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Abstract

Recent advances in analytical techniques provide the opportunity to quantify even low-abundance
glycopeptides derived from complex biological mixtures, allowing for the identification of
glycosylation differences between healthy samples and those derived from disease states. Herein,
we discuss the sample preparation procedures and the mass spectrometry (MS) strategies that
have facilitated glycopeptide quantification, as well as the standards used for glycopeptide
quantification. For sample preparation, various glycopeptide enrichment methods are summarized
including the columns used for glycopeptide separation in liquid chromatography separation.
For mass spectrometry analysis strategies, MS1 level-based quantification and MS2 level-based
quantification are described, either with or without labeling, where we have covered isotope

labeling, TMT/iITRAQ labeling, data dependent acquisition, data independent acquisition, multiple

reaction monitoring, and parallel reaction monitoring. The strengths and weaknesses of these
methods are compared, particularly those associated with the figures of merit that are important
for clinical biomarker studies and the pathological and functional studies of glycoproteins in
various diseases. Possible future developments for glycopeptide quantification are discussed.

| INTRODUCTION

Glycosylation, a non-template driven process, is one of the most abundant post-translational
modification of proteins, which is common to all eukaryotes (Schjoldager et al., 2020).
About 50%-70% of human proteins are glycosylated with two main types: N-linked
glycosylation and O-linked glycosylation (An et al., 2009; Varki, 2017) (Figure 1). The
aberrant glycosylation of proteins has been shown to be particularly important in various
diseases (Cummings and Pierce, 2014; Magalhaes et al., 2021), such as inflammation, host-
pathogen interaction, kidney disease, Alzheimers’ and especially in carcinogenesis (Argade
et al., 2015; Magalhaes et al., 2017; Parsons et al., 2020; Zhang et al., 2020a). The detailed
structure of these glycans, their various isomeric forms and their site specificities, all of
which may be related to disease, have been difficult to access in the past. The development
of modern mass spectrometry methods which can provide detailed structural analysis of
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glycan moieties on glycopeptides have recently opened up this field to great advances
related to disease (Delafield and Li, 2021; Fang et al., 2021; Patabandige et al., 2021; Peng
etal., 2021; Shu et al., 2021; \killon et al., 2018; Zhu et al., 2019b).

The glycosylation changes in diseases often include the incomplete synthesis of truncated
glycan structure, increased expression of complex branched N-glycans, terminal glycan
sialylation, and altered fucosylation (Pinho and Reis, 2015). These changes of glycosylation
may be the results of pathogenesis, based on which they can serve as biomarkers for
diagnosis. The majority of clinical cancer biomarkers are glycoproteins, such as CA19-9
where SLe? antigen is a serological marker for pancreatic cancer. Also, CA125 is used as
a marker for ovarian cancer, and AFP as a marker for hepatocellular carcinoma (HCC)
where a core fucosylated form of AFP has been proposed as an alternative marker for
HCC. These changes of glycosylation may also play an important role in pathogenesis and
carcinogenesis directly. For example, the increased core fucosylation of N-linked glycans
of LLCAM protein on the surface of melanoma cancer cells was found to facilitate the
metastasis by inhibiting its cleavage by plasmin (Agrawal et al., 2017).

The quantitative analysis of glycosylation provides a means for its functional evaluation in
physiological and pathological processes (Cipollo and Parsons, 2020), for the assessment
of diagnostic and prognostic values (Patwa et al., 2010; Zhu et al., 2019b), and for

the exploration of possible drug targets (Alcedo et al., 2019). Mass spectrometry has

been shown to be a unique tool for the study of glycosylation and its structure in both
fundamental and clinical studies. The use of mass spectrometry is particularly powerful

in providing the capabilities for quantitation of unique structural features of glycans and
glycopeptides including structural isomers which may be essential to quantify in biological
processes (Gautam et al., 2021; Zhu et al., 2020b). One aspect for glycosylation quantitation
is based on the glycopeptide level with site-specific glycosylation, where this level of
structural analysis has been shown to be potentially very important in biomarker and
fundamental mechanistic studies.

The key considerations for glycopeptide quantitation are the sensitivity, specificity,
reproducibility, precision, and throughput, which are the same as for peptide quantitation
(Domon and Aebersold, 2010). Sensitivity refers to the limit of quantitation (LOQ), which,
for peptides, is defined as the measurable value when S/N>6 (2013 AC, Renee). Specificity
means that the ions chosen for measurement should be specific to the target, where matrix
effects should be considered. Reproducibility means that the quantitation results should

be reproducible with a small coefficient of variation (CV). Precision means the reliability
of quantitated values, involving the generation of the calibration curve and the dynamic
range of measurement, where carryover should be also evaluated. Throughput refers to the
number of targets that can be quantitated within a limited time. These variables are all
essential in the study of glycosylation related to biology and disease. However, glycopeptide
quantitation is more complicated than peptide quantitation due to the presence of the glycan
structure, especially in the aspects of sensitivity, specificity, and throughput.

Sensitivity is most important for glycopeptide quantitation. This is partly because one
peptide backbone may have more than 60 glycoforms without considering the linkage
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differences, resulting in each glycopeptide with a much lower abundance (Liu et al., 2017a).
This is especially true for the modification of sialic acid at the end of glycan structure

which significantly reduces the glycopeptide signal in the mass spectrometer detection
(Stavenhagen et al., 2013) compared with other glycopeptides at equal molar amount. Also,
the MS intensity of sialylated glycopeptides with longer peptide chains is stronger than those
with shorter peptide chains, possibly due to the enhanced ease of protonation or charge
(Baerenfaenger et al., 2019). Specificity is especially important for glycopeptides because
different glycopeptides have the same peptide backbone and different glycopeptides share
very similar MS/MS spectra (Figure 2).

In this review, we will first briefly summarize the enrichment methods for glycopeptides that
were involved in glycopeptide quantification. We will then summarize the HPLC columns
used for separations of glycopeptides which can be integrated online with MS, including
C18, HILIC, and PGC. We will focus mainly on the comparison of different strategies for
glycopeptide quantitation for clinical biomarker studies and the pathological and functional
studies of glycoproteins in various diseases. We will discuss MSL1 level-based quantification
including labeling based and label free quantification, and MS2 level-based quantification
including non-targeted labeling methods (TMT/iTRAQ), non-targeted non-labeling methods
(DDA, DIA), and targeted methods (MRM, PRM) (Figure 3). Other recent reviews have
summarized the methods to improve the quantitative glycoprotein coverage (Chang and
Zaia, 2021).

Herein, we will focus on the comparison of the benefits and the trade-offs of different
strategies for glycopeptide analysis based on liquid separations and mass spectrometry and
the advantages of using various mass analyzers for this analysis. We will also summarize
the glycopeptide standards which have been used for quantitation. Various MS/MS collision
methods (i.e. EThecD, AI-ETD, CID, HCD and stepped HCD) for glycopeptide identification
and softwares for glycopeptide analysis have been reviewed elsewhere (Chang and Zaia,
2021; Klein and Zaia, 2020; Ruhaak et al., 2018), including glycan library dependent
software (such as, GPQuest (Toghi Eshghi et al., 2015); SweetNET (Nasir et al., 2016);
GPfinder (Strum et al., 2013), pGlyco (Liu et al., 2017a)) and glycan library independent
software (such as MSFragger-Glyco (Polasky et al., 2020)). Ultimately, this review will
serve to summarize the advantages of mass spectrometry technology for quantitative
analysis of glycopeptides and its applications to specific problems.

I ENRICHMENT AND SEPARATION OF GLYCOPEPTIDES

Due to the low abundance of glycopeptides compared to peptides in protein digests,

the complexity/microheterogeneity of glycosylation, and ion suppression effects from the
co-eluting peptides in LC-MS analysis, specific sample preparation such as glycopeptide/
glycoprotein enrichment is necessary prior to MS analysis of glycopeptides. The stationary
phases for enrichment include ligand immobilization or chemical bonding strategies on
solid supports to selectively enrich N- or O-glycopeptides in either physical or chemical
modes of binding (Huang et al., 2014). The major methods and materials for the enrichment
of glycoproteins/glycopeptides have been reviewed recently (Pujic and Perreault, 2021;
Suttapitugsakul et al., 2020; Xiao et al., 2019; Yu et al., 2018; Zhu et al., 2019b),
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including the methodologies that involve the use of microarray platforms (Patwa et al.,
2010). Herein, we mainly summarize the enrichment strategies incorporated into quantitative
glycoproteomic studies as well as column selection for liquid separation of glycopeptides.

Enrichment Methods for Glycopeptides

Enrichment methods, including lectin affinity chromatography, HILIC solid phase
enrichment, boronate affinity, and hydrazide chemistry, have been widely employed to
advance the identification and quantitation of glycopeptides in complex biological samples.
Based on the type of enrichment, they can be grouped into two categories: glyco-motif
targeted enrichment and universal enrichment.

2.1.1. Glyco-Motif Targeted Enrichment—Lectins are carbohydrate-binding proteins
that bind to sugars with specific moieties. Among them, sambucus nigralectin (SNA)
preferentially binds to sialic acid residues, aleuria aurentia lectin (AAL) specifically
recognizes terminal a-linked fucose, and /ens culinaris agglutinin (LCA) has strong
preference for core al,6-fucose, which are often used for enrichment of glycopeptides
with sialic acid or fucose moieties to determine changes in sialylated or fucosylated
glycopeptides/glycoproteins correlated with cancer/diseases. Concanavalin A (Con A) and
wheat germ agglutinin (WGA) are widely used for glycopeptide enrichment (Miyamoto
et al., 2016; Pap et al., 2018; Riley et al., 2019) since they recognize a-linked mannose
and terminal GICNACP residues, respectively, the two glyco-structures common to many
glycoproteins. Typically, lectins are immobilized onto a solid support, such as agarose
beads, which can be packed into a spin/centrifuge column for solid-phase extraction of
glycopeptides/glycoproteins (Zhao et al., 2007; Zhao et al., 2006).

The use of lectin-affinity columns represents an important advance in targeted enrichment
of glycopeptides with specific glyco-matifs for quantitative analysis of glycopeptides as
potential cancer biomarkers. To study changes in fucosylated glycopeptides/glycoproteins,
AAL- and LCA-affinity columns are frequently used (Kaji et al., 2013; Liu et al.,

2010; Tanabe et al., 2016; Yin et al., 2015a; Zhu et al., 2012). For example, Lubman

and coworkers integrated LCA enrichment into a method for quantitative analysis of
site-specific core-fucosylated (CF) peptides in patient sera between HCC and cirrhosis
(Yin et al., 2015a). The strategy involved depletion of high-abundance serum proteins,
trypsin digestion, iTRAQ labeling of the peptides, LCA enrichment of CF peptides, and
endoglycosidase F3 digestion prior to mass spectrometry analysis. In total, 1300 CF peptides
from 613 glycoproteins were identified and quantified, where 15 CF peptides were found
over-expressed in ALC-related HCCs and 12 CF peptides in HCV-related HCCs compared
to their corresponding cirrhosis patients. In another work by the Lubman group, LCA
enrichment was applied to improve the quantitation of CF sites in serum glycoproteins
among 13 sets of serum samples from pancreatic cancer, chronic pancreatitis, and healthy
controls, respectively (Tan et al., 2015). In total, 630 CF sites were quantified from 322
glycoproteins in pancreatic cancer, revealing 8 differentially expressed CF peptides in
pancreatic cancer.
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2.1.2. Universal Enrichment—The universal enrichment methods for glycopeptides
include HILIC, boronate affinity, hydrazide chemistry, etc. HILIC materials are usually
packed into columns or pipette tips to enrich glycopeptides based on the increased
hydrophilicity by glycans (Qing et al., 2020). Boronate affinity is based on the strong
covalent interaction between boronic acid and sugars, which enables universal capture of
glycopeptides, while the reversible property allows the release of glyco-species without side
effects (Chen et al., 2014; Wang et al., 2013; Xiao et al., 2018). Hydrazide chemistry for
glycopeptide enrichment is based on the covalent bond formation between the hydrazide
groups and the aldehyde groups on oxidized glycan motifs (Zhang et al., 2003). All these
enrichment methods take advantage in unbiased binding to glycopeptides for comprehensive
characterization of the glycosylation landscape and quantitation of glycopeptides in complex
biological samples.

