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Abstract : Glycosylation, which is one of the most common post-translation modification (PTMs) of proteins, plays a variety of
crucial roles in many cellular events and biotherapeutics. Recent advances have led to the development of various analytical
methods employing a mass spectrometry for glycomic and glycoproteomic study. However, site-specific glycosylation analysis
is still a relatively new area with high potential for technologies and method development. This review will cover current MS-
based workflows and technologies for site-specific mapping of glycosylation ranging from glycopeptide preparation to MS anal-
ysis. Bioinformatic tools for comprehensive analysis of glycoprotein with high-throughput manner will be also included. 
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1. Introduction

Protein glycosylation, one of the most common post-

translational modification (PTMs) of proteins,1 is an

important biological process that plays a vital role in cell

signaling, cell adhesion, and the regulation of biochemical

pathways.1-3 In particular, glycosylation on a therapeutic

protein affects drug’s efficacy and safety by modulating

wide range of therapeutic functions.4-7 In order to better

understand biological functions of specific glycoproteins

including biotherapeutics, comprehensive studies to

determine glycosylation site with glycan micro-

heterogeneities should be performed. However, unlike

other post translational modifications (PTMs) such as

acetylation and phosphorylation, the analysis of protein

glycosylation is more challenging due to its inherent

complexity and heterogeneity derived from glycan

structural diversity.7-8

The analysis of protein glycosylation can be achieved in

several levels of detail.8-10 In general, protein glycosylation

is characterized by three different approaches; 1) glycomic

approach using released glycans, 2) top down approach by

intact glycoprotein analysis, and 3) glycoproteomic

approach through glycopeptides analysis - individual

analytical approaches provide slightly different information

on protein glycosylation. The most simple and direct

analysis is to explore glycans released enzymatically or

chemically from a glycoprotein by mass spectrometry

(MS) or HPLC coupled to fluorescence detection (HPLC/

FLD).8-9 Glycomic-based methods provide in-depth

information on only glycan level including composition,

structure, and relative abundance. When N-glycans are

enzymatically released by PNGase F from glycopeptide,

Asparagine (Asn) residue linked to a glycan is hydrolyzed

to Aspartic acid (Asp) residue and glycosylation site can be

determined by detecting 1 Da mass difference. Top down

approach using intact glycoprotein analysis can rapidly

provide whole picture of glycosylation on a glycoprotein

with a minimum sample amount. However, it has several

limitations; 1) low sensitivity (low abundant glycoforms

are not detected), 2) low ionization efficiency owing to

negatively charged glycans, and 3) difficulty of data

interpretation caused by complicated MS spectrum.

Finally, glycoproteomic approach using glycopeptides

provides an unique platform to directly obtain glycan

heterogeneities for each occupied glycosylation site in a

glycoprotein although sample preparation for

glycopeptides and MS analysis takes more time and efforts

compared with other two methods. 

Recently, mass spectrometry (MS)-based analytical

platforms are considered as the most powerful approach to

characterize site-specific glycosylation.11-13 It gains more
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and more interests with advanced MS technologies for

glycoproteomics for understanding exact functional

relevance of protein glycosylation. Various separation

techniques such as capillary electrophoresis (CE)14-16 and

liquid chromatography (LC)17-19 are commonly hyphenated

to MS to comprehensively characterize glycopeptides

bearing high complexity and structural diversity.

Additionally, structural elucidation of glycopeptides and

determination of glycosylation sites can be achieved using

several tandem mass spectrometry techniques including

collision-induced dissociation (CID),18-23 electron transfer

dissociation (ETD),18,24-26 and higher energy collisional

dissociation (HCD).18,22,24-25,27

Although recent advances from sample preparation to

MS readily demonstrate the ability to determine site-

specific glycosylation,12,20,28-30 it is still a relatively new

area with high potential for technologies and method

development. Several groups in the last decades have

developed various analytical strategies to overcome current

problems for glycopeptides analysis such as poor

ionization efficacy of glycopeptides and relatively low

abundance in a given sample with the goal of analyzing

site-specific glycosylation in a sensitive and

comprehensive manner. In this review, we will discuss

current MS-based workflows and technologies for site-

specific mapping of glycoprotein(s) with topics covering

sample preparation by proteolytic digestion and

glycopeptide analysis by MS as well as their identification

with tandem MS technique. In addition, we will cover the

bioinformatic tools for comprehensive analysis of

glycoprotein with high-throughput manner. 

