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Abstract

Surface and secreted glycoproteins are essential to cells and regulate many ex-
tracellular events. Because of the diversity of glycans, the low abundance of many
glycoproteins, and the complexity of biological samples, a system-wide in-
vestigation of extracellular glycoproteins is a daunting task. With the development
of modern mass spectrometry (MS)-based proteomics, comprehensive analysis of
different protein modifications including glycosylation has advanced dramati-
cally. This review focuses on the investigation of extracellular glycoproteins using
MS-based proteomics. We first discuss the methods for selectively enriching
surface glycoproteins and investigating protein interactions on the cell surface,
followed by the application of MS-based proteomics for surface glycoprotein dy-
namics analysis and biomarker discovery. We then summarize the methods to
comprehensively study secreted glycoproteins by integrating various enrichment
approaches with MS-based proteomics and their applications for global analysis of
secreted glycoproteins in different biological samples. Collectively, MS sig-
nificantly expands our knowledge of extracellular glycoproteins and enables us to
identify extracellular glycoproteins as potential biomarkers for disease detection

and drug targets for disease treatment.
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the extracellular space (Burda & Aebi, 1999; Moremen
et al., 2012; Reily et al., 2019). Extracellular glycoproteins

The majority of extracellular proteins are modified with
glycosylation, including N- and O-linked glycosylation
where glycans are covalently attached to the asparagine
or serine/threonine residues, respectively (Schjoldager
et al., 2020; Spiro, 2002). Unlike other biomolecules in-
cluding nucleic acids and proteins, the synthesis of gly-
cans is non-template-driven. Extracellular glycoproteins
are normally secreted through the classical secretory
pathway, in which glycans are added or trimmed by
various glycosyltransferases and glycosidases in the en-
doplasmic reticulum and the Golgi. These glycoproteins
are eventually transported to the plasma membrane or

are involved in many important cellular events such as
cell-cell communications, cell migration, and immune
response (Haltiwanger & Lowe, 2004; Varki, 2016).
Aberrant glycosylation of surface and secreted proteins is
associated with different diseases including cancers, im-
mune disorders, and Alzheimer's disease, and thus these
glycoproteins can be used as biomarkers for disease di-
agnosis, especially in the early stage (Nie et al., 2014,
Vajaria & Patel, 2017; Veillon et al., 2018).

With the development of modern instrumentation
and data analysis tools, mass spectrometry (MS)-based
proteomics has become very powerful to globally and
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site-specifically analyze protein modifications including
phosphorylation, ubiquitination, acetylation, and glyco-
sylation, which greatly advances our understanding of
the functions of protein modifications in biological sys-
tems (Chen et al., 2018; Riley et al., 2019; Suttapitugsakul
et al., 2020; Witze et al., 2007; Wu et al., 2011a; Wu et al.,
2011b; Xiao et al., 2019; Xu et al., 2020; Yu et al., 2018;
Zhu et al., 2019). However, it is still very challenging to
comprehensively analyze extracellular glycoproteins be-
cause of their low abundance, the glycan heterogeneity,
and the extracellular specificity. The abundances of
many surface and secreted glycoproteins are very low
and could be several orders of magnitude lower than the
unmodified ones. For cells grown in serum-containing
media, secreted proteins (in the ng/ml range) are far less
abundant compared with the background consisting of
many serum proteins (in the mg/ml range) (Eichelbaum
et al., 2012). The occupancy of glycan on a specific gly-
cosylation site and the different glycans located on the
same site significantly increase the number of glycoforms
of a protein, which further complicate the analysis of
extracellular glycoproteins (Caval et al., 2020). The ex-
tracellular specificity is also critical because highly
abundant intracellular proteins could dominate MS
spectra and they cannot be distinguished from extra-
cellular ones during the MS analysis. Therefore, it is very
necessary to selectively enrich extracellular glycoproteins
before MS analysis to minimize their interference.

In this review, we highlight the development in MS-
based methods for a comprehensive investigation of ex-
tracellular glycoproteins. In the first part, we discuss
methods to specifically analyze surface glycoproteins,
followed by the description of surface glycoprotein

interactions and the discussion of glycoprotein dynamics
and biomarker discovery. We then summarize the
methods for global analysis of secreted glycoproteins,
including the method development and the investigation
of secreted glycoproteins in different samples.

2 | COMPREHENSIVE ANALYSIS
OF GLYCOPROTEINS ON THE
CELL SURFACE USING MS-BASED
GLYCOPROTEOMICS

21 | Enrichment methods for profiling
the surface glycoproteome

Enrichment of surface glycoproteins is of great im-
portance to achieve their comprehensive analysis by MS
because of the sub-stoichiometry of glycosylation and the
low abundance of many glycoproteins compared with the
highly abundant intracellular proteins. Furthermore, MS
itself cannot distinguish between surface and in-
tracellular glycoproteins. Different enrichment methods
have been developed to facilitate the investigation of
surface glycoproteins (Table 1).