1) HILIC: HILIC displays broad applications and outstanding performance in
comprehensive glycoproteomic analyses of biological samples (Liu et al., 2021; Shu

et al., 2020; Wang et al., 2020; Zacharias et al., 2016; Zhu et al., 2020a). The

Lubman group developed an integrated workflow with HILIC enrichment for differentially
quantitative analysis of the microheterogeneity of site-specific intact N-glycopeptides of
serum haptoglobin (Hp) between early HCC and liver cirrhosis (Zhu et al., 2019a; Zhu

et al., 2020a). Hp was immunopurified from 20 pL of serum, followed by trypsin/GIluC
digestion, glycopeptide enrichment with HILIC tips, and LC-EThcD-MS/MS analysis.

In total, 70 NASH patients (37 HCC and 33 cirrhosis cases) were analyzed, where

the differential quantitation analysis revealed that five N-glycopeptides at sites N184

and N241 in serum Hp were significantly elevated in HCC compared to cirrhosis (p <
0.05). The 5 independent replicates of an Hp standard showed the Pearson correlation
coefficient R? value for the binary comparison of the 5 replicates were from 0.955

to 0.995. The relative standard deviation (RSD) of the most abundant glycopeptide
VVLHPN24YSQVD_A2G2S2 was 7.73% across the 5 replicates, and the low abundant
glycopeptides of VVLHPN241YSQVD_A4G4S4 and VVLHPN24lYSQVD_A4G4F1S4 had
an RSD of 10.20% and 15.23%, respectively, showing good reproducibility of the method
(Zhu et al., 2020a).

In a large-scale glycopeptide quantitative study by the Lubman group, HILIC enrichment
was also incorporated into an LC-Stepped HCD-MS/MS workflow for broad-scale marker
discovery for HCC (Lin et al., 2021). In this work, 10 L of depleted serum was used

for trypsin digestion, followed by glycopeptide enrichment using HILIC tips, offline
fractionation, and LC-Stepped HCD-MS/MS analysis for differential determination of
changes in site-specific glycopeptides in whole serum between HCC and cirrhosis. As a
result, a panel of N-glycopeptides were identified as potential biomarker candidates for early
HCC, where the 65 glycopeptide biomarker candidates were further targeted quantitated
among 78 patients (40 cirrhosis and 38 HCCs) by LC-Stepped HCD-PRM-MS/MS. The
method reproducibility was evaluated by three independent experiments from a random
serum sample, where the Pearson correlation coefficient R2 value was found from 0.9630 to
0.9998, indicating good reproducibility of the method.
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2) Boronate Affinity: The Wu group has employed a boronic acid-based chemical method
to universally enrich glycopeptides (Chen et al., 2014; Xiao et al., 2018). By combining
boronic acid enrichment with PNGase F treatment in heavy-oxygen water and LC-MS/MS,
they were able to identify 816 N-glycosylation sites in 332 yeast proteins. The Li group
(Chen et al., 2021) has developed an N-glycoproteomic approach with sequential enrichment
of N-glycopeptides by HILIC and boronic acid enrichment, followed by EThcD for large-
scale intact N-glycopeptide analysis. With this approach, they were able to identify a total

of 2893 intact N-glycopeptides from 511 N-glycosites and 285 N-glycoproteins in human
cerebrospinal fluid (CSF) samples, which is the largest site-specific N-glycoproteome
dataset reported for CSF to date (Chen et al., 2021).

3) Hydrazide Chemistry and Others: Sun et al. developed a solid phase based labeling
approach by integration of glycopeptide enrichment and stable isotope labeling on hydrazide
beads for differential quantitation of glycopeptides between HCC versus normal serum
samples (Sun et al., 2012). This approach showed good linearity range with 2 orders of
magnitude for quantification of glycopeptides. Compared to dimethyl labeling performed in
solution, this approach has better enrichment recovery (10-330% improvement) and high
detection sensitivity in which 42% of annotated glycosites (vs 26%) still can be quantified
using only 10 ug of glycoprotein mixtures. The Ye group developed a chemoenzymatic
method to analyze mucin-type core-1 O-glycosylation in human serum where the oxidized
O-GalNAcylated peptides were captured by hydrazide beads and eluted with methoxylamine
for LC-MS/MS analysis (You et al., 2018).

There are also some other glycopeptide enrichment methods, such as a unique EXoO
method developed by the Zhang group to enrich glycopeptides with Tn antigen (Yang et
al., 2020b; Yang et al., 2020c) and a chemoenzymatic method named IsoTaG to enrich
isotope-labeled N- and O-glycopeptides from whole cell proteomes (Woo et al., 2017; Woo
et al., 2015). In addition, monolithic columns were also used for glycopeptide enrichment
including Borate-monolithic column (Chen et al., 2009), LCA-monolithic column (Bedair
and Oleschuk, 2006; Feng et al., 2009) and HILIC monolithic columns (Jiang et al., 2016).

2.1.3. Comparison of Enrichment Methods—Among the enrichment methods,
lectin affinity can be used to capture a specific glycosylation structure due to the
carbohydrate specificity of the lectin, in particular sialylation or fucosylation, which are

the two most important glycosylations correlated to cancer and diseases. HILIC and covalent
binding are often used for universal enrichment of glycopeptides when full characterization
of N- or O-glycosylation in biological samples is required.

Chen et al. evaluated three commonly used enrichment methods for N-glycopeptides,
including HILIC, lectin affinity, and boronic acid in their work of site-specific analysis of
N-glycoproteome in human CSF in Alzheimer’s disease (Chen et al., 2021). They found that
the boronic acid approach outperformed the other two methods regarding the number of N-
glycopeptide identifications. However, HILIC enrichment showed the highest identification
number of sialylated glycopeptides, a significant modification in many biological systems.
The preferential enrichment of sialylated N-glycopeptides is probably because sialic acid

Mass Spectrom Rev. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yin and Zhu

Page 7

increases the hydrophilic interactions between the glycopeptides and HILIC (Chen et al.,
2021).

Wohlgemuth et al. compared HILIC, hydrazide chemistry, and titanium dioxide (for
capturing sialylated glycopeptides) in quantitative analysis of site-specific glycopeptides
(Wohlgemuth et al., 2009). Quantitative analysis demonstrated that glycopeptides could be
enriched by ZIC-HILIC without bias for particular glycan structures and without significant
losses. Sialylated glycopeptides could be efficiently enriched by titanium dioxide and in
addition to HILIC both methods enable a comprehensive analysis of protein glycosylation
by MS. However, enrichment of N-glycopeptides by hydrazine chemistry resulted in lower
peptide recovery using a more complex enrichment scheme (Wohlgemuth et al., 2009).

The Zhang group compared ZIC-HILIC and strong anion exchange (SAX) cartridges in

the yield of enrichment of intact N- and O-glycopeptides from 1 mg of serum or tissue
protein digests as well as the effectiveness to enrich isobarically labeled glycopeptides

for glycoproteomic analysis. The result showed that the enrichment effect of SAX and
ZIC-HILIC was similar but the recovery of SAX was much higher than ZIC-HILIC resin,
and SAX was better for O-glycopeptides enrichment. Furthermore, isobaric tag labeled
glycopeptides after C18 desalting could be readily enriched by SAX cartridges but not by
HILIC to enable quantitative glycoproteomics (Yang et al., 2017b). The same group recently
developed one-step glycopeptide enrichment method where C18 beads and Oasis MAX
beads (Waters) were filled in one cartridge for glycopeptide enrichment and desalting, which
greatly simplifies the sample preparation for large scale clinical sample analysis (Chen et al.,
2020; Yang et al., 2020a).

It should be noted that the cartridge-based platform is only applicable for large sample
amount. When handling limited starting materials, a tip-based platform could efficiently
minimize sample losses. In addition, these enrichment methods can be applied as a single
enrichment strategy or coupled together to maximize the glycoproteome of biological
samples.

2.2. Column Selection for Glycopeptide LC Separation

The chromatography separation before MS analysis could greatly enhance the MS
sensitivity which is decreased due to the micro-heterogeneity of glycopeptides with

various glycan structures. The separation is important for the reproducibility, precision, and
throughput of the analysis. When conjugating with MS using ESI (electrospray), the flow
rate, directly correlated to the inner diameter of the columns, strongly affects the ionization
process. For peptides, the sensitivity gain increases exponentially from an analytical flow
rate (0.1-0.4 mL/min for 2.1 mm ID column) to capillary flow rate (1-15 puL/min for 0.1-0.3
mm ID column) to nanoflow rate (300 nL/min for 75 um ID column) (Wilm and Mann,
1996); lower flow rates also enhance the MS signal of neutral glycans without sialic acid
(Bahr et al., 1997; Schmidt et al., 2003). Other column parameters include column length
and particle size. The most commonly used particle sizes are 5 um, 3 um and 1.7 um.

In general, a smaller particle size results in a better separation but also a higher column
pressure. However, the improvement from using a longer column, 30 cm or 50 cm compared
with 15 cm column, is negligible with a 3 um particle but has slightly better separation
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with a 1.7 pm particle. Columns with a smaller flow rate require a longer time to complete

a run, reducing the overall throughput (Liu et al., 2007). These parameters of columns are
expected to be similar for glycopeptide analysis, but there has not been such a detailed study
on glycopeptides yet.

As discussed earlier, glycopeptides with sialic acid modification may have one tenth of the
signal of its peptide backbone in equimolar amounts. The better separation of glycopeptides
with microheterogeneity would alleviate the burden to quantitate many glycopeptides in a
short time window. Based on the stationary phase, the columns for glycopeptide separation
can be divided into 3 categories as shown in Table 1, including C18 column, HILIC column,
and PGC column. Only commercially available columns are included in Table 1. Homemade
columns are summarized in the text only.

2.2.1. C18 column—The C18 column is the most widely used column for glycopeptide
separation based on the hydrophobicity of glycopeptides in high aqueous phase.
Glycopeptides with longer peptide chains bind stronger with C18 column, where
glycopeptides with microheterogeneity on the same glycosylation site elute in clusters based
on the number of sialic acids, and within the same cluster the glycopeptides with more
glycan units elute earlier (Liu et al., 2017a) (Figure 4A). Nanoflow C18 columns have

been used in glycopeptide profile and quantitation analysis (Darebna et al., 2017; Kim et
al., 2019; Yin et al., 2020; Yu et al., 2017b; Yuan et al., 2018; Zhu et al., 2019a; Zhu et

al., 2020a), whereas analytical flow C18 columns have been used in quantitation analysis
(Hong et al., 2013; Miyamoto et al., 2018). C18 column has been found to be able to
separate some glycopeptide isomers, where higher temperature and none-positive charged
peptide ending seem to enhance the separation efficiency. The Yoo group found that high
column temperatures enhanced the separation of sialylated O- and N-linked glycopeptide
isomers after trypsin digestion with positive charged ending (Ji et al., 2019b). Yin et al.
found glycopeptides from chymotrypsin digested alpha-1 antitrypsin have various isomers
on C18 column at room temperature, possibly due to the none-positive charged ending

from chymotrypsin digestion that enhanced the binding variation of glycopeptides to the
C18 column (Yin et al., 2020). The Mechref group further employed a long C18 column
that was 50 cm in length at high temperature 60°C for the separation of glycopeptide
isomers after trypsin and Glu-C digestion, where 72 isomeric structures corresponding to 42
glycopeptide isoforms of haptoglobin were separated and accurately quantified, compared
to 35 glycopeptides without isomer separation using C18 column with regular length at low
temperature (Reyes CDG, 2021). The stability of C18 columns is much better than PGC
and HILIC columns, especially in nano-flow scale. Also, the peak width on C18 is usually
narrower than on PGC and HILIC columns. However, HILIC and PGC could separate those
glycopeptides which elute in clusters on C18 columns.