2. Technologies for site-specific analysis of glyco-
proteins

2.1 Experimental strategies to generate site-specific gly-

copeptides

MS-based site-specific glycosylation analyses begin with

protein digestion with specific/non-specific protease,

enrichment and separation of generated glycopeptides, and

detection. Various strategies currently in use to characterize

site-specific glycosylation were summarized in Figure 1.

Generation of glycopeptides by protein digestion by single

or cocktail protease represents the most crucial element in

MS-based site-specific glycosylation mapping. The

selection of protease depends on chemical and physical

characteristic of target glycoprotein(s). Up to now, specific

protease digestion has been predominantly performed with

trypsin due to its high specificity (on the C-terminal side of

Lys and Arg), easy sequence prediction in silico, and

widespread availability.31-32 However, trypsin, especially

for glycoprotein analysis, has certain limitations, for

instance, occurrence of missed cleavages caused by steric

hindrance of glycans, signal suppression of glycopeptides

by non-glycosylated peptides, and the presence of multiple

glycosylation sites on single glycopeptide. Lately, other

specific-proteases such as chymotrypsin, LysC, AspN and

GluC31-33 have been used as an alternative enzyme to

complement trypsin. One interesting protease is a non-

specific or multi-specific protease to digest a glycoprotein.

In particular, pronase which is one of popular class of non-

specific protease, has multiple specificities and activities,

thus by enabling a glycoprotein to break down to several

Figure 1. Experimental strategies for site-specific glycosylation analysis.
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glycopeptides bearing generally-shorter peptide moieties.34-

35 Other non-specific proteases including proteinase K and

subtilisin, and thermolysin were also widely used to

produce informative glycopeptides suitable for site-specific

glycosylation analyses.21,35-36

Enrichment of glycopeptides is a key element with the

aim of selectively obtaining glycopeptides from

complicated mixture containing non-glycopeptides,

enzymes, salts, and so on prior to MS-analysis. For

enhancing the MS signal of glycopeptides and ensuring

data quality, non-glycopeptides must be carefully removed.

Glycopeptides are less ionized than non-glycopeptides

because most glycosylation sites carry a multitude of

glycans giving rise to different glycoforms of

glycopeptides thus glycopeptides present at a relatively

minor portion in the total peptide mixture.28 Therefore,

various enrichment tools using physical and chemical

properties of glycopeptides have been developed. Size

exclusion chromatography (SEC) is often used for

enrichment of glycopeptides,37-38 because most tryptic

glycopeptides have relatively higher molecular weight than

peptide counterparts. Recently, hydrophilic interaction

liquid chromatography (HILIC)-based glycopeptide

enrichment has been used in popular due to high specificity

for glycopeptides.39 Reversed phase purification using C18

is one of the common approaches for tryptic glycopeptide

enrichment.40-42 In particular, porous graphitized carbon

(PGC) is well applicable for enrichment of non-tryptic

glycopeptides with smaller peptide portions.34-35 In parallel,

online LC separation hyphenated with MS is a powerful

platform for glycopeptide analysis, allowing detection of

glycosylated and non-glycosylated peptides in complex

mixtures within single LC run. Chromatographic

separation by reversed phase (RP) stationary phase (C18

stationary phase) is applicable for long peptide/

glycopeptide chains commonly produced by tryptic

digestion.32 While PGC is effective for isomer-specific

separation of N- and O-glycopeptides modulated by both

peptide and glycan structure.34-35

Note that conventional tryptic glycopeptides may yield

less information on the glycan structure i.e.

monosaccharide composition and a few topology/

branching information due to limited separating capacity

by RP-LC.28 On the contrary, pronase-digested

glycopeptides with the shorter peptide moiety provides

more abundant information about glycoform structures on

other stationary phases including PGC.43-44 Another

separation method, HILIC stationary phases are also

commonly used for site-specific glycopeptide analysis

taking advantage of the hydrophilic characteristic of

glycopeptides.

