated GPSMs and corrects them to assignment with Neu5Acs where the Neu5Ac  
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Figure 4.1: pGlyco misidentification is associated with a mass error shift. a, Example spectra of a misidentified 
CD16a glycopeptide being corrected using ppmFixer. Upper – MS1 precursor ion selected (left) and theoretical isotopic 
envelope (right). Lower – MS2 from precursor ion stepHCD fragmentation (Color guide - blue: peptide backbone b-ion, 
orange: peptide backbone y-ion, red: peptide backbone with glycan-attached Y-ion, green: oxonium ion). b, Mass error 
vs. monoisotopic peak area of identified CD16a GPSMs (glycopeptide spectral matches), colored by agreement with 
manual validation. c, Demonstration of the shift of revised CD16a GPSMs (green) from original mass error (red). GPSMs 
rejected in both sets excluded from plot. d, Demonstration of the shift of revised Env GPSMs (green) from original mass 
error (red). GPSMs rejected in both sets excluded from plot. e, Demonstration of the shift of revised Env GPSMs (green) 
from original mass error (red). GPSMs rejected in both sets excluded from plot. 
 



 

80 

oxonium ions are present. This results in a few additional output columns from the program (e.g. 

"CorrectedGlycan(x,x,x,x)") that reflect where corrections have been made. While this solution 

seems to fix some of the erroneous GPSMs, it does not capture all of them. This motivated us to 

find additional solutions to the problem. 

Another common error in pGlyco search output is the confusion between four N-

acetylhexosamines (HexNAc) and five hexoses (Hex) where the mass difference is approximately 

2 Daltons (2.0534).  For reasons discussed earlier, such as multiply-charged species reducing mass 

difference as well as mis-identified monoisotopic peaks, this confusion often leads to the mis-

assignment of high mannose (Man) and N-acetylgalactosamine β1-4N-acetylglucosamine 

(GalNAcβ1-4GlcNAc, or LacDiNAc) glycans. For example, the program often mis-identifies 

Man8GlcNAc2 as HexNAc4Man3GlcNAc2 with the two-13C peak being misidentified as the 

monoisotopic peak (note that two-13C peak is a mass shift of 2.01455 daltons). 

An additional abundant error is the misidentification of certain high-mannose glycans as complex 

or bizarre (and unlikely) hybrid N-glycans containing a single hexose. The misidentified glycans 

have two GlcNAcs, three fucoses, and a sialic acid assigned which is ~1 dalton (1.0581) heavier 

than simply being 7 hexoses. 

An alternative approach to full manual validation (and the one being proposed in this 

manuscript) involves a comparison of mass errors to the average of the population. In order to test 

our approach, we utilized a highly detailed dataset of the human glycoprotein CD16a that we had 

previous characterized (106). CD16a has 5 sites of N-linked glycosylation and our analyses 

generated 18,586 GPSMs (see Supplementary Methods). When individual GPSMs from this 

dataset are plotted against their mass error, there is a distribution of GPSMs that are both offset 

from the overall distribution of mass errors and are rejected during manual validation (Fig. 4.1b). 

During manual validation, it was noted that a large proportion of these corrections were due to the 
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near-isobaric conundrums detailed previously. This is caused by these glycan species not being 

exactly isobaric; there is a small offset caused by nuclear binding energy that is reflected in the 

mass error of the resulting GPSMs (for example proton weighing 1.007276 daltons but 2 fucoses 

weighting 1.0204 daltons more than a Neu5Ac). To correct this issue, we developed a Python 

script titled ‘ppmFixer’ that does the following: 

1) Identifies GPSMs with a mass error >1 standard deviation from the mean mass error. 

2) Recalculates mass error for these GPSMs if they fit the following cases: 

a. Where #Fucose ≥ 2, two fucoses are replaced by a Neu5Ac, move down an isotope. 

b. Where #Fucose ≥ 4, two fucoses are replaced by a Neu5Ac, move down two isotopes. 

c. Where #HexNAc > 5, 5 hexoses are added and 4 HexNAcs removed, move down two 

isotopes. 

d. Where #HexNAc = 4, 7 hexoses are added and 2 HexNAcs removed and all sialics/fucoses 

removed, move down two isotopes. 

3) If |new mass error| < |original mass error|, adjusts the composition. Outputs this adjusted 

composition as a new column in the pGlyco output file (CorrectedGlycan_ppmFixer). 