2.2.2. HILIC column—HILIC columns have become more popular for glycopeptide
analysis, which separates glycopeptides based on the hydrophilicity of glycopeptides in
high organic phase. Glycopeptides with shorter peptide chains bind stronger with HILIC
column, where glycopeptides with microheterogeneity on one glycosylation site separates
much better than C18 column and may expand to the elution region of other glycopeptides.
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There are various types of HILIC columns with various HILIC stationary phases, including
ZIC-HILIC column with zwitterionic functional groups (tetramethyl ammonium group
+sulphonic acid group /phosphoryl group), amide column with primary amine groups,

and HALO HILIC column with multiple hydroxyl group (as shown in Table 1). The
elution order of glycopeptides and separation vary among these different HILIC columns,
where the HALO penta-HILIC column showed the best separation compared with amide
columns or ZIC-HILIC columns (Molnarova and Kozlik, 2020). The average separation of
glycopeptides on a nano HILIC column (cHiPLC, HALO HILIC column from Eksigent)

is better than in a nano C18 column (cHiPLC, C18 column from Eksigent) (Kozlik et al.,
2017) (Figure 4B). Also, the separation of HILIC columns changes with different pairing
reagents. FA is the most MS compatible pairing reagent in HILIC column separation, but
the separation of glycopeptides are worse than that with TFA (Furuki and Toyo’oka, 2017).
Therefore, for LC analysis only, TFA is a better choice, whereas for LC-MS analysis, only
FA can be used. ZIC-HILIC columns are designed with analytical flow rate only. Amide
columns have both analytical flow rate column and nanoflow columns. HALO HILIC
columns only have nanoflow columns, including cHiPLC HALO HILIC columns from
Eksigent and HALO HILIC columns from Advanced Materials Technology. HALO HILIC
provides overall the best separation compared with other HILIC columns. Yet, an important
disadvantage of HILIC separation is that some glycopeptides may do not dissolve well in
high organic phase.

2.2.3. PGC column—PGC columns are filled with porous graphitized carbon packing
material. It is a complementary stationary phase to octadecylsilane (C18), specifically for
the separation of closely related substances and polar analytes (Toernkvist, 2003). PGC
columns were initially made by Wolfson Unit in Edinburgh University, UK, then transferred
to Thermo Scientific Hypersil-Keystone HyperCarb (Hypersil Hypercarb Information
Brochure). Agilent developed PGC-Chip which is composed of a 9 x 0.075 mm i.d.
enrichment column and a 43 x 0.075 mm i.d. analytical column with particle size 5 um.

PGC columns have been widely used for glycan separation (Ashwood et al., 2019; Ruhaak
etal., 2013; Seo et al., 2019; Zhang et al., 2020b; Zhou et al., 2017). It has recently

been applied for the separation of glycopeptides. The Mechref group used PGC column at
high temperature 75°C to separate glycopeptide isomers with different sialylation linkages
(Zhu et al., 2020b) (Figure 4C), where no isomer separation was found at 50°C and a
significant signal intensity decrease at 100°C. The Liang group combined a home-made
click TE-Cys HILIC column and PGC column into a 2D system for glycopeptide separation
of ribonuclease B (Lu et al., 2017), where glycopeptides with 5-9 mannoses were fully
separated on TE-Cys HILIC column and some isomers were resolved on PGC column. Yet,
PGC cannot be applied for glycopeptides with long peptide backbones (>4-6 amino acids)
or high hydrophobicity (Zhu et al., 2020b). The Wuhrer group developed integrated C18
and in house packed PGC column for glycopeptide identification after pronase digestion,
where the more hydrophobic glycopeptides were retained on C18 and more hydrophilic
glycopeptides (C18-unbound glycopeptides) were separated by a downstream PGC column,
where glycopeptides with various peptide backbone lengths were analyzed within a single
analysis (Stavenhagen et al., 2017). Pronase digestion cut proteins into smaller pieces
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but its non-specificity for digestion restricts the application for glycopeptide quantitation.
Furthermore, the nanoflow PGC column from Thermo Scientific has been discontinued due
to column fouling, instability, and lack of reproducibility, leaving only capillary flow PGC
columns as being still available.

2.2.4. MGC column—As an alternative, the Mechref group recently developed a
mesoporous graphitized carbon (MGC) column, which has a similar pore diameter of
between 2 and 50 nm as PGC Hypercarb packing material (25 nm), but with particle size
less than 500 nm, much smaller than that of PGC Hypercarb packing material (3/5/7 um).
The MGC column showed much higher separation capacity, where the MGC column with 1
cm length separated permethylated glycan isomers better than the PGC Hypercarb nanoL.C
column with 10 cm length (Gautam et al., 2021). The application of MGC on glycopeptides
has not been published.

. MS1 LEVEL-BASED QUANTIFICATION

Recent advances in mass spectrometry provide the opportunity to identify and quantify even
low-abundant glycopeptides in complex biological mixtures, allowing for quantification of
site-specific glycosylation changes between disease states. Various fragmentation strategies
have been developed and applied for glycopeptide characterization (Riley et al., 2020b),
including CID/HCD (Lee et al., 2016), stepped HCD (Yin et al., 2018), CID/ETD (Mechref,
2012), HCD/ETD (Singh et al., 2012), and EThcD (Chen et al., 2018; Glover et al., 2018;
Yu et al., 2017a), which have facilitated accurate glycopeptide quantification. Software
tools are available for relative quantitation of glycopeptides (Cao et al., 2021a), such as
pGlyco 2.0 (Liu et al., 2017a), Integrated GlycoProteome Analyzer (I-GPA) (Park et al.,
2016), and LaCyTools (Jansen et al., 2016), which are applicable for CID/HCD data, as
well as a combination of Byonic/Byologic (Protein Metrics Inc.) that can analyze all types
of MS tandem data with CID, HCD, ETD, or EThcD fragmentation (Bern et al., 2012).
Recent advances in analytical approaches for glycan and glycopeptide quantitation have
been summarized (Delafield and Li, 2021). Currently, a widely used approach of quantitative
glycoproteomics is based on quantifying the MS1 signal of glycopeptides, i.e., MS1-based
quantification. This section covers the methods of glycopeptide quantification at MS1-level,
including label-free quantitation and label-based quantification with labeling on the glycan
motif or the peptide backbone.

3.1. Label-Free Quantification

3.1.1. Applications of Label-Free Approach—The label-free quantification of
glycopeptides has been applied for analysis of complex biological samples as well as
purified glycoproteins (Rebecchi et al., 2009). Based on extracted ion chromatogram (XIC)
peaks of precursor ions from MS1 scan, the peak area of a given glycopeptide can be
integrated and quantitated, followed by normalization against the sum of peak areas of all
glycopeptides identified in an MS run. The label-free quantitation of glycopeptides can be
used to evaluate changes in glycosylation in two ways: the overall glycopeptide level in a
complex sample and site-specific glycosylation level on a given glycoprotein.
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The Manfred group profiled 1gG using TFA for LC separation and the propionic acid
containing sheath-liquid for TFA gas-phase ion-pairing suppression, enabling the relative
quantitation of 8 glycoforms of 1gG subclasses (Selman et al., 2012). The Qian group
recently reported an integrated MS data processing strategy for fast identification, in-depth,
and reproducible label-free quantification of protein O-glycosylation in a large cohort

of human urine samples (Zhao et al., 2020). The strategy integrates glycoform-specific
database searching, reference library-based MS1 feature matching, and MS2 identification
propagation, leading to a 30%-40% enhanced intact O-glycopeptide quantification in
individual samples with an improved reproducibility.

3.1.2. Biomarker Studies with Label-Free Approach—In other work by the
Lubman group, Zhu et al. achieved label-free quantitation of A-glycopeptides in a site-
specific manner for differential analysis of glycosylation changes in purified haptoglobin
from patient serum by LC-EThcD-MS/MS (Zhu et al., 2019a; Zhu et al., 2020a). EThcD
glycopeptide data were interpreted by Byonic software and then quantified by Bylogic
(Protein Metrics Inc.), where the peak area of XIC of each glycopeptide was automatically
quantitated, followed by normalization at total glycopeptide level and individual glycosite
level, respectively. Based on this method, 101 site-specific A-glycopeptides of serum
haptoglobin were identified and relatively quantified (Zhu et al., 2019a). With the

EThcD MS/MS-based label-free quantitation platform, Zhu et al. further performed a
comprehensive screening of site-specific A-glycopeptide biomarkers in serum haptoglobin
among 70 nonalcoholic steatohepatitis (NASH) patients (37 HCC and 33 cirrhosis

cases) (Zhu et al., 2020a). In total, 140 MS datasets were collected using LC-EThcD-
MS/MS where the relative abundance of A-glycopeptides was quantified at glycosite

level using Byologic. Differential quantitation analysis revealed that 5 A~glycopeptides

at sites N184 and N241 of serum haptoglobin were significantly elevated during the
progression from NASH cirrhosis to HCC (p<0.05). Receiver operating characteristic (ROC)
curve analysis demonstrated that the A-glycopeptides MVSHHNI84LTTGATLINE and
VVLHPN24lYSQVDIGLIK, bearing a monofucosylated tri-antennary glycan A3G3F1S3,
had the best diagnostic performance in detection of early NASH HCC (Zhu et al., 2020a).

Zhang et al. reported a label-free quantitative analysis of intact A- glycopeptides of plasma
IgGs in both subclass-specific and site-specific A-glycosylation manners using pGlyco 2.0
and MaxQuant software (Zhang et al., 2020c). Plasma IgGs were purified from plasma
among 51 prostate carcinoma (PCa) and 45 benign prostatic hyperplasia (BPH) patients
followed by HILIC enrichment and high- resolution LC-MS/MS analysis. They identified
and quantified the relative abundance of 24 glycoforms of 19G1, 32 glycoforms of 19G2, 4
glycoforms of 1gG3 and 12 glycoforms of IgG4. As a result, they found the N-glycopeptide
1gG2-GP09 (EEQFNSTFR (H5N5S1)) was dramatically elevated in plasma from PCa
patients, compared with that in BPH patients (PCa/BPH ratio = 5.74, p = 0.001) (Zhang et
al., 2020c). In another work, the Yoo group reported a interlaboratory study of site-specific
N-glycopeptide isoforms of a-1-acid glycoprotein (AGP) using CID- and HCD-MS/MS
(Lee et al., 2016), where site-specific AGP A-glycopeptides were automatically identified by
Integrated GlycoProteome Analyzer (I-GPA) (Park et al., 2016) and label-free quantitative
analysis was performed for the 10 major abundant N-glycopeptides based on the peak area
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of XICs. Quantitative analysis showed that the coefficient of variation in four laboratories
was <25% for all test samples (Lee et al., 2016).

Label-Based Quantification

Label-based MS1 quantification methods are also available for relative quantitation of
glycopeptides in biological samples. Labeling can be performed on the glycan motif or

the peptide backbone, via enzyme labeling (i.e., trypsin catalyzed 180 labeling), chemical
labeling (i.e., dimethyl labeling), and metabolic labeling (i.e., IsoTaG). Isotope labeling

has been achieved using 2H, 13C, 15N or 180, as heavy isotopes (Boersema et al., 2009).
Glycopeptides from different samples can be isotope labeled, mixed, and then combined for
a single MS run, where the quantitative results can be obtained simultaneously by comparing
the abundance of the isotopes (Zhang et al., 2019). Among them, enzymatic 180 labeling
only requires to be in the presence of 180-water, without extra reagents, additional steps,
side reactions, and chromatographic isotope effects (Capelo et al., 2010).