2.1.1 |
proteins

Methods for enriching cell surface

Due to their unique properties, various methods were
developed to target surface proteins. Ultracentrifugation
is a classical method to separate the plasma membrane
from the cells (Lebowitz et al., 2002; Liang et al., 2006).

TABLE 1 A summary of some enrichment methods for global analysis of surface glycoproteins®

Method Specificity Advantages Potential limitations
Traditional methods Membrane Sample preparation is convenient; Not specific for cell surface
(ultracentrifugation, proteins reagents and instrument are glycoproteins
N-hydroxysuccinimide easily accessible
labeling, etc.)
Cell-surface capture Surface Widely used for studying surface Relatively harsh labeling conditions
glycoproteins glycoproteins from various due to periodate oxidation;
sample types; high labeling requirement of large sample
efficiency and enrichment amount
specificity
Enzyme-based methods Surface High enzymatic labeling efficiency Limited accessibility of
glycoproteins and mild reaction conditions glycosyltransferases and sugar
analogs
Metabolic labeling Surface Very useful method to site- Varied metabolic labeling efficiencies
glycoproteins specifically investigate surface in different cell lines

glycoproteins

“Detailed information and cited papers are included in the main text.
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To increase the purity of the plasma membrane fraction,
density-gradient centrifugation, particularly through the
sucrose gradient medium, was employed to enrich cell
surface proteins (Blonder et al., 2006; Lund et al., 2009).
However, ultracentrifugation cannot completely elim-
inate soluble or cytosolic proteins in the plasma mem-
brane fraction. Furthermore, protein biotinylation was
employed to specifically tag the extracellular regions of
proteins located on the cell surface, followed by affinity
enrichment (Elia, 2008; Li et al., 2019b; Qiu & Wang,
2008; Zhao et al., 2004). Cationic colloidal silica-bead
coating based on the anionic nature of the plasma
membrane and enzymatic shaving relying on enzymes to
remove the exposed extracellular regions of cell surface
proteins have also been reported for surface protein en-
richment (Prior et al., 2011; Solis & Cordwell, 2011).

However, the aforementioned methods aim to sepa-
rate all plasma membrane proteins and do not specifi-
cally target cell surface glycoproteins. Nevertheless, these
methods were recently integrated with other
glycoprotein/glycopeptide-enrichment strategies such as
hydrophilic interaction liquid chromatography (HILIC)
and lectin-based methods to investigate cell surface gly-
coproteins. After ultracentrifugation and protein diges-
tion, the resulting glycopeptides were enriched with
HILIC for surface glycoprotein analysis (Park et al.,
2018). The combination of sulfo-N-hydroxysuccinimide
(NHS)-SS-biotin labeling and peanut agglutinin (PNA)-
lectin purification enabled a comprehensive analysis of
surface proteins containing the Thomsen-Friedenreich
(TF) antigen (Li et al., 2017).

2.1.2 | Cell surface capture (CSC)
Carbohydrates on glycoproteins have different chemical
reactivities compared with proteins, which offers the
possibility of developing methods to target the carbohy-
drate moiety for glycoprotein enrichment. Several dec-
ades ago, it was found that the cis-diols on carbohydrates
can be oxidized into aldehyde groups in the presence of
sodium periodate (Bobbitt, 1956; Gahmberg &
Andersson, 1977). Integrating periodate oxidation and
hydrazide chemistry, Zhang et al. (2003) first developed a
beautiful method, i.e., the hydrazine chemistry-based
method, to enrich glycoproteins, which has been applied
to a wide range of samples including sera, cells, and
tissues (Sun et al., 2019b).

On the basis of the oxidation of carbohydrates,
Wollscheid et al. (2009) introduced the CSC technology
for large-scale analysis of surface glycoproteins. They
first systematically optimized parameters for oxidizing
cell surface glycoproteins including the concentration of

periodate, and the reaction conditions to maintain the
cell integrity and minimize the side reactions. Then,
surface glycoproteins containing the aldehyde groups
were covalently labeled with biocytin hydrazide (BH) on
live cells. After cell lysis and protein digestion, the bio-
tinylated glycopeptides were enriched with streptavidin
beads, followed by glycopeptide elution through the
PNGase F treatment. CSC can achieve the site-specific
analysis of cell surface glycoproteins, which significantly
decreased the false positive rate for surface glycoprotein
identification. CSC has been used to investigate surface
glycoproteins from different sample types including
mouse and human cell lines, and primary cells (Gundry
et al., 2012; Haverland et al., 2017). Bausch-Fluck et al.
(2015) applied CSC to analyze surface glycoproteins on
41 human and 31 mouse cell lines, and identified 1492
and 1296 glycoproteins, respectively. They then built an
MS-derived Cell Surface Protein Atlas (CSPA), which
provides valuable information for the classification of
different cell types and can also be used as a platform for
screening drug targets on the cell surface. Using CSPA as
a training data set for machine learning, the same group
also developed a tool called SURFY to predict 2886 pro-
teins on the cell surface with an accuracy of over 93%
(Bausch-Fluck et al., 2018).