Note: If multiple cases apply, accept the revision with the lowest mass error. Additionally, the 

native pGlyco correction utilizing the sialic acid oxonium ion takes precedence over all other 

corrections due to spectral evidence. 

4) Recalculates mass error average and stdDev with new corrections, cycles through script 

again. 

5) Once a round adds no new changes, stop execution. 

6) Outputs the adjusted compositions and mass errors as new columns in the pGlyco output 

file (CorrectedGlycan_ppmFixer,  Glycan(H,N,A,F)_ppmFixer). 
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This script identifies a significant proportion of the misassigned and mass offset GPSMs 

resulting in mass error shifts more in line with the rest of the distribution (Fig. 4.1c). We also tested 

ppmFixer on a larger glycoproteomics dataset from the HIV-1 envelope glycoprotein (Env), that 

we have previously characterized with sequence perturbations many times (70, 190, 225–227), 

where we observed similar patterns of mass error shifts (Fig. 4.1d,e).  

We probed what corrections were being made in both the CD16a and Env datasets. The 

two datasets showed diverging revision profiles (Fig. 4.2a), with the most common revision in the 

CD16a dataset being the conversion of two fucoses two a sialic acid (F2 -> A1) and the most 

common revision in the Env dataset being the conversion of a complex glycan to high-mannose 

(NxHy -> N(x-4)H(y+5)). This is consistent with the fact that the N-glycans from CD16a are 

dominated by highly sialylated, complex glycans while the HIV-1 Env has a large degree of high 

mannose N-linked glycans.  This demonstrates that the revisions needed can vary from dataset to 

dataset and justifies the inclusion of all revision types, even if they may not greatly impact a 

specific experiment. 

The results of the ppmFixer output were compared to fully manually validated data, which 

can be viewed as a positive control that automated results should seek to emulate. Utilizing the 

CD16a dataset, ppmFixer improved the default pGlyco output from a 76.5% match with manual 

validation to an 88.0% match with manual validation, a large improvement in GPSM accuracy 

(Fig. 4.2b). Additionally, ppmFixer erroneously adjusted only 0.37% of total GPSMs, which is a 

marginal error compared to the 11.7% of total GPSMs that were corrected (Fig. 4.2c). This 

effectively means that where ppmFixer made a change, 97% of the time it agreed with manual 

validation for CD16a. ppmFixer effectively cuts overall GPSM misidentifications to half of their 

volume when compared to the default pGlyco output for this CD16a dataset. ppmFixer performed  
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Figure 4.2: ppmFixer adjusts pGlyco results to more closely match manual validation for 
multiple datasets. a, Types of revisions made by ppmFixer in CD16a and Env datasets b, 
Comparison of agreement with manual validation between default pGlyco output and 
ppmFixer (revised) output. c, Depiction of ppmFixer accuracy.. d, Demonstration of the effect 
of the adjustment on the most abundant glycoforms (for CD16a: filtered for GPSM count > 
250, for Env: filtered for GPSM count > 500). e, Effects of ppmFixer revisions on levels of 
CD16a Neu5Ac:fucose ratios. f, Effects of ppmFixer on site-specific Env N-glycan classes. 
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similarly well with the Env dataset, with agreement with manual validation increasing from 87.2% 

to 95.5% (Fig. 4.2b). Next, we compared the most abundant GPSMs identified in the default 

pGlyco output to those found in the revised ppmFixer output (Fig. 4.2d). Substantial changes were 

observed, with many of the top glycan compositions being affected. In particular, in the Env 

dataset, 3 of the top 10 most abundant glycoforms were eliminated entirely. We then compared 

the default and revised outputs with regards to fucosylation and sialylation for the CD16a dataset 

(Fig. 4.2e). Overall, ppmFixer output contained a greater proportion of sialic acids in comparison 

to fucoses when compared to the default pGlyco output. Identification of this error explains the 

previous published finding that pGlyco output contains more fucosylated glycans than other search 

engines (228). Finally, we examined how ppmFixer altered site-specific glycan distributions by 

comparing relative amounts of glycan types using the Env dataset (Fig. 4.2f). The resulting data 

illustrates a shift away from hybrid/complex N-glycans and towards high-mannose N-glycans. 

This can be explained by the most common correction in this dataset being the conversion of a 

complex N-glycan to high-mannose (Fig. 4.2a). This data demonstrates that ppmFixer’s revisions 

can have a dramatic effect on site-specific glycopeptide analysis. 