3.2.1. Labeling on the Peptide—Isotope labeling can be performed on the peptide
backbone via enzyme labeling (i.e., trypsin catalyzed 180 labeling) and chemical labeling
(i.e., dimethyl labeling). The Lu group has reported an A-glycopeptide quantitative method
based on 180/180 C-terminal labeling to obtain 82 comparisons of serum from patients
with HBV-related HCC and liver cirrhosis (Zhang et al., 2019). The 160/180 labeled N-
glycopeptides were identified using pGlyco 2.0 and quantified by pQuant which calculates
1807160 glycopeptides ratio based on a pair of least interfered isotopic chromatograms
(Zhang et al., 2019). With the 1607180 C-terminal labeling quantification method, Cao et
al. assessed the alteration of site-specific A-glycopeptides of serum paraoxonase 1 (PON1)
for distinguishing AFP-negative HCC from LC patients (n = 64) (Cao et al., 2021b). In

this work, PON1 was immunopurified from patient serum, followed by tryptic digestion
with H2160/H2180, and the 160- and 180-labeled digests were pooled before LC-MS/MS
analysis. Two glycopeptides HANZ3WTLTPLK bearing the glycan H5N4S2 and H5N4S1,
respectively, were found significantly increased in AFP-negative HCC patients as compared
with cirrhosis patients.

Kurogochi et al. developed a sensitive method for quantitative glycopeptide profiling

using stable isotope labeling and MALDI-TOF MS. They synthesized benzoic acid-d0
N-succinimidyl ester (BzOSu) and benzoic acid-d5 N-succinimidyl ester (d-BzOSu) as light
and heavy isotope reagents for stable isotope quantification for the comparative analysis of
glycopeptides (Kurogochi and Amano, 2014).

Alternately, stable isotope dimethyl labeling has also been applied for glycopeptide
MS1-based quantitation, which is based on the reaction of peptide primary amines with
formaldehyde to generate a Schiff base that is reduced by the addition of cyanoborohydride
to the mixture (Boersema et al., 2009). Xiao et al. characterized the differentially expressed
N-glycosylation in HCC HepG2 cells relative to LO2 cells using isotopic dimethyl

labeling and 2D LC-MS/MS analysis (Xiao and Tian, 2019). They also developed an
N-glycopeptide search engine GPSeeker and the GPSeeker-centered quantitative structural
N-glycoproteomics pipeline. In total, 5,405 and 1,081 intact N-glycopeptides with putative
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linkage structures were identified and quantified, where microheterogeneity with different
differentially expression was observed on 183 out of 231 quantified N-glycosites (Xiao and
Tian, 2019).

3.2.2. SILAC Labeling—The Mann group used the SILAC strategy to label
glycoproteins with heavy labeled amino acids in cell culture to quantify the N-glycosylated
secretome during breast cancer progression, where PNGase F was used to remove the
N-glycan and the quantitation was done based on MS1 peak area integration (Boersema et
al., 2013). The Hattori group used the SILAC strategy to monitor the over glycosylation

of collagen in isolated skin fibroblast cells from a newborn Osterogenensis Imperfecta
patient, where the identification of short glycan structure was done via variable modification
searching and quantitation was done at the MS1 level (Taga et al., 2013).

The Parker group used SILAC to investigate the membrane glycoprotein upon TNF-alpha-
induced insulin resistance in adipocytes (Parker et al., 2016). They used the DDA approach
on an Orbitrap Fusion MS with Byonic software for identification and for MS1 level
quantitation where a de-glycosylated peptide database was constructed beforehand. A

total of 1,580 unique N-glycopeptides were identified which covered 332 unique peptide
sequences on 154 proteins, of which 883 were quantified in two out of three biological
replicate cell lines. A method for the stoichiometry analysis of glycosylation has been
developed using SILAC labeling with PNGase F (Yang et al., 2017a).

Further work on SILAC for glycopeptides has not been pursued after these studies. A
possible reason is that MS1 precursors of glycopeptides are already complex and SILAC
would double the complexity, which would make the quantitation of glycopeptides even
more difficult.

3.2.3. Labeling on the Glycan—Metabolic labeling of glycans with unnatural sugar
analogs coupled with click chemistry have become a powerful method to study glycans

and protein glycosylation (Xiao et al., 2019). The Bertozzi group has performed pioneering
work on using unnatural sugar analogs to label glycoproteins (Breidenbach et al., 2010;
Woo et al., 2015). A benchmark study, isotope-targeted glycoproteomics (IsoTaG), has

been introduced for characterization of intact, metabolically labeled glycopeptides at the
whole-proteome scale (Woo et al., 2017; Woo et al., 2015). In IsoTaG, metabolic labeling of
the glycoproteome is combined with (i) chemical tagging and enrichment using an isotopic
recoding affinity probe, (ii) directed tandem MS and (iii) mass-independent assignment

of intact glycopeptides. They structurally assigned 32 N-glycopeptides and over 500 O-
glycopeptides in human cancer cell lines (Woo et al., 2015). A later study that incorporated
alkyne-sugars (AcsGalNAz or AcsManNAz) rather than azide-sugars revealed 1375 N- and
2159 O-glycopeptides cross 15 cell lines. The effort was enabled by a new high-fidelity
pattern-searching and glycopeptide validation algorithm termed IsoStamp v2.0, as well as by
novel stable isotope probes (Woo et al., 2017).

3.2.4. Isotope-Tagged Cleavable Linker—Qin et al. reported a detailed O-
glycopeptide analysis through an isotope-tagged cleavable linker (isoTCL) and quantitation
using MaxQuant (Qin et al., 2018). With isotopic labeling of O-GIcNAc through
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bioorthogonal conjugation of affinity tags, the authors demonstrated the application of

the isoTCL in mapping and quantification of O-GIcNAcylation sites in HeLa cells. To
eliminate the harsh solution conditions associated with acid labile chemical probes, Li et al.
developed a photocleavable biotin tag for O-GlcNAcylated glycopeptide quantification (Li et
al., 2019a). This probe enabled selective tagging and isotopic labeling of O-GIcNAcylated
proteins in one step from complex cellular mixtures. Cells were treated with ThiaMet-G
where the cell lysates were chemoenzymatically tagged with GalNAz and further reacted
with the 1H coded and 2D coded probes, respectively. The “light” and ‘heavy’ samples
were mixed, proteolytically digested, captured, and analyzed by LC-MS/MS. A mass shift of
7 Da between 1H;-coded and 2D-coded peptides was observed, where the XICs were used
for quantitative analysis. The authors identified 419 and 276 O-GIlcNAcylation sites from
sorafenib-sensitive and sorafenib-resistant HepG2 cells, respectively. A total of 94 and 150
O-GIcNAcylated peptides were quantified from at least two replicates, via CID and ETD,
respectively (Liu et al., 2017b).

IV MS/MS LEVEL BASED QUANTIFICATION

Besides the above widely used MS1 level-based quantification, there have been several
methods that have been developed for MS2 (or MS/MS) level-based quantification of
glycopeptides, aiming for better specificity and higher throughput.

4.1. Non-Targeted Quantification

There are three non-targeted MS/MS-based methods for glycopeptide quantitation: TMT/
iTRAQ label-based approach, MSE approach and DIA approach. For the quantitation of
non-glycosylated peptides, the main advantage of MS/MS-based methods over MS1-based
methods is the higher precision. However, for the quantitation of glycopeptides, these
approaches have some additional advantages.

4.1.1. TMT/iITRAQ Label-Based Approach

1) MS2/MS3 Based Quantitation: For TMT labeling on non-glycopeptides, both MS2
based and MS3 based quantitation can be used, where MS2 based methods have more
quantifiable peptides and the MS3 based methods have more precise quantitation. For TMT
labeling on glycopeptide, however, the Yoo group found that MS2 based quantitation for
glycopeptides did not work (Lee et al., 2014). Their results showed that the MS2 HCD
normalized collision energy (NCE) should be set high at 70% to obtain the signal from
reporter ions where not many other fragments can be observed from glycopeptides, but at
conventional NCE such as 25% no reporter ions could be found, indicating that the TMT
bonds are much stronger than glycosidic bonds.

Instead, the Urlaub group showed that MS3 based quantitation worked well for TMT
labeled glycopeptides (Fang et al., 2020). As shown in Figure 5, at low NCE MS2 HCD
(~25%), TMT labeled glycopeptides produced B-series ions (oxonium ions) and Y-series
ions with peptide backbones. The 10 most abundant fragments in the range of 700-2000
m/z were then co-selected and co-fragmentated with higher NCE MS3 HCD (35-40%) to
generate peptide fragments and TMT reporter ions. Finally, fragments from MS2 and MS3
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were combined as the fragments from the same glycopeptide precursor for identification.
This strategy enhanced glycopeptide identification by 3.6 times compared to MS2 HCD
alone. In this study, they identified and quantified over 5,300 unique glycopeptides of

528 glycoproteins with 855 glycosites in a lymphoma cell line. The MS3 strategy for
glycopeptide quantitation not only used MS3 to generate reporter ion for more precise
quantitation, but also facilitated the identification of glycopeptides. A minor drawback is
that extra MS3 results in a longer cycle time, where low abundance glycopeptides may fail
to be selected and identified.

2) Quantitation of Glycoproteinsvia Non-Glycosylated Peptides. The Lubman group
used TMT and iTRAQ to quantitate glycoproteins via non-glycosylated peptides after lectin-
based enrichment of glycoproteins. Their results showed that labeling at the protein level or
at the peptide level provides comparable results where TMT labeling and iTRAQ labeling
showed close efficacy (Nie et al., 2013). They further applied TMT labeling at the protein
level for pancreatic cancer marker screening, where about 240 serum glycoproteins were
quantified. A panel of a-1-antichymotrypsin (AACT), thrombospondin-1 (THBS1), and
haptoglobin (HPT) outperformed CA 19-9 in distinguishing pancreatic cancer from normal
controls (AUC = 0.95), diabetes (AUC = 0.89), cyst (AUC = 0.82), and chronic pancreatitis
(AUC = 0.90) (Nie et al., 2014). The Zhang group used iTRAQ to label glycopeptides and
quantified glycopeptides after enrichment and glycan truncation, where over 6000 proteins
and about 500 glycoproteins from non-small cell lung carcinoma adenocarcinoma (ADC)
and squamous cell carcinoma (SqCC) tissues were quantified (Yang et al., 2017a).

3) Quantitation of Truncated Glycopeptides: The Lubman group also tried to use
iTRAQ to label glycopeptides with truncated glycan structure for serum marker screening
of pancreatic cancer and HCC, where over 500 core-fucosylation sites from over 300 serum
glycoproteins were quantified and the core-fucosylation level of some glycopeptides were
found to be much higher in cancer states (Tan et al., 2015; Yin et al., 2015b).

4.1.2. MSE Approach—MSE is a data acquisition method used on the Q-TOF/TOF,
which allows collision of all precursors and collects all generated fragments in each MS/MS
scan. It has been successfully used for identification of glycopeptides (An et al., 2015;
Montacir et al., 2018). However, glycopeptides with glycan structure microheterogeneity at
one glycosylation site usually elute at similar retention times and share similar fragment
profiles, where transition ions that are unique to specific glycopeptides, are difficult to
observe. Therefore, although theoretically possible, MSE has so far not been successfully
applied for glycopeptide quantitation.