Glycopeptide analysis often employs MS as the final

detection step. Initially, possible compositions of

glycopeptides are assigned by accurate masses and their

structures are further confirmed by tandem MS. LC/MS

has been widely used for site-specific glycosylation

mapping. Two types of LC/MS are typically preferred in

site-specific glycosylation analysis,45 namely, Orbitrap type

mass spectrometry32 and Q-TOF type hybrid mass

spectrometry34-35 providing high mass accuracy and high

resolution. Matrix-assisted laser desorption/ionization

(MALDI)-TOF MS and MALDI-Fourier transform-ion

cyclotron resonance (FT-ICR) MS can be used for site-

specific glycosylation analysis. MALDI-MS has several

advantages; ease of sample preparation, relatively high

tolerance to salts and other contaminants. LC/MS analysis

of glycopeptides allows on-line chromatographic

separation of (glyco)peptides. In contrast, MALDI analysis

of glycopeptides is generally achieved by targeted

enrichment techniques to enable the detection of

glycopeptides with minimizing signal suppression caused

by non-glycopeptides. Recently, most analysts now prefer

LC hyphenated with high-resolution MS for glycopeptide

analysis to obtain quantitative information and to reduce

false assignments. Indeed, high mass-accuracy and isotope-

resolution capabilities of high-resolution MS allow

accurate detection of predicted glycopeptide masses,

leading to confident assignment of composition.46

In order to elucidate structure of glycopeptides including

sequence of peptide backbone, the glycan structure and the

site of glycan attachment, tandem MS analysis is required.

Depending on the configuration of the instruments, various

distinct fragmentation techniques in tandem MS analysis

can be used. This point will be discussed in detail in the

next section named “Glycopeptide identification by tandem

MS”.

2.2 Methods for site-specific mapping: Specific prote-

ases vs Non-specific protease

Site-specific characterization of a glycoprotein is a key

to understand the functional relevance of protein

glycosylation at the protein-specific as well as global level,

e.g, in the context of antigenicity, pathogenesis and disease

progression. Nevertheless, site-specific mapping is still

significantly under-defined due to structural complexity of

glycoprotein. In general, site-specific mapping workflow

starts with the purification or fractionation of a single

glycoprotein (or mixture of glycoproteins), followed by

generating glycopeptides/non-glycopeptides using

protease, subsequently. Here, we introduce representative

but different strategies based on specific proteases and non-

specific protease, focusing on two representative enzymes

(trypsin and pronase, respectively) for the purpose of

comprehensive site-specific mapping.

Trypsin is one of the most popular specific protease

thanks to its specificity especially for basic amino acid

residues. Employment of trypsin enables an extensive and

global shotgun glycoproteomics approach through

profiling of highly complex mixture of glycoproteins47

(e.g. bio-mixtures such as complex cell extracts,48 tissues,49
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and bio-fluids50-51). Therefore, microheterogeneity

(qualitative and quantitative distribution of glycans at

defined glycosylation site) glycoform profiling and total

glycan occupancy called as macroheterogeneity

(quantitative characterization of glycans at different

glycosylation sites) can be yielded from a given

glycoprotein mixture.28 And, glycoprotein database based

on well-established protein database (e.g. uniprot) enables

large scale study for comprehensive analysis of

glycosylation signatures in a whole system. Furthermore,

by utilizing tools to examine functional interactions as well

as functional annotation of proteins (e.g. DAVID and

STRING), functional significance can be examined

including the Gene Ontology biological processes, cellular

components, and functional glycoprotein interaction

network.52

Based on the global mapping of whole glycoproteome

pool, comparative glycoproteomic mapping to monitor the

differences of protein glycosylation in the different

biological context such as specific pathogenesis has been

performed.53-54 The comparative glycoproteomics usually

allows useful assessments as follows: qualitative

comparison by the presence/absence of glycopeptides from

all proteins, relative quantitative comparison of specific

glycopeptide, and absolute quantitative comparison of

specific glycopeptide by employing labeled internal

glycopeptide analog useful for in-depth characterization,

e.g therapeutics analysis.