Overall, ppmFixer is a simple, yet effective, improvement to the current pGlyco3.0 

workflow. While manual validation remains the gold standard of glycopeptide analysis, 

corrections to search engine results help reduce the burden of the process while also providing 

more accurate results especially for high-throughput analyses where manual validation isn’t 

feasible.  
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Code availability 

ppmFixer can be downloaded from https://github.com/trvadams/ppmFixer.  

 

Methods 

Protein expression 

CD16a (immunoglobulin gamma Fc region receptor III-A, Unprot: P08637, residues 19-

193) was expressed in a pGEn2 construct with NH2-terminal 8xHis, AviTag, superfolder green 

fluorescent protein, and the 7 amino acid tobacco etch virus (TEV) protease tags in HEK293F 

cells. Protein was expressed and purified as previously described (213). Briefly, cell culture was 

maintained at 0.5-3.0 x106 cells/mL at 37°C, 5% CO2, 120rpm. The plasmid was transiently 

transfected into HEK293F cells (Freestyle 293-F cells, Thermo Fisher Scientific) using 

polyethylenimine (linear 25kDa PEI, Polysciences, Inc), and protein was secreted into medium. 

24 hours post-transfection, cells were diluted with an equal volume of fresh media supplemented 

with valproic acid (VPA) for a final concentration of 2.2mM VPA. Transfection was continued 

for 48 hours post-dilution, after which cells were harvested at 1200rpm for 10 minutes and the 

supernatant was clarified by centrifugation at 3500rpm for 15minutes at 4°C. Clarified protein 

extract was filtered with a 1μm syringe filter, then run over a Ni-NTA resin (EMD Millipore) 

gravity column. Flow through was readded, then the column was washed 3 times with 5 column 

https://github.com/trvadams/ppmFixer
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volumes (CVs) 20mM HEPES pH 7.5, 300mM NaCl, and 20mM imidazole. Protein was eluted 

with the previous solution but with 300mM imidazole. Protein was then dialyzed with 12,000-

16,000 kDa cutoff tubing (Fisher) into 20mM HEPES pH 7.5, 300mM NaCl, 10% glycerol. 

CH505.Chim.DS.SOSIP trimer protein was produced in 293FS cells and purified with 

VRC01 affinity and gel filtration chromatography as previously described (229). 

 

Mass spectrometry analysis 

Purified CD16a was reduced with 10mM DTT (Sigma) at 56° for 1hr and then alkylated 

with 27.5mM iodoacetamide (Sigma) for 45min in the dark. Aliquots of CD16a were then 

digested using either chymotrypsin (Athens Research and Technology), a combination of 

chymotrypsin and GluC (Promega), or AspN (Promega). The resulting glycopeptides were 

separated on an Acclaim PepMap RSLC C18 column (75 μm × 15 cm) and eluted into the 

nanospray source of an Orbitrap Fusion Eclipse Tribrid mass spectrometer at a flow rate of 

200nl/min. The elution gradient consisted of 1% to 40% acetonitrile in 0.1% formic acid over 

220 min followed by 10 min of 80% acetonitrile in 0.1% formic acid. The spray voltage was set 

to 2.2 kV and the temperature of the heated capillary was set to 275°C. Full MS scans were 

acquired from m/z 200 to 2000 at 60k resolution, and MS/MS scans following higher energy 

collisional dissociation with stepped collision energy (15%, 25%, 35%) were collected in the 

Orbitrap at 15k resolution. Raw spectra were analyzed using pGlyco3 (156). Mass tolerance was 

set at 20ppm for both precursors and fragments. Database output was filtered for a 1% total false 

discovery rate. Results were validated through manual examination of spectra. Data analysis was 

completed with Python. 
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CHAPTER 5 

DISCUSSION 

 

Conclusions 

This dissertation has described the development of an experimental system that was used 

to investigate the role of acceptor glycoprotein tertiary structure in defining N-glycan 

microheterogeneity. By expressing a set of well-characterized glycoproteins in a uniform cell 

background we generated a large N-glycoproteomic dataset that was then used as a point of 

reference for a series of in vitro time-course reactions that recapitulated N-glycan processing 

step-by-step (Chapter 2). With this information, we then probed structural features at each site of 

N-glycosylation to find motifs that correlated with the rate of N-glycan processing in an enzyme-

specific manner (Chapter 3). We also discuss some of the problems associated with modern 

glycopeptide analysis encountered during these studies and developed strategies for increasing 

the accuracy of mass spectrometry search engines (Chapter 4). 