4.1.3. DIA Approach—An improved approach of MSE strategy is DIA (Data
Independent Acquisition) or SWATH (Sequential Window acquisition of all theoretical
fragment ions) (the latter is a registered name by SCIEX, in the following text DIA is used),
where, instead of collecting fragments from all precursors in one MS/MS as in MSE, the
MS repeatedly cycles through 30-40 consecutive precursor isolation windows (for example,
25 m/z as isolation window), and collects all generated fragments of all precursors within
that window, achieving almost complete peptide fragment-ion coverage for precursors in
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the entire mass range (Gillet et al., 2012) (Figure 6). This provides special challenges and
benefits for glycopeptide quantitation using DIA.

1) DIA for De-glycosylated Glycosite-containing Peptides. The Aebersold group first
applied DIA for the quantitation of de-glycosylated glycosite-containing peptides using

the TripleTOF 5600 (SCIEX) (Liu et al., 2013). They profiled the peptide backbone of
glyocopeptides after glycan removal by PNGase F, where the glycan binding N (asparagine)
is deamidated to D (aspartic acid) (mass difference +0.9840 Da, close to the mass of

one neutron 1.0087 Da). The software originally designed for peptide quantitation failed

to distinguish the two, where it outputs two precursor ions with both non-glycosylated
precursor and the deaminated precursor.

The Schulz’s group tackled this problem by using various enzymes (Xu et al., 2015). They
used glycosidase Endo H for yeast glycoproteins (yeast has high mannose glycan type
which Endo H can cut, with one GIcNAc left on the peptide), leading to a much larger

m/z difference between glycosylated and non-glycosylated peptides. As Endo H does not
cut hybrid and complex glycosylation types, they then used AspN+PNGase F digestion on
mammalian samples, where deglycosylated peptides with aspartic acid could be digested,
resulting in a much larger difference between de-glycosylated peptide and non-glycosylated
peptide. Alternatively, the Nesvizhskii group solved this problem by evaluating the isotope
envelops of the two in DIA-Umpire software (Tsou et al., 2015).

2) DIA approach for Glycopeptide Identification and Quantitation: In proteomics
studies, the ion library for interrogation of peptides in the DIA method is routinely built
from peptide identification data obtained through DDA workflows, where DIA could not
quantitate more peptides than DDA (Gillet et al., 2012; Rost et al., 2014). Glycopeptides
which are highly branched and contain sialic acids, usually have a much weaker signal,

and would not pass the intensity cut-off requirements for MS/MS by DDA. However, their
precursor-transition-retention time information are indiscriminately collected by DIA, which
may be potentially useful for the identification of glycopeptides. The difficult aspect is the
use of this information for glycopeptide identification. Early studies used manual inspection
to use this information.

The Goldman group first employed DIA for the analysis of glycopeptides with long glycan
chains in 2016 (Sanda and Goldman, 2016). They used the TripleTOF 5600 with nano-LC
for analysis of 1gG glycopeptides from unenriched human plasma digests. The previously
known precursor-Y ion (peptide+partial glycan structure) pairs generated by “soft” CID
were used for quantitation, resulting in the quantitation of 26 glycoforms of 19G1, 22
glycoforms of 1gG 2/3, and 19 glycoforms of 1gG4 glycopeptides from 1 pg of human
plasma sample (Sanda and Goldman, 2016), much more than previously discussed MS1
level based quantification where 8 glycoforms of 1g G subclasses were quantified (Selman
etal., 2012). The Urlaub group deployed DIA for Ig M glycopeptide identification by
manually inspecting the parent ion-Y ion pairs based on the results from DDA, where 31
glycopeptides were identified by DIA compared with 3 by DDA (Pan et al., 2017). The
Packer group further developed this approach by manual inspection of the chromatogram of
at least three Y ions of an unknown precursor: if those match with an identified glycopeptide
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in DDA, the unknown precursor is considered to have the same peptide backbone with the
known glycopeptide, from which the glycan composition could be deducted (Lin et al.,
2018). In this way, they identified 21 glycopeptides from human serum Ig G1 compared with
3 by DDA. Further optimization is needed for this strategy for the false positive error rate
control and for full automated data-processing.

The Vakhrushev group further expanded this idea to identify low abundant glycopeptides in
a complex O-glycoproteome system. They used a silico-boosted glycopeptide library for the
identification of glycopeptides in DIA approach, defined as “glyco-DIA” (Figure 7) (Ye et
al., 2019). They first used the DDA approach to generate the simplest spectral libraries for
the corel (GalNAc+Gal) and GalNAc O-glycoproteome of SimpleCell (which only has the
two simple glycosylation types) and wild-type (WT) HepG2, then they added mono-sialic
and di-sialic O-glycans to this spectral library in silico and generated 5 libraries with various
retention time shifts, which contains 11,452 O-glycopeptides (2,076 O-glycoproteins). With
this silico-boosted library they managed to identify and quantify almost twice the number
of glycopeptides in DIA than in DDA, with over 2400 O-glycopeptides in lectin enriched
HepG2 WT and over 250 O-glycopeptides in unfractionated serum. The idea of above
studies is similar, all of which used the fragments of more abundant glycopeptides in DDA
to identify other low abundant glycopeptides in DIA. This can be a promising strategy to
make full use of the information collected by DIA for glycopeptide identification, for both
types of O-glycosylation and for N-glycosylation.

A spectrum-library-free approach for identification of unmodified peptides from DIA data
has become possible (Searle et al., 2018; Tsou et al., 2015). Following those studies,

the Schulz group developed DIALIb, a software for spectrum-library-free glycopeptide
quantitation (Phung et al., 2020). They attempted to generate a silico-theoretical library

for glycopeptides without any information from DDA, with a broad precursor window,
theoretical b, y, Y ion transitions, and broad retention time window. Yet, this was found not
to be successful, with worse identification than the DDA library-based approach.

3) DIA Development to Improve Glycopeptides Quantitation with Glycan Micro-
heterogeneity: Another challenge for glycopeptide analysis with the DIA approach is that
glycopeptides with glycan micro-heterogeneity have close retention times, similar MS/MS
spectra, and may have close precursor m/z. Fragments of the two glycopeptides from the
same isolation window are difficult to assign to the correct precursor. A possible solution
is to separate glycopeptides with glycan microheterogeneity into different windows by
setting smaller isolation windows. Pan et al. (2017) discovered that two Y1 ions from two
glycopeptides with a m/z difference of 5 Da could be resolved when a 4 Da isolation
window was applied. The Schulz group developed variable window DIA for glycopeptide
quantitation where a variable mass window was applied from 6.4 Da to 248.2 Da with

34 windows covering a 400-1250 m/z scan range, based on a roughly equal density

of precursor ions in each window (Figure 6) (Zhou and Schulz, 2020). With variable
window DIA, more glycopeptides from yeast cell wall proteins could be identified and more
precisely quantified.
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In summary, compared with DDA, the DIA strategy is appealing with better coverage of
glycopeptides, less stochastic selection for precursor fragmentation, and resilient matrix
suppression for glycopeptides with weaker signal. Still, DIA has several challenges. The
data processing algorithm for the DIA strategy needs further optimization for automatic
identification and quantitation. Co-eluted and co-isolated glycopeptides cannot be correctly
identified or quantified, requiring mass spectrometers with higher scan speed for more
isolation windows with variable window sizes. Although a full spectrum-library-free DIA
quantitation strategy has not been successful, the silico-boosted construction of a spectrum
library based on a partial DDA spectrum library for glycopeptide identification is a
promising future of DIA quantitation for glycopeptides.

4.2. Targeted Quantification

Targeted quantitation strategies have not been well explored for intact glycopeptide
analysis due to the complexity of glycopeptides composed of both peptide sequence

and heterogeneous glycan structures. There are mainly two types of targeted quantitation
strategies using mass spectrometers, Multiple Reaction Monitoring (MRM) and Parallel
Reaction Monitoring (PRM) (Figure 8). SRM (Selected Reaction Monitoring), is very
similar to MRM, but selects a single daughter transition ion for quantitation where MRM
selects multiple daughter transitions. SRM and MRM are discussed together as MRM in the
following text.

4.2.1. MRM Approach—In MRM approach, the first quadruple selects the fixed parent
ion, the second quadruple is used for collisions for fragmentation and then the third
quadrupole or ion trap is used for daughter transition ions for quantitation (Figure 8). Prior
to setting up an MRM method, the precursor ion-transition ion pair m/z, cone voltage for the
parent ion and optimal CE for each transition ion should be available first, preferably with
the retention time to reduce the cycle time and the optimal dwell time of each transition,
among which, cone voltage for parent ion has a minor effect on the transition signal while
CE has a major effect. The cycle time, which is the time spent monitoring all transitions

in one duty cycle, depends on the dwell time of each transition ion and the number of
transitions monitored at the same retention time window. The cycle time restricts the data
points needed for the peak area integration. The information about precursor-transition

ion pair m/z and the retention time are usually obtained from the standards or from a

sample pre-run on a high-resolution MS; and the optimal cone voltage and CE for each
transition were priorly obtained from the optimization process on a triple quadrupole mass
analyzer. The quantitation of glycopeptide using MRM is similar to that of non-glycosylated
peptides, but it has some specific difficulties: 1. Glycopeptides usually do not have standards
(difficult or expensive to synthesize), therefore, the MRM required information needs to be
obtained from a sample pre-run on a high-resolution MS; 2. The fragments of glycopeptides
are biased with stronger non-specific B ions and weaker specific Y ions, the relative
intensity of which is CE dependent, making the selection of transition ions trickier than
non-glycosylated peptides; 3. Glycopeptides on C18 columns elute in clusters within a
narrow retention time window, resulting in a longer cycle time and restricting the number of
glycopeptides can be monitored at a time.
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1) MRM for the Quantitation of Truncated Glycopeptide: In early investigations,
glycopeptides were truncated first for MRM quantitation, which not only reduced the bias
during fragmentation, but also enhanced the sensitivity significantly by increasing their
ionization in MS and reducing the heterogeneity. The Qian group developed MRM for

the quantitation of endoF3 truncated glyocopeptides (Zhao et al., 2011). Endo F digested
glycopeptides cut the main glycan structure off the peptide backbone leaving the innermost
GIcNAc with or without fucose, the fragmentation profile of which under high collision
energy is similar to that of peptides. CE was optimized using the glycopeptide mixture and
fragments with the highest intensity were used as transitions for quantitation. The Goldman
group used a combination of endoF1-3 to expand the digestion specificity and applied this
strategy for biomarker screening of liver fibrosis and cirrhosis (Ma et al., 2018). In this
study, they managed to quantitate the core fucosylation of 22 N-glycopeptides derived from
17 proteins from 2 pL unenriched serum.

The Goldman group used an exoglycosidase-assisted MRM strategy for the quantitation

of isolated haptoglobin T3 glycopeptides among HCC or cirrhosis patients, where
neuraminidase or neuraminidase/galactosidase were used to truncate the glycopeptides
(Sanda et al., 2013). They used an QSTAR Elite Q-TOF mass spectrometer (SCIEX) for

the identification of T3 glycopeptides and used a capillary-LC/4000 Q-TRAP mass analyzer
(SCIEX) for the precursor-oxonium ion pair quantitation. The CE for each oxonium ion was
found linearly correlated to the precursor m/z after sialic acid removal but each oxonium ion
had a different linear equation. T3 glycopeptides with 24 glycoforms were monitored with
the intra-class correlation coefficient 0.90 (Sanda et al., 2013).