In quantitative aspect, despite of great interests of

researchers on reliable quantitative assessment,

quantitative analysis using glycoproteomic approach still

bear the analytical challenges due to great differences in

ionization efficiency between tryptic-glycopeptides with

largely variable peptide lengths.55-56 This results in the

majority of published qualitative studies49,51,57-61 rather than

quantitative studies which still have high barriers to

entry.17,50,61-63

While specificity of trypsin yields well-defined peptides,

limited glycosylation site information could be yielded

depending on the protein sequences. Multiple

glycosylation sites on a single tryptic peptide avoid

confident glycan assignment by tandem MS. In addition,

large peptide produced by missed cleavages would not

readily be characterized by collision induced dissociation

(CID). On the other hands, one popular nonspecific

protease, pronase usually provides more glycosylation site

information and glyco-isoform information.64 It can give

better understanding to glycan micro-heterogeneity and

glyco-profiling of a specified single glycoprotein rather

than complex glycoprotein mixture. Thus, some

researchers favor the use of pronase for the site-specific

characterization of defined proteins with smaller yet rather

highly heterogeneous glycopeptides such as second

generation EPO, haptoglobin, alpha-2 macroglobulin, and

etc.13,65

While the use of pronase generally provide better site

information, they may increase the risk of ambiguous

identification by generating peptide moiety which is too

small and may not designate the site. Thus, optimal

digestion time is required be optimized depending on the

character of target protein to generate appropriately scaled

down peptide moiety. The digestion time need to be short

enough to unambiguously identify site-specificity of

peptide sequence as well as easy separation and detection

by PGC, yet still long enough to break down non-

glycosylated peptides into the level of amino acid to reduce

signal suppression by them.56

Taken together, it is critical to designate appropriate

analytical strategy, whether specific or non-specific protease

approach, depending on the character of researcher’s target

glycoprotein (or glycoprotein mixture) and purpose of

comprehensive site-specific mapping which allows useful

insight how molecular, cellular, or systemic alterations affect

protein glycosylation. Employing both enzymes can allow

more complete site-specific glycan mapping.65 Figure 2

finally shows schematic comparison of trypsin-based and

pronase-based glycoproteomic approach in parallel.

Figure 2. Schematic comparison of site-specific glycosylation

analysis: trypsin based specific protease (left) vs pronase based

non-specific protease (right) approach.
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3. Glycopeptide identification by tandem MS