 

Acceptor glycoprotein structure defines N-glycan microheterogeneity 

 The clearest conclusion from this work is that tertiary structure of the substrate 

glycoprotein is directly involved with the development of N-glycan microheterogeneity. This 

supports earlier work, principally by the Aebi group (104, 105, 178, 197), which established the 

importance of local structure in defining the extent of processing of specific sites on protein 

disulfide isomerase (PDI), which has 5 sites of N-glycosylation. The Aebi group’s studies 
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principally involved endoplasmic reticulum and early Golgi glycosyltransferases and glycosyl 

hydrolases. We continued these studies by using a broader panel of acceptor glycoproteins that 

extended the number of N-glycosites to 38. The finding that reducing a fully folded glycoprotein 

to glycopeptides abolishes all glycosyltransferase site-specificity suggests that the tertiary 

structure of the protein is responsible for most, if not all, of the site-specific rates of N-glycan 

processing enzymes. This held for both MGAT1 and FUT8, suggesting that this may apply to 

multiple glycosyltransferase folds. 

 

Acceptor surface convexity is a correlated with the extent of N-glycan processing 

 We measured the convexity of the protein surface at the site of the asparagine for all 

crystallizable N-glycosites and found a significant relationship between convexity and the rates 

of MGAT1, MAN2A1, and MGAT2 activity, but not FUT8 activity. This relationship can be 

rationalized as a glycan that is protruding outwards from the protein surface (convex) would be 

more accessible to modification than a glycan that is recessed from the protein surface (concave). 

Interestingly, the r2 of these relationships increases substantially when the SARS-CoV-2 spike 

glycoprotein is omitted from analysis, indicating that processing rates of densely glycosylated 

proteins may be more defined by other factors, such as glycan-glycan interactions. However, the 

power of the numerous glycosites that the viral glycoprotein appeared to improve to hint that this 

may dissipate as the glycosites are extended. It should be noted that many characterized N-

glycan sites were not included in this analysis due to not being resolved in the glycoprotein 

crystal structure, thus making convexity measurements impossible. Techniques such as Cryo-EM 

that are able to characterize protein surfaces may serve to improve our studies in this regard.  
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Primary sequence and secondary structure are not predictive of N-glycan microheterogeneity 

 Chapters 2 and 3 described several experiments that reinforced the importance of tertiary 

structure in defining N-glycan microheterogeneity. The only evidence of a potential impact 

involves the interaction of proximal phenylalanines and MGAT1, which may be useful in 

restricting N-glycan processing at specific sites of multiply N-glycosylated glycoproteins. 

Meanwhile, secondary structure, the identity of the +2 amino acid, and proximal bulky ringed 

structures appear to have little to no bearing on how glycoproteins interact with 

glycosyltransferases. Thus, future studies will need to fully analyze the 3-dimensional space that 

glycans occupy and interact with. 

 

Development of new research tools 

An in vitro experimental model for studying GT-A glycosyltransferases 

 The experiments in these studies established that in vivo GT-A glycosyltransferases site-

specificity can be recapitulated in vitro. As mentioned previously, this system builds on previous 

work and findings by the Aebi group. In contrast to the Aebi group, we used a broader range of 

N-glycosites and a series of cis- to medial- Golgi enzymes. The major benefit of this approach is 

that it allows for statistical analysis that identifies common structural features associated with 

either slow or fast rates of N-glycan processing, and the enzymes targeted are responsible for the 

divergence of N-glycans into their three major classes: high-mannose, hybrid, and complex. In 

addition, we applied this system to the elongating glycosyltransferases B4GALT1 and ST6GAL1 

which are more relevant in predicting hybrid and complex N-glycan terminal features. 

 While this system worked well for GT-A fold glycosyltransferases, it did not appear to 

accurately recapitulate FUT8 specificity, which is a GT-B fold glycosyltransferase. Strong 
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evidence for this can be seen in the observed specificity of in vitro FUT8 versus its observed 

activity in vivo. In vitro, FUT8 is unable to efficiently core fucosylate GlcNAc2Man5 glycans on 

erythropoietin. However, when this same glycoprotein was expressed in a MGAT1-/- 

background, it resulted in substantial core fucosylation, indicating that FUT8 is indeed able to 

core fucosylate high-mannose N-glycans in vivo. In addition, we observed that the structural 

features that were predictive of transfer rates for other enzymes were not predictive for FUT8. 