2) MRM for the Quantitation of I ntact Glycopeptide: The Mechref group used the
MRM strategy for intact glycopeptide quantitation for the first time in 2012 (Song et

al., 2012). They used an LTQ Orbitrap Velos (Thermo Fisher) for the identification of
glycopeptides from depleted serum proteins, based on which they obtained fragments
profile of glycopeptides and the retention time of glycopeptides for MRM method on a
nano-LC/TSQ Vantage (Thermo Fisher). They employed precursor ion scan-based MRM for
parent ion selection, where precursor-oxonium ion pairs were used for identification and
oxonium ions were used as transitions for quantitation. Due to the lack of glycopeptide
standards, they used the same NCE of 40% and the same cone voltage for all rather than
a specific NCE for each oxonium ion or an optimal cone voltage for each glycopeptide
precursor ion. They also compared MRM method with or without retention time setting,
where segmented MRM method with retention time setting enhanced peak intensity and
reduced STD. In this pioneer study, they managed to quantitate 11 glycopeptides of 6
glycoproteins from 15 pL top seven high abundance protein depleted serum with STD
<1.5% (Song et al., 2012).

The Lebrilla group applied MRM on an Agilent 6520 quadrupole time-of-flight (Q-TOF)
and an Agilent 6490 triple quadrupole system on the quantitation of glycopeptides of
glycoproteins from serum (Hong et al., 2013; Hong et al., 2015). Oxonium ions were used
as transitions for quantitation. Precursor-transition ion pairs, the corresponding optimal CE
and retention time information were obtained using digests from standard glycoproteins. The
MRM approach was applied directly on 2 puL unenriched serum, where 26 glycopeptides
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from 1g G1-4 were quantitated in one study (Hong et al., 2013) and 64 glycopeptides

of 1gG, IgA, and IgM were quantitated in another study with high inter-day repeatability
CV<15% and better sensitivity (>two times less amount) compared to immunoprecipitation
enrichment method (Hong et al., 2015).

The Pompach group and Goldman group collaborated to further compare the MRM

based quantitation with oxonium ions as transitions on a nano LC/6500 Q-TRAP mass
spectrometer with MS1 level-based quantitation on a nano LC/12T solariX XR FT-ICR mass
spectrometer for albumin depleted serum samples from HCC, colorectal cancer and liver
metastasis of colorectal cancer patients (Darebna et al., 2017). They managed to quantitate
23 glycopeptides from 5 high abundance glycoproteins with 8 glycosylation sites. Their
results showed that most quantitation results of the two approaches had a similar trend, but
MRM quantitation based on oxonium ions resulted in a larger deviation, which is probably
due to the non-specificity of oxonium ions.

In a later investigation with the MRM approach, the Goldman and Sanda applied “soft”
fragmentation to generate more homogenous Y ions (intact peptide+ partial glycan) and
oxonium ions, and used Y ions as transition ions for quantitation (Yuan et al., 2019). In this
study, an Orbitrap Fusion Lumos was used for identification and a nano LC/6500 Q-trap
(SCIEX) was used for quantitation. Glycoproteins from serum samples were treated with
trypsin and neuraminidase digestion without depletion, where 12 fucosylated glycopeptides
from 7 glycoprotein with 9 glycosylation sites were quantitated with CV in the range of
1.5%-23%. They showed that using Y ions showed higher specificity and improved the
S/N ratio for over 2-times compared with using oxonium ions. Soft fragmentation is more
advantageous even with the lower sensitivity (Yuan et al., 2019).

3) Advancesto Enhancethe Throughput of MRM Quantitation: All the above MRM
studies worked on a single glycoprotein or a few high abundance glycoproteins in a mixture.
Large scale glycopeptides quantitation is difficult for the MRM approach due to the lack

of glycopeptide standards. Without the exact retention time information from glycopeptide
standards, all precursor-transition ion pairs should be monitored throughout the entire LC
run. More pairs would make the cycle time longer, resulting in fewer data points for peak
integration. Ideally, the narrower the monitoring window, the more precursor-transition pairs
could be monitored in a LC run. Conventional MRM could separate precursor-transitions
into different retention time segments with several minutes per segment to partially alleviate
this problem.

The later developed dynamic MRM mode (by Agilent) and scheduled MRM mode (by
SCIEX) allow to further narrow down the monitoring window. dMRM (or SMRM) allows
one to monitor each precursor-transition pair at a specific retention time with a self-defined
delta time, and at the same time it allows to fix the cycle time, where the software can
automatically calculate the dwell time for each transition. After a few trials on simple
glycoprotein samples (Hong et al., 2013; Hong et al., 2015), the Lebrilla group employed the
dMRM for large scale glycopeptide quantitation. Due to the lack of glycopeptide standards
and the difference of nano-LC and UPLC chromatograms, it is difficult to know the exact
retention time of the targeted glycopeptide. They then predicted the retention time of
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targeted glycopeptides based on the close correlation of peptide and glycopeptide elution
time on the C18 column. They managed to simultaneously monitor the abundances of over
600 glycopeptides from 100 glycosylation sites across 50 serum glycoproteins in a 50 min
LC run, some of which were identified by utilizing theoretically predicted ion products and
presumed m/z values (Li et al., 2019b). Further development of Scheduled MRM Algorithm
Pro (by SCIEX QTRAP 6500) allows the auto assignment of dwell time in SMRM mode to
give more time to transitions with weaker signal and give less time to those with stronger
signal, which would be very helpful for glycopeptide quantitation.

4.2.2. PRM Approach—In MRM study, although the “soft” fragmentation method
improved specificity of glycopeptide quantitation by using Y ions as transitions compared
with oxonium ions (Yuan et al., 2019), the lack of fragment information from the peptide
chain may lead to potential false identification, especially for glycopeptides which have
similar precursor m/z and share many fragment ions. PRM uses one quadruple to select
the fixed parent ion with isolation window around 1 Da, another quadruple for collision,
and scans all possible daughter transition ions on a high-resolution Orbitrap or TOF

mass analyser (Gallien et al., 2012; Peterson et al., 2012; Schilling et al., 2015). Both
MRM and PRM perform MS/MS scans on targeted precursors only and quantify based
on transition ions (Figure 8). However, PRM is simpler to setup compared with MRM.

In PRM, the precursor m/z information is required while neither the transition ion m/z
nor the corresponding CE are needed. In PRM, the strongest transition of a precursor at a
fixed CE after the data collection would be chosen for quantitation, whereas in MRM, CE
should be optimized first for a chosen transition before the data collection starts. However,
the maximum ion injection time or the AGC target for Orbitrap mass analyzers or the
accumulation time for TOF mass analyzers should also be carefully defined (as discussed
in the following subsection 4). The quantitation of glycopeptides using PRM is more
complicated than peptides, due to its low ionization efficiency, the biased fragmentation
pattern and the shortage of automatic data processing pipeline.

1) PRM for the Quantitation of Truncated Glycopeptide: Early investigations using the
PRM approach started with endo H truncated glycopeptides. The Schulz group developed
SWAT (Sequential Window Acquisition of Targeted fragment ions) on a TripleTOF 5600,
which is very similar to PRM but with wider isolation window (4 Da rather than 1 Da), for
the quantitation of endo H truncated glycopeptides from yeast (Yeo et al., 2016). Endo H for
yeast is equivalent to Endo F for animal cells which cleaves N-glycans off the glycoprotein,
leaving only the innermost GIcNAC with or without fucose. They compared SWAT, SWATH
and SRM approaches and found that SWAT showed higher sensitivity and precision than
SWATH, and higher specificity than SRM with robust performance (Yeo et al., 2016).

The Aebi group used isotope labeled amino acids to feed yeast and performed PRM
quantitation for Endo H truncated glycopeptides on a Q Exactive (Thermo Fisher), where
the H/L ratio of glycopeptides with different treatments were quantified using the top 4
transitions and most data showed CV <20% (Poljak et al., 2018).

2) PRM for the Quantitation of | ntact Glycopeptide with M anual Data Processing
Pipeline: The Goldman group combined “soft” CID with LC-MS PRM on a TripleTOF
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for the quantitation of glycopeptides of sex-hormone-binding globulin (SHBG) (Yuan et al.,
2018). Before that, they identified the glycopeptides using DDA strategy on an Orbitrap
Fusion Lumos, based on which they collected the information needed for PRM procedure,
the m/z of interested glycopeptide and the corresponding retention time (Yuan et al., 2018).
They purified SHBG protein from serum samples of HCC patients with various etiologies,
aiming to find specific glycopeptides as marker for HCC with specific etiology. Specific
Y-ions were used as transitions and the CE was optimized for each transition. The sum of
selected Y-ions was used for quantitation where the glycopeptide intensity was normalized
to the total glycopeptide intensity of the glycosylation site. In total, they quantified 15
intact glycopeptides from two glycosylation sites with an average SD around 8%. They
found there was difference of N-glycosylation between healthy control and cirrhosis/HCC,
but there was no difference between cirrhosis and HCC; one O-glycopeptide was able to
distinguish healthy control from cirrhosis and cirrhosis from HCC (Yuan et al., 2018).

The Yoo group also used CID with LC-MS PRM on a TripleTOF for the quantitation

of glycopeptides of a-fetoprotein (AFP) in one early study (Kim et al., 2018) and
glycopeptides of a-fetoprotein (AFP), vitronectin (VTN), and a.-1-antichymotrypsin
(AACT) in another study (Kim et al., 2019). The information about precursor m/z are
obtained from previous published studies. The target proteins were purified from serum
samples of HCC patients. They further found that the removal of sialic acid enhanced the
sensitivity. The sum of selected Y-ions was used for quantification and the CE was fixed
for all glycopeptides with the same glycosylation site. The fucosylation ratio was evaluated
among HCC patients. The CV of all evaluated 9 fucosylation ratios were around 20%,
where the fucosylation ratio of a glycopeptide from AFP showed the biggest fold change
among healthy control, cirrhosis and HCC. All these TOF based PRM studies were based
on the MS/MS information from Orbitrap for identification and were based on manual
identification of TOF results. However, the difference of the two MS systems makes the
identification/quantitation inconvenient and error prone.

3) Development of PRM Methodswith Simplified and Automatic Analysis
Pipeline: The Lubman group recently developed a stepped HCD based LC-HCD-PRM-
MS pipeline for glycopeptide quantification directly on an LC-Orbitrap, where an initial
run of pooled sample using DDA approach was for identification and a later individual
run of each sample using the PRM approach was for glycopeptide quantification, which
was based on the precursor m/z and retention time information from the previous DDA
run (Yin et al., 2020). All other settings of the two runs, including LC conditions and

CE, are exactly the same, ensuring the retention time and the MS/MS fragmentation of
targeted precursors are highly consistent to ensure the high specificity of the quantification
method. pGlyco software was used for identification and Skyline software was used for
quantification. Skyline software was originally designed for automated data processing

of peptides quantified by the PRM strategy (MacLean et al., 2010). It was adopted for
glycopeptide quantitation in this study by conjugating pGlyco software which can directly
export the spectral library from pGlyco analysis of DDA results to Skyline software. This
study showed that the quantification using the Y1 ion alone showed lower CV than that

of oxonium ions or the sum of all detectable Y ions. The average SD of the integrated
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transition peak area improved to <5%. The combination of using one LC-MS system for
glycopeptide identification and quantitation greatly simplifies the sample analysis process;
and the automatic data processing pipeline from pGlyco software to Skyline software also
enables the large scale automatic data analysis.

The same strategy was applied by this group to identify a panel of N-glycopeptides for early
HCC detection (Lin et al., 2021). The workflow involved high-abundance protein depletion,
glycopeptide enrichment, offline fractionation, and LC-stepped HCD-MS/MS analysis for
differential determination of changes in glycopeptides in whole serum between patients with
HCC versus cirrhosis. Using Byologic software, label-free quantitation was achieved where
the relative abundance of a given glycopeptide was quantified at whole serum level. As a
result, a panel of site-specific N-glycopeptides were identified as significantly increased in
patients with NASH HCC compared to cirrhosis (p<0.05), from which a set of glycopeptide
candidates were further selected for validation among 78 patient samples (40 cirrhosis, 28
early HCCs, and 10 late HCCs) using PRM-MS/MS analysis (Lin et al., 2021).