Theoretically, tandem MS analysis of a glycopeptide can

provide information both on glycosylation site and

structure of attached glycan. In general, fragmentation of

glycosidic bond is more favorable than peptide backbone

fragmentation in collision induced dissociation (CID) and

high-energy collisional dissociation (HCD).12,66 In other

words, glycan moiety on a glycopeptide is dissociated at

lower vibrational energies than does the peptide

backbone.67 Consequently, the fragmentation on glycosidic

bond occurs before peptide backbone fragmentation.68 For

this reason, typical fragment ions in CID or HCD tandem

MS spectra are produced by the loss of glycan moiety, thus

the information on glycosylation site is often minimal.12

Alternative techniques for tandem MS analysis are

electron-activated dissociation (EAD) including electron-

capture dissociation (ECD) and electron-transfer

dissociation (ETD) as well as ultraviolet photodissociation

(UVPD). EAD, which takes advantages of ion-electron or

ion-ion reaction, can cleave peptide backbone of

glycopeptide while glycosidic bond remained intact, thus

by generating fragment ion from which amino acid

sequence and finally provide information on glycosylation

site.69-71 Recently, hybrid techniques for tandem MS

analysis of glycopeptides such as electron-transfer/higher-

energy collision dissociation (EThcD) and electron-

transfer/higher-energy collision induced dissociation

(ETciD) have been developed.25,72-73 Both methods can

simultaneously provide information on the peptide

sequence and the glycosylation site as well as glycan

structure.67,74 Moreover, UVPD, which takes advantage of

ion-photon interaction, has recently been applied to

glycopeptide analysis and showed promising results in

determination of glycosylation sites.75-76 In this review we

focused on CID fragmentation which is an essential MS

tool to extract structural information on both glycan moiety

and peptide sequence of a glycopeptide.73

Figure 3-A shows the representative N-glycopeptide

CID tandem MS spectrum of the precursor ion at m/z 891.338

([M+3H]3+) consisting of mono-fucosylated mono-sialylated

bi-antennary glycan with a peptide backbone, QYNST,

obtained from human immunoglobulin G (IgG). Existence of

the fragment ions at m/z 274.093 [NeuAc-H2O+H]
+, m/z

292.107 [HexHexNAc+H]+ and m/z 657.229

[HexHexNAcNeuAc+H]+ readily indicates that glycopeptide

Figure 3. Representative tandem MS spectra of (A) N-glycopeptide and (B) O-glycopeptide obtained from IgG and recombinant human

erythropoietin, respectively.
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was decorated with NeuAc.12,77-78 Furthermore, the loss of

HexHexNAcNeuAc residue from the precursor ion (m/z

2015.765, [M+H]+) and sequential losses of monosaccharide

residues (m/z 1853.733, [QNYST+Hex3HexNAc3Fuc1+H]
+;

m/z 1650.624, [QNYST+Hex3HexNAc2Fuc1+H]
+; m/z

1504.595 [QNYST+Hex3HexNAc2+H]
+; m/z 1342.525,

[QNYST+Hex2HexNAc2+H]
+; m/z 1180.459, [QNYST+Hex2

HexNAc1+H]
+) provided the composition and structure of

glycan moiety. In addition, the presence of ion at m/z 961.397

([QNYST+HexNAcFuc+H]+) definitely indicated the core

fucosylation. Finally, the peptide moiety has been

identified by the presence of protonated peptide backbone

[QYNST+H]+ (m/z 612.256).

The fragmentation pattern of O-glycopeptides is similar

to N-glycopeptide counter parts. Figure 3-B shows the

representative O-glycopeptide CID spectrum of the

precursor ion at m/z 770.324 ([M+2H]2+) consisting of

mono-sialylated core 1 O-glycan with peptide backbone

SPPDAASAAP. The loss of peptide backbone from a

precursor ion yielded only glycan moiety corresponding to

Gal1GalNAc1NeuAc1 (m/z 657.237). Definitely, the

presence of fragment ion at m/z 495.17

[GalNAcNeuAc+H]+ could be evidence to indicate that the

NeuAc residue was attached to GalNAc residue. In

addition, fragment ion at m/z 366.152 [GalGalNAc+H]+

readily identified as a core 1. The fragment ion

corresponding to peptide backbone (m/z 883.420,

[SPPDAASAAP+H]+) could also provide the information

on peptide sequence. However, the glycosylation site was

not determined in CID spectrum of glycopeptide. The

detailed glycosylation site could be precisely assigned

using latest tandem MS techniques such as ETD, EThcD,

ETciD and UVPD. Integration of information provided by

tandem MS spectra with known glycobiology was

unambiguously able to identify the glycosylation site and

moiety.