However, without confirmation that the in vitro reactions recapitulate in vivo activity, we cannot 

conclude whether this finding is biologically relevant. Further work is needed to accurately 

model FUT8 activity in vitro and to determine if conditions in the Golgi apparatus alter enzyme 

specificity. 

Another interesting finding was the identification of hybrid N-glycans at specific sites on 

glycoproteins expressed in an MGAT1-/- background. The presence of these hybrid N-glycans 

suggests that N-acetylglucosamine (GlcNAc) can be added to high-mannose N-glycans through a 

mechanism not involving MGAT1. Additional studies by our lab found that the GlcNAc-

transferase POMGNT1 can transfer a β-2-linked GlcNAc onto GlcNAc2Man5 glycans, which 

was not expected since POMGNT1 normally transfers to O-mannose glycans (unpublished data). 

This suggests that POMGNT1 may play a role in the synthesis of these ‘leaky’ hybrid N-glycans, 

although it is unknown why the formation of hybrid N-glycans was limited to only a few of the 

38 N-glycosites. Further experiments with MGAT1-POMGNT1 double-knockout cell lines are 

needed to confirm this finding. 

While this system generated rich information, much could be done to improve 

experimentation. One idea is to dramatically increase the throughput of the process, as the 

current methodology is lengthy, high-cost, and often requires repetition due to inconsistencies in 
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sample processing. Since nearly all the power in our analyses rests in a single time point, and 

averaging over what is roughly the linear range of the curve produces similar results (data not 

shown), it would be reasonable to eliminate the timepoints in the experiment entirely and simply 

use a fixed reaction time. The current workflow can reasonably process 24 tubes at a time, and 

the current protocol uses every one (6 tubes, 4 replicates due to processing inconsistencies). 

Simplifying the workflow to a single time point would reduce risk and allow for the experiments 

to be carried out in triplicate instead. This, combined with the elimination of multiple time 

points, would effectively increasing throughput 8-fold. This may enable the screening of large 

selections of glycoprotein variants that could be used to study the importance of specific residues 

or even entire domains in defining N-glycan microheterogeneity. 

 

Using mass error distributions to correct near-isobaric misassignments in glycoproteomics  

 Currently, manual validation of search engine results reveals that the rate of false 

positives generated by glycoproteomics search engines far exceeds their estimated false 

discovery rates (FDR) by as much as 10- to 20-fold. The experiments described in this 

dissertation necessitated extensive use of glycopeptide-specialized mass spectrometry search 

engine software paired with manual validation. Many of the observed false positives were due to 

mismatching of near-isobaric glycopeptides. As a result of this, we proposed a simple fix that 

substantially improves the accuracy of pGlyco3.0 (156), a popular glycopeptide-focused search 

engine. 

This fix, called ppmFixer, is a python script that takes pGlyco output as input and adjusts 

glycan compositions for glycopeptide spectral matches (GPSMs) with mass errors that fall 

outside of a standard deviation of the average mass error for the dataset. If the adjusted mass 
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error is closer to the average mass error of the dataset, then the composition is adjusted in 

ppmFixer output. Applying these corrections dramatically improved the accuracy of pGlyco 

results, as much as halving the number of GPSM misidentifications. ppmFixer currently checks 

for four types of near-isobaric mismatches that reflect common errors made by the search engine. 

Due to the modular structure of ppmFixer, additional patterns of misidentification could easily be 

accounted for in the future. 

 

Future Directions 

The need for improvements in glycoproteomics mass spectrometry data analysis 

 High rates of misidentifications by search engines are currently a serious problem in 

glycoproteomics experiments. While manual validation of search engine results can alleviate 

much of this, the amount of expertise and time required for manual validation of entire datasets 

challenges its feasibility. As tandem LC-MS/MS and fragmentation technologies improve, more 

highly detailed spectra are being generated than ever before. A single digest of an isolated 

glycoprotein can result in thousands or even tens of thousands of spectral matches, each of which 

must be visually inspected by a specialized expert. As a result, analysts must make the hard 

decision of either largely accepting search engine outputs despite their known flaws or 

undergoing days (or even weeks) of manual validation for each experiment. In addition, it can 

hardly be expected that each analyst will find the same flaws in each dataset, which introduces 

additional variability and per-user bias. 