To improve its performance, different versions of CSC
have been reported, which mainly focus on optimizing
the conditions for tagging the aldehyde groups such as
the addition of a catalyst, the utilization of different
biotinylation reagents, and the enrichment at the peptide
or protein level. Kalxdorf et al. (2017) used alkoxyamine-
PEGy,-biotin instead of BH to covalently label the alde-
hyde groups on the cell surface. Additionally, aniline was
used as a catalyst to increase the labeling rate (Kalxdorf
et al., 2017). They enriched the biotinylated surface gly-
coproteins at the protein level instead of the peptide le-
vel, and utilized the non-glycosylated peptides directly
derived from on-bead digestion for surface glycoprotein
identification and quantification. The optimized protocol
allowed for the identification of more plasma membrane
proteins because it eliminated the deamination reaction
during glycopeptide elution with the PNGase F treat-
ment. However, without the site-specific analysis of gly-
coproteins, the experimental evidence for glycopeptide
identification was lost, and the enrichment specificity of
surface glycoproteins was compromised (~70% vs. ~95%
in CSC).

Although the CSC method is very effective to
globally analyze cell surface glycoproteins and offers
information on the topology of proteins in the extra-
cellular region based on the identified glycosylation
site, it is often applied to study cultured cells but not
clinical samples due to the limited accessibility of the
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reagents to cell surface glycoproteins from tissues and
the large amount of starting materials normally re-
quired (more than 10’ cells for each sample). Re-
cently, a new version of CSC termed autoCSC was
introduced by incorporating miniaturization and au-
tomation into the workflow (van Oostrum et al.,
2019). After oxidative labeling, cell lysis, and protein
digestion, the biotinylated peptides can be auto-
matically processed by a robot including streptavidin
resin binding, beads washing, and peptide elution,
which can minimize the sample loss during the
manual sample preparation and increase the sensi-
tivity of CSC (Figure 1). With autoCSC, they achieved
a fivefold increase in sensitivity and a decreased
coefficient of variation compared with manual sample
preparation. The autoCSC method enabled the quan-
tification of 248 unique glycosylation sites located on
147 proteins from only 1 x 10° developing B cells per
sample. The Gundry group recently developed an
automated bioinformatic workflow to rapidly analyze
the data from CSC and facilitate the discovery of cell-
type-specific surface markers by integrating pro-
teomic and transcriptomic data (Waas et al., 2020).
Complete automation of sample preparation and
bioinformatic analysis is expected to further improve
the efficiency of CSC in the future.

2.1.3 | Enzyme-based methods

Compared with the oxidation by periodate, the con-
ditions of enzymatic labeling of surface glycoproteins

are milder and the reaction could be more efficient.
Galactose oxidase (GAO) is a copper-dependent en-
zyme that can specifically oxidize the hydroxyl group
at the C6 position on galactose/N-acetylgalactosamine
(Gal/GalNAc) to an aldehyde group (Parikka et al.,
2015; Zheng et al., 2017). The enzyme can be used to
tag glycoproteins on the cell surface for their large-
scale analysis (Ramya et al., 2013). By systematically
optimizing the conditions, our group dramatically
improved the performance of the GAO-based method
(Sun et al., 2019a). Horseradish peroxidase was in-
corporated to increase the glycan oxidation efficiency
by GAO. After on-bead digestion, methoxylamine was
used to elute glycopeptides from the hydrazide beads,
instead of the commonly used PNGase F treatment, to
increase the recovery rate of glycopeptides. When
sialidase was employed to remove sialic acid at the
termini of glycans, the method became even more
effective. Integrating the GAO-based method and
stable isotope labeling by amino acids in cell culture
(SILAC), the systematic analysis of surface glycopro-
tein trafficking was achieved, which revealed that
most surface glycoproteins were transported to the
plasma membrane through the classical secretory
pathway.