4. Bioinformatic tools for site-specific glycosylation

In the past decade, many bioinformatics tools

employing MS such as GlycoWorkbench,79 Glyco-

Fragment,80 SimGlycan,81 GlycoMod,82 GlyPID,83 and

etc., have developed for the prediction of glycopeptide

composition in glycoproteomic approach. Numerous

problems caused by composition complexity of glycan,

various size of glycopeptides, multiplicity of

glycosylation at single glycopeptide, multiple peaks

from single compound in ESI-MS, and multiple MS/

MS data according to different fragmentation energies

really make the study of site-specific glycosylation

difficult. Here, we briefly introduce representative

softwares for high-throughput glycoproteomics in this

review (Table 1). 

Byonic, a commercial PTM-centric search engine, has

ability to annotate and identify N- and O-glycopeptide

from MS/MS spectra with the high-throughput manner.

Various data of LC-MS/MS obtained from Q-TOF CID,

Orbitrap CID, HCD, ETD and EThcD can be used for the

input of this program. Byonic score represents a sum of

positively predicted and observed m/z signals and

negatively predicted and not observed m/z signals, using

pre-defined or user-defined protein sequence and glycan

databases. However, Packer and her co-workers reported

that Byonic showed high accuracy and coverage (> 80%)

with low FDR (1 <%) using Q-Exactive Orbitrap HCD-

MS/MS, they also mentioned that the manual validation for

some N-glycopeptides from the limits of the single

glycoprotein analysis was required.84 GPFinder 3 is a

python script for the analysis of N- and O-glycopeptides

using their MS/MS spectra.85 In spite of the lack of user

friendly interface, it provides novel decoy generation

strategy of no shuffled peptide sequence with 11 Da plus in

each glycan composition. Lebrilla and his co-workers

demonstrated the annotation of site-specific glycosylation

with glycan micro-heterogeneity in control mixture

sample, providing less than 5% FDR with high confidence.

GPS was reported to show similar performance (5.58%

FDR) with GPFinder 3 in single standard protein of

Haptoglobin, but limited with tryptic digested N-

glycopeptides, where it used decoy database of non-motif

peptides with glycan composition in the analysis.86 I-

GPA is another commercial search program for

identification and quantification of N- and O-

glycopeptides using three scoring system and a decoy

method with reversed peptide sequence and mixed

glycan composition.87 From the mixture standard

proteins of IgG and AGP, and human plasma,

tremendous number of N-glycopeptides was identified

and quantified with < 1.0 FDR with high-throughput

manner. MAGIC reported a novel algorithm named

Trident that detects a triple cores of Y series ions

obtained from tandem MS/MS spectra.88 The in silico

spectra including the original precursor m/z of the naked

peptide and removing all of the glycan-related ions for

the analysis was generated by the Trident for high-

throughput identification of N-glycopeptides.88 Finally,

the MAGIC computes and ranks the glycan

compositions, and uses Mascot search engine for

identification of naked peptide fragment ions. Using this

method, 36 N-glycopeptides from 26 glycoproteins were

reported from HeLa cell data set.89 pGlyco 2.0 was

recently released for identification of N-glycopeptide

from various types of tandem MS spectra. Support vector

machine (SVM), one of the machine learning method,

was used for calculation of FDR. From the yeast data set,

this method showed the acceptable result with < 1%

FDR, whereas 2.0% of FDR was calculated from the

mouse database. Yang and his co-workers identified 995

N-glycoproteins from five kinds of mouse tissues with

high-throughput manner.90
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5. Conclusion

Information on glycosylation site occupancy with glycan

micro-heterogeneity is increasingly recognized as crucial

to understanding structure and function of glycoprotein(s)

in a biological system. In the past decade, significant

efforts have been made to comprehensively characterize

site-specific glycosylation of various biological samples in

clinical and biopharmaceutical field. However, there is no

single analytical method to allow high throughput and

detailed investigation on individual glycosylation sites.

Although MS-based techniques are still the most effective

and versatile approach for the analysis of site-specific

glycosylation, full characterization including macro- and

micro-heterogeneity in a complex biological sample still

remains challenging. Nonetheless, there is no doubt that

MS-based tools will be valuable for the eventual

development of glycoproteomics with continued evolution

in separation technology and bioinformatics.
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