The Mechref group further applied this strategy to investigate the microheterogeneity of
haptoglobin extracted from cirrhosis and HCC patient serum (Reyes CDG, 2021). They
found many isomeric N-glycopeptides at the glycosylation site Asn207 of haptoglobin,
where most of these showed significant differences among cirrhosis and early-stage HCC
and especially one of the isomers increased the AUC from 0.85 (AFP alone) to 0.95.

It is essential to use PRM for glycopeptide quantification, as isomers of glycopeptides have
been observed using either porous graphitized carbon separations (Zhu et al., 2020b), HILIC
separations (Huang et al., 2016; Kozlik et al., 2018), capillary electrophoresis (Kammeijer et
al., 2017) or C18 separations (Ji et al., 2019a), which may lead to incomplete quantification
of the isomers in DDA strategy. Also, precursors within an isolation window of 1.2 Da may
be a mixture of two or more glycopeptides, which may lead to wrong quantification in MRM
strategy (Kim et al., 2019; Yin et al., 2020).

4) Orbitrap versus QTOF Instrumentsfor PRM Analysis. Although TOF and Orbitrap
are both high resolution mass detectors and both can be used for PRM study, they have
some differences. 1. Collision cell. The collision cell of Triple-TOF and Orbitrap are similar,
yet the unit and the absolute value of two are different, where Triple-TOF uses eV as the
unit and Orbitrap uses % (collision energy eV = NCE (%) xprecursor(m/z) /500 x (charge
fact). For peptide fragmentation, a few eV lower in Q-Exactive Focus Orbitrap gives almost
exact fragmentation pattern in Q-TOF (Szabo et al., 2021) and yet the exact correlation is
unknown. 2. S/N ratio. The Orbitrap has in general a much cleaner background and higher
S/N ratio than TOF as in Orbitrap ions are collected in C-trap then injected to the Orbitrap
for scanning whereas in the Q-TOF it is beam type scanning which collects all ion signals
(Pino et al., 2020) .3. lon accumulation time and cycle time. TOF accumulates signal at the
detector while Orbitrap accumulates signal at the C-trap. For TOF, the cycle time equals

to the signal collection time, and can be self-defined; for Orbitrap, the scan time (transient
time) and the signal collection time (ion accumulation time) are separated, where the signal
collection time is defined by AGC or maximum ion injection time (the larger one) and the
scan time is defined by the resolution of the Orbitrap (the ion accumulation time should be
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similar as the scan time to avoid wasting time in the Orbitrap or during ion accumulation)
(Pino et al., 2020).

The main limitation of PRM with the Orbitrap is its scan speed, as shown in Table 2.
Both the triple quadrupole and TripleTOF have much higher scan rates than the Orbitrap.
However, as glycopeptides normally have much weaker signals than the corresponding
peptide, the accumulation time should be much longer to collect enough signal for
identification. For example, when the accumulation time exceeds 50 ms, the maximum
precursor number at a time of all three mass spectrometers become identical for TOF
and Orbitrap analyzers. If the accumulation time needs to be 250 ms for enough signal
intensity (which is the case for many low abundance glycopeptides), it will be difficult to
monitor more than 8 top abundant glycopeptides at a time for either type of these mass
spectrometers.

4.2.3 Possible Future Developments for MRM and PRM Approaches

1) Optimization of Precursor Selectivity in MRM: For the optimization of precursor
selectivity in the MRM approach, the Domon group developed an intelligent MRM for
instrument control on a triple quadrupole mass spectrometer (TSQ Vantage, Thermo
Scientific) with nanoLC (Kiyonami et al., 2011). They used the specificity of two primary
transitions to quantify and intelligently trigger another 6 transitions for confirmation of
target peptides, where the detection window is set to 4 min. The detection limit is ten
attomole, with the simultaneous qualitative and quantitative analysis of up to 757 peptides
in a 60 min LC-MS run. The CV of two primary transitions is mostly <5% whereas the
secondary transitions ensure the specificity of precursors (Kiyonami et al., 2011). This
feature is MRM triggered MRM and is now also available in Scheduled MRM Algorithm
Pro by SCIEX. It can be useful for quantification of glycopeptides which elute at similar
retention and share the same peptide backbone.

2) Optimization of PRM Strategy

a. Optimization of lon Accumulation Time to Enhance the sensitivity: For the
optimization of precursor accumulation time in PRM approach, the Domon group further
developed an internal standard trigged IS-PRM for peptide quantitation, which can enhance
peak integration of transition ions by dynamically assigning the ion fill time for isotope
labeled standards and for endogenous peptides, resulting in better quantitation for peptides
(Gallien et al., 2015). This strategy should be able to be applied on glycopeptides as well to
improve the quantitation of glycopeptides.

To enhance the profile of MS spectrum, the Mann group developed the boxcar MS1
scanning method, which greatly enhances the acquisition of ions with low abundance
(Meier et al., 2018). An improved MS1 profile would be also very helpful for selecting
glycopeptides for fragmentation. And if this strategy could be also applied on MS2 fragment
profiling, it would greatly enhance the identification and quantitation of glycopeptides.

b. Dynamic Control of Orbitrap Scan Speed to Reduce Cycle Time: To enhance the
turnover of PRM approach in proteomics study, heavy isotope labeled standard peptides
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were used for automatic triggering PRM scan, where a low resolution fast pre-scan is used
for checking the existence of the target peptides and if detected, a high-resolution scan

will be performed, resulting in a narrower retention time window for the target peptide

and enhanced overall throughput. The scan mode and the heavy labeled peptide kits are
commercially available by SureQuant from Thermo Fisher. This strategy can also be applied
for targeted glycopeptides by using the heavy labeled glycopeptides.

V. SPIKE-IN STANDARDS FOR GLYCOPEPTIDE QUANTIFICATION

5.1

Due to the shortage of glycopeptide standard, most glycopeptide quantitation studies either
use relative labeling approach to compare the abundance of one glycoform with between
disease states or normalize the abundance of one glycoform against another glycoform or
the sum of all glycoforms of the same sample prior the comparison between disease states.
There are a few investigations which developed non-glycosylated peptide as the internal
standard for glycopeptide quantitation to reduce the run-to-run variation from sample
preparation so that glycopeptide amounts between runs could be compared without labeling.

Due to the complication of glycosylation, the relative comparison at the glycopeptide
level is not enough to elucidate the real function of glycosylation in the biological and
pathological process. For example, the Ruhaak group found the individual difference of
relative glycopeptide amount after normalization against the absolute IgG amount was
much smaller than the large variation of absolute IgG amounts, indicating that protein
concentration contributes considerably to the variation in glycopeptide abundance among
individuals (Hong et al., 2013). In another study, the Parker group discovered that in
TNF-alpha-induced insulin resistance of adipose there were limited changes in the relative
stoichiometry of N-linked glycans after normalizing against the protein level and around
30% of the glycopeptides showed site-specific glycosylation change after normalizing
against the protein level (Parker et al., 2016).

These studies suggested that it is essential to evaluate all three levels for glycosylation
assessment: protein level, glycoform level and occupancy level. It would be more
straightforward if a calibration curve of glycopeptide could be generated so that the
absolute quantitation of glycopeptides could be monitored. In combination with the absolute
quantitation at peptide level, which is readily available, all three levels could be compared.
Recently, there are also some investigations which developed glycosylated peptide standard
to generate calibration curves so that the absolute quantity of glycopeptides could be
monitored.

Non-Glycosylated Peptide as the Standard

The internal standard for glycopeptide quantitation was achieved using heavy labeled non-
glycosylated peptide. The Zhang group spiked in heavy labeled de-glycosylated peptides
into enriched and PNGase F treated serum samples to quantitate the de-glycosylated
peptides among prostate cancer patients (Thomas et al., 2015). The coefficient of variation
was a bit high around 20%, possibly because the heavy labeled de-glycosylated peptide was
spiked in after the glycopeptide enrichment and PNGase F treatment.
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The Goldman group spiked the heavy labeled non-glycosylated peptide which elutes close
to the glycopeptides as the standard normalization and the matrix effect was minimized by
removing the terminal sialic acid to allow the coelution of glycopeptides with the same
peptide backbone (so that the same matrix was shared by all glycopeptides), where the
intra-class correlation coefficient was 90% (Sanda et al., 2013).

5.2. Glycoprotein Digest as the Standard

The absolute quantitation of glycopeptides was initially achieved using the calibration
curve of non-glycosylated peptide. The Lebrilla group (Huang et al., 2017) and the
Ruhaak group (Miyamoto et al., 2018) used external standard glycoprotein digests to
generate standard curves of glycopeptide and non-glycopeptides, then they quantified the
glycopeptide difference from various samples by normalizing ratios relative to the relevant
non-glycopeptides, where the absolute quantity of peptides could be measured, and the
relative quantity of glycopeptides could be compared. The relative standard deviation was
generally below 10%.

5.3. Glycopeptide as the Standard

5.3.1. Glycopeptides with Short Glycan Chain as the Standard—The Yoo
group used commercially chemically synthesized glycopeptides with GIcNAc to quantitate
immunoprecipitated and endo F2 truncated AFP (endo F2 cuts biantennary N-glycan
structures, leaving GIcNAc with or without core-fucose) (Kim et al., 2020). They used

a TripleTOF 6600 and nano-ACQUITY for PRM quantitation. The LOD and LOQ can
approach 10 and 20 attomole, with a limit of detection (LOD) of <2 ng/ml (the clinical
cutoff is 20 ng/ml). The relative percentage of fucosylated AFP has an AUC of 0.962, much
higher than the AFP AUC of 0.628.

The Larson group chemoenzymatically synthesized an isotopically labeled glycopeptide
AB1-15 with Galp+GalNAc for the quantitation of the same glycopeptide in cerebral
spinal fluid after NeuAC removal with the PRM approach using a Q Exactive (Nilsson

et al., 2019). They used a wide isolation window to include both spiked glycopeptides and
endogenous glycopeptides for quantitation, with CV around 5-11%.

The Liang group used commercially chemoenzymatically synthesized glycopeptides with
GlcNAc+dHex to quantitate all glycopeptides with the same glycopeptide backbone and
different glycan structures of serum Ig G1 (Cao et al., 2020). They used a Triple Quad™
5500 and an ACQUITY UPLC with Click maltose HILIC column and Y ions as the
transition ions. The drawback of using this glycopeptide as the standard is that the
glycopeptides with the same peptide backbone have a wider elution window over several
minutes, where the matrix effect may vary.

5.3.2. Glycopeptides with Long Glycan Chain as the Standard—The Nishimura
group used yolk glycopeptide to quantitate all mouse serum glycoprotein digested
glycopeptides using a Q-trap (Kurogochi et al., 2010). They were able to quantitate

about 100 glycoproteins from mouse serum samples with CVV<20%. They later
chemoenzymatically synthesized one biantennary glycopeptide with 4GIcNAC+5Hex and
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another bisected glycopeptide with 5GICNAC+5Hex to generate the calibration curves for
the quantitation of the two glycopeptides of IgG1 monoclonal antibody drugs (Hammura

et al., 2018). For bisected glycopeptides, oxonium ion was used as a transition ion and for
biantennary glycopeptide, Y ion was used as transition ion. The quantitation limit can reach
to 200 fmol (Hammura et al., 2018).

The Li group further developed chemoenzymatic method and synthesized 15

isotopic labeled 1g G glycopeptides with 5 glycoforms (4GIcNAC+4Hex+dHex,
4GIcNAC+3Hex+dHex, 4GIcNAC+5Hex+dHex, 4GIcNAC+4Hex+dHex+NeuAC,
4GIcNAC+5Hex+dHex+NeuAC), where Ig G glycopeptides in sera of colon cancer patients
and healthy controls were quantified using PRM strategy at 1 nmol/mL level with most RSD
<10% (Wang et al., 2021).