Chemoenzymatic labeling is another very popular
strategy to investigate glycoproteins on the cell sur-
face. Here, a sugar analog with a chemical reporter
from a nucleotide sugar donor is transferred to a
specific glycan acceptor on the cell surface by a re-
combinant glycosyltransferase (Lopez Aguilar et al.,
2017). Yu et al. (2016) developed a two-step selective
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exo-enzymatic labeling (SEEL) method to study sur-
face glycoprotein changes in the differentiation of
human erythroleukemia cells, in which recombinant
a-(2,6)-sialyltransferase  (ST6Gall) or  a-(2,3)-
sialyltransferase (ST3Gall) and a sialic acid nucleo-
tide analog CMP-Neu5Ac modified by an azide group
were employed to label cell surface glycans, followed
by biotinylation of the tagged surface glycoproteins
through click chemistry, enrichment, and MS identi-
fication. Neuraminidase treatment before the che-
moenzymatic labeling can markedly facilitate the
identification of surface glycoproteins. To minimize
the adverse effects of click chemistry in the two-step
SEEL method such as side reactions and low labeling
efficiency, Sun et al. (2016) synthesized CMP-Neu5Ac
modified by a biotin moiety for direct labeling of
surface glycoproteins with recombinant ST6Gall
(Figure 2A). The one-step SEEL displayed a higher
labeling efficiency compared with the two-step SEEL
approach and enabled the identification of more sur-
face glycoproteins. They also used this method to
comprehensively study how surface glycoproteins re-
sponded to the lysosomal dysfunction and found that
the internalization of glycoproteins such as IGF2R

and EPHA2 within the endolysosomal system for de-
gradation was reduced with the lysosomal disruption.
As the glycosyltransferases in chemoenzymatic la-
beling are able to recognize specific glycans, the
method can also be utilized to analyze surface glyco-
proteins containing certain glycans (Wen et al., 2016).
Sialyltransferase =~ ST6GalNAc-IV  specifically re-
cognizing the sialylated TF (Sialyl-T) antigen can
transfer a sialic acid analog containing a biotin moiety
to the Sialyl-T antigens on the cell surface (Figure 2B)
(Wen et al., 2018). The tagged proteins with the Sialyl-
T antigen were pulled down using avidin resins, fol-
lowed by digestion on beads and MS analysis, which
enabled the identification of 78 and 43 potential gly-
coproteins containing the Sialyl-T antigen on the cell
surface from MCF7 and HT29 cells, respectively.
Among the identified proteins, those related to bind-
ing activity and catalytic activity were highly enriched
in both cell lines based on the bioinformatic analysis.
Although chemoenzymatic labeling is effective and
specific to analyze surface glycoproteins, the limited
availability of the recombinant glycosyltransferases
and the modified nucleotide sugar donors restricts its
wide applications.
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2.1.4 | Integrating metabolic labeling and
bioorthogonal chemistry to target surface
glycoproteins

With metabolic labeling, a sugar analog modified with a
chemical reporter can be taken up by cells and then in-
corporated into glycoproteins, including those located on the
cell surface, allowing for the specific analysis of the surface
glycoproteome (Wang & Mooney, 2020). The glycan bio-
synthetic pathway in cells can tolerate different unnatural
sugar analogs with chemical reporters including N-azidoa-
cetylmannosamine (ManNAz), N-azidoacetylgalactosamine
(GalNAz), and N-azidoacetylglucosamine (GlcNAz) (Dube &
Bertozzi, 2003; Mahal et al., 1997). The chemical reporters in
the sugar analogs are critical for the downstream enrichment
of surface glycoproteins. They cannot be present in biological
systems or react with other chemical functionalities in living
cells, which ensures that the tagging of glycoproteins is
specific and selective (Prescher & Bertozzi, 2005). Subse-
quently, a bioorthogonal reaction that proceeds without
disrupting the native biological system is performed to install
an affinity group such as biotin for the enrichment of surface
glycoproteins. On the basis of the chemical reporters in sugar

analogs, different bioorthogonal reactions have been devel-
oped for labeling surface glycoproteins, such as Cu(I)-
catalyzed azide-alkyne cycloaddition (CuAAC), and strain-
promoted azide-alkyne cycloaddition (SPAAC) (Lang &
Chin, 2014; Sletten & Bertozzi, 2009). The tagged surface
glycoproteins can be selectively enriched for MS identifica-
tions and quantifications.

With the development of MS-based proteomics, site-
specific analysis of surface glycoproteins has been growing
rapidly. It not only provides valuable information about the
glycosylation sites but also offers direct experimental evi-
dence for the identification of glycopeptides and glycopro-
teins (Sun & Wu, 2019; Xiao & Wu, 2017c; Xiao et al., 2018c;
Xu et al., 2021). Our group has developed an effective
method to comprehensively and site-specifically investigate
glycoproteins located on the cell surface by combining me-
tabolic labeling, bioorthogonal chemistry