 To facilitate fast, accurate, and reproducible glycoproteomics experiments, further work 

must be done to bring the level of misidentifications of GPSMs down. Advances in tandem LC-

MS/MS technology will contribute to this; as sensitivity and fragmentation techniques improve, 
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search engines can take advantage by lowering acceptable mass error tolerances to reduce the 

incidence of near-isobaric mismatches. This is especially important when glycoproteomics is 

applied to complex samples such as cellular lysates, where the combinatorial effect of large 

protein and glycan databases creates a massive set of theoretical glycopeptides that may be near 

enough to each other in mass to cause problems in identification. Finally, it is important that 

these advances are made using openly accessible and well-documented technology in order to 

facilitate the movement of mass spectrometry analysis away from mysterious black-box 

workflows and towards transparent, extendable software. 

 

The role of structure modeling in studying N-glycan microheterogeneity 

 A key feature of the N-glycan microheterogeneity experiments in this dissertation is that 

the roster of reporter glycoproteins all had well-characterized crystal structures. This allowed us 

to be reasonably certain of the features of the protein surface surrounding sites of N-

glycosylation. However, in most cases, they did not inform us on the conformation or flexibility 

of the glycan. Future work will need to use strategies such as molecular dynamics to understand 

how glycans can present themselves to glycosyltransferases. Some attempts towards this goal 

were made, but more could have been done to characterize protein-glycan interactions. One of 

these efforts was to model glycoproteins and MGAT1 utilizing an implicit solvent system with 

AMBER(230), but the overall system instability caused by superimposing the two crystal 

structures was insurmountable despite extensive efforts to resolve clashes and improve model 

stability.  

 Attempts at docking the glycoprotein CD16a and PDI to the glycosyltransferase MGAT1 

using the popular modeling software RosettaDock (231) were unsuccessful, which was 
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unfortunate as a usable model could have illuminated how glycoproteins interact with 

glycosyltransferases. This failure was due to the glycan preferring the surface of the protein 

rather than the active site in all predicted conformations, even when initiated while superimposed 

in the binding pocket (unpublished data). RosettaDock uses a coarse-grained model, which uses 

an implicit solvent system and models at the resolution of individual residues (232), and perhaps 

this resolution struggles to effectively model glycan-glycosyltransferase interactions. 

 Future efforts may use a combination of the two approaches detailed above, where an all-

atom model of the glycoprotein with its glycans is modeled in a generalized Born implicit 

solvent system(233). Perhaps by removing explicit water molecules and replacing them with a 

more generalized force field, greater system stability can be achieved.  

 

Towards glycoengineering of biologics and biosimilars  

While structure is a key factor in determining N-glycan microheterogeneity, the cell type 

defines the enzymatic repertoire that the glycoprotein is exposed to. Arigoni-Affolter et al. 

reconstructed N-glycan processing kinetics of the secretory pathway of CHO cells (105). Losfeld 

et al. recently extended this approach by incorporating different pathways through the secretory 

pathway that generate populations hosting distinct glycoforms(234). This information, combined 

with glycosyltransferase and glycosyl hydrolase expression data, are all necessary for 

characterizing N-glycan processing for a cell type under a given set of conditions. Additionally, 

information from knockout cell lines will continue to provide us with useful information on the 

role of individual or groups of glycan-processing enzymes (235). This could be utilized to 

generate cell lines that have been engineered to direct the flux of glycan-processing towards a 

desired glycan profile(204). 
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The studies described in this dissertation principally dealt with characterizing the 

microheterogeneity of a roster of N-glycoproteins. However, the larger goal of this project has 

been to develop a foundation for understanding site-specific N-glycan processing to facilitate 

control over the glycosylation of expressed therapeutics, such as biologics and biosimilars. 

Though our understanding of this process is still rudimentary, the potential in utilizing it presents 

a unique opportunity to enhance the benefits of existing therapies, whether that is through 

improving binding to receptors (236), increasing the half-life of therapeutics in serum (236), or 

perhaps even the development of competitive inhibitors of glycoprotein-virus interactions (148). 

However, to achieve these goals we will need extensive biochemical characterization of a large 

swathe of glycoproteins and glycan-processing enzymes to build upon the foundation of this 

work. 
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