The synthesis process of intact glycopeptide standard is still challenging, yet it is the
compulsory for the absolute quantitation of glycopeptide with lower detection limit and with
better reproducibility.

CONCLUSION AND PERSPECITVE

Recent advances in MS-based quantitative glycoproteomic techniques and strategies have
demonstrated significant contributions to glycopeptide analysis, in either intact or truncated
forms, and quantitation assessment of glycopeptides in protein level, glycoform level or
occupancy level. The MS1 level- and MS/MS level-based quantitative methods exhibit
their own strengths in sensitivity, precision, throughput, sample preparation, MS acquisition
method, and data interpretation. The strengths and weaknesses of different quantitative
methods are summarized in Table 3. Among these methods discussed above, the targeted
MRM approach provides the highest sensitivity, high throughput, and simplicity of sample
preparation and data interpretation; the targeted PRM approach and non-targeted TMT/
iTRAQ label-based approach permit superior precision, however the PRM data bring
challenges in the throughput and the labelling step increases the complexity of sample
preparation; the DIA approach has the best overall performance in sensitivity, precision,
and sample preparation except the challenges in data interpretation; the MS1-based labelling
approaches allow simplicity of MS acquisition and moderate precision but low sensitivity;
finally, the MS1-based label-free approach, with the advantages in simplicity of sample
preparation, MS acquisition and data interpretation, although with low sensitivity and
precision in quantitation, is widely used for mapping the landscape of glycopeptides in
biological samples, allowing for the largest number of glycopeptides to be identified and
semi-quantified.

In the future, we expect to see a continuous effort to improve glycopeptide enrichment and
LC separation of glycopeptides, to enhance their signal response in the mass spectrometer,
to increase the overall throughput for glycopeptide quantitation, and the synthesis of
glycopeptide standards for absolute quantification. The enrichment method with high
recovery rate and without losing glycan information needs further study. The techniques
for developing robust nanoflow or microflow LC columns with various fillings and

robust performance is a future direction. Some of the MS analysis methods and data
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processing algorithms developed for peptide identification and quantification can be applied
to glycopeptide analysis, such as the building of a silico-boosted glycopeptide library for the
DIA approach, the MRM triggered MRM to increase the specificity in quantitation, internal
standard triggered PRM for precise elution window monitoring and for automatic ion filling
time adjustment.

With the improvement of in-depth glycoproteomic analysis, researchers will also seek
methodologies/assays for accurate quantitation of glycopeptides among small amounts

of samples, which could be integrated into clinical translational research to fulfil an

unmet clinical need for new biomarkers. These methodologies/assays will be developed

to improve both the reproducibility and LOQ for small-volume samples. With efficient
glycopeptide enrichment, glycopeptide standards, and/or labeling strategies, quantitative
assays are expected to provide sensitive quantitation of even low-abundance glycopeptides to
uncover disease-relevant glycopeptides. In the meantime, computational software and tools
to facilitate data interpretation and confident glycopeptide assignment will be a continuous
need. Quantitative glycoproteomics, with label-free and label-based strategies, will remain a
significant area in the next decade, with challenges to be overcome and applications to be
explored in biomedical translational research.
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CE
CID
DDA
dHex
DIA
ESI-MS
ETD
EThcD
Fuc
Gal
GalNAc
GIcNAc
HCD
Hex
HexNAc
HILIC
HPLC
19G

iTRAQ

collision energy

collision-induced dissociation

data-dependent MS/MS acquisition

fucose

data-independent MS/MS acquisition
electrospray ionization mass spectrometry
electron transfer dissociation
electron-transfer/higher-energy collision dissociation
fucose

galactose

N-acetylgalactosamine

N-acetylglucosamine

high-energy collision dissociation

hexose

hexosamine

hydrophilic interaction liquid chromatography
high-performance liquid chromatography
immunoglobin

isobaric tags for relative and absolute quantitation
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Man mannose
MRM multiple reaction monitoring
MS mass spectrometry
MS1 precursor mass spectrometry scan
MS2 tandem mass spectrometry scan
NeuAC sialic acid
PRM parallel reaction monitoring
QQQ triple quadrupole mass spectrometer
TMT tandem mass tag
TOF time of flight mass spectrometer
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Fucose
(Fuc)

Mannose
(Man)

Galactose
(Gal)

O: serine/threonine

The structure of glycoproteins, glycans and glycosides. N-linked glycosylation: the reducing
end of the glycan structure is linked to the primary amine group of asparagine on the peptide
backbone; O-linked glycosylation: the reducing end of the glycan structure is linked to the

hydroxyl group of serine/threonine on the peptide backbone.
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Figure 2.

Fragmentation pattern of glycopeptides. A. HCD spectrum of three glycopeptides with

B.
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the same peptide backbone and different glycan structures under various CE; B. EThcD
spectrum of two glycopeptides with the same peptide backbone and different glycan
structures. A Reprinted with permission from Yin. et al. (2018). Copyright © 2018 John

Wiley & Sons LTD. B Reprinted with permission from Zhu. et al. (2020). Copyright © 2020
American Chemical Society.
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Figure 3.

Strategies for glycopeptide quantification by mass spectrometry. The standard glycoprotein
or (glyco)peptide can be optionally used as spike-in for glycopeptide quantitation.
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Figure 4.

Separation of glycopeptides on various columns. A. on C18 column (glycopep:
SWPAVGNCSSALR); B. on HALO HILIC column (glycopep: SWPAVGNCSSALR); C.
on PGC column (glycopep: ENGTISR). A&B Reprinted with permission from Kozlik P.
etal. (2017). Copyright © 2017 Elsevier. C Reprinted with permission from Zhu R. et al.
(2020). Copyright © 2020 American Chemical Society.
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Figure5.
Quantitation of glycopeptides with TMT labeling by multi-notch MS3 acquisition on a

Orbitrap Fusion Lumos mass spectrometer. Reprinted with permission from Fang et al.
(2020). Open access.
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A. DIA workflow
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DIA approach. A. DIA workflow; B. peak integration for DIA quantitation; C. setting of
isolation window width for peptides and glycopeptides. A Reprinted with permission from
Gillet et al. (2012). Open access. B Reprinted with permission from Pino LK. et al. (2020).
Open access. C Reprinted with permission from Zhou C. (2020) Copyright © 2020 Elsevier.
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Library construction in DIA approach for O-glycopeptide quantitation using a silico-boosted
glycopeptide library. (A) The biosythetic steps involved for corel-4 O-glycan structures;

(B) The construction of Glyco-DIA libraries. Reprinted with permission from Ye ZL et al.
(2019). Copyright © 2019 Springer Nature.
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Figure8.
MRM and PRM strategies for targeted quantification.
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Table 1.

Commercially available columns used for glycopeptide analysis.

Page 49

Stationary | UPLC/ Brand Stationary phase structure Property of Column IDb Reference
phase nanol G2 name packing u example
material
C18 C18 nano Acclaim <|=": particle size: | 75/100 pm (Lietal,
LC column (P:?L%Map e SO i (CH} CH; 3/5 um 2020)
pore size:
(Thermo CH, 100 A
Fisher)
Nano particle size: | 75 um (Kozlik et
cHiPLC 3/5pum al., 2017)
C18 (Sciex) pore size:
E\ZO/ZSO/SOO
PGC PGC UPLC | Hypercarb particle size: | 1/2.1/3/4.6 (Zhu et
column (Thermo 3/5/7 um mm al.,
Fisher) poreAsize: 2020b)
250
PGC nano 75/100 pm NA
LC column (discontinued)
PGC nano PGC-chip particle size: | 43 mm chip (Alley et
LC column (Agilent) 3um with 40 nL al., 2009)
poreAsize: trap column
250
HILIC HALO cHIiPLC oH OH particle size: | 75 um (Kozlik et
nano LC HALO cH, on | 3um al., 2017)
column HILIC | pore size:
(Eksigent) — §l—0— : —[Linker] 120/300 A
o oM
HALO cHy " particle size: | 75 um (Kozlik et
HILIC 2.7 ym al., 2018)
(Advanced pore size: 90
Materials
Technology)
Zwitterionic | SeQuant ~ an, particle size: | 2.1/4.6 mm (Furuki
UPLC ZIC-HILIC PR s m___.',_ﬂ,s_c_,,_ﬂ,_n_ 3.5/5 um and
column column o’ [ pore size: Toyo’oka,
(EMD 100/200 A 2017)
Millipore)
SeQuant o e & particle size: | 2.1 mm (Furuki
ZICcHILIC | TN I o 3um and
column " fimany | e S N pore size: Toyo’oka,
(EMD ’ 9 100 A 2017)
Millipore)
Amide BEH ~\ Py particle size: | 2.1/3/4.6 mm (Furuki
UPLC Ethylene B 1.7 ym and
column Bridged o e pore size: Toyo’oka,
Hypdrid 130 A 2017)
amide
(Waters)
Accucore el particle size: | 2.1/3/4.6 mm (Camperi
Amide —_0;—/—m~q/\’j}’ 2.6 um etal.,
(Thermo ° o pore iize: 2020)
Fisher) ' 150
Amide nano | Accucore 75 um NA
LC column Amide
(Thermo
Fisher)

a . .
NanoLC columns are marked with underline

b'Most columns provide column with length: 5/10/15/25 cm; C18 columns provide extralong column with length 50 cm
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General comparison of triple quadrupole, TripleTOF and Orbitrap mass spectrometers

Table 2.

Page 50

Type Resolution | Massaccuracy | Max. scan rate MS/I\(;ISaccumulatlon Max. precursor No.& at
time™ (ms) atime
. a | In-beam 1-2K low 10,000 Da/s 25;50;100;250 80;40;20;8
triple quadrupole
TripIeTOFb In-beam | 230K high 100 scan/s 25;50;100;250 80;40;20;8
Orbitrapc Trapping | 215K high 20 scan/s 25;50;100;250 40;40;20;8

a.
Waters Xevo TQD as an example;

b'Sciex TripleTOF 5600+ as an example;

c. .
Thermo Orbitrap Lumos as an example;

for triple quadrupole, accumulation time is dwell time; for TripleTOF, it is the scan time; for orbitrap, it is the ion injection time;

e'assuming that an elution window is 25.2 s and 12 data points are needed for peak area integration (25.2/12=2.1 s/cycle: 100 ms for precursor scan
in each cycle and 2 s for all MS/MS scans in one cycle); for triple quadrupole the number of precursor-transition pairs is used.
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Table 3.

The strengths and weaknesses of various glycopeptide quantitation methods”.

Page 51

Glycopeptide Quantitation M ethod Sensitivity | Precision | Throughput | Sample Prep M S Acquisition Data
Simplicity Method Simplicity
Simplicity
MS1 Label Free | - ++ ++ ++++ +++++ +++++ +++4+
Level
Label- Label on the ++ +++ ++++ + +++++ +++
Based Peptide
SILAC ++ +++ ++++ + +++++ +++
Labeling
Label on the ++ +++ ++++ + +H+++ +++
Glycan
Isotope- ++ +++ ++++ + +++++ +++
Tagged
Cleavable
Linker
MS/MS Non- TMT/ITRAQ | ++ +++++ +++ + +++++ ++++
Level Targeted Label-Based
Approach
MSE + + + +++++ +++++ +
Approach
DIA ++++ ++++ +++++ +++++ ++++ +
Approach
Targeted MRM +++++ ++ +++++ +++++ ++ +++++
Approach
PRM ++++ +++++ +++ +++++ +++ ++
Approach

a Lo
More “+” marks indicate better performance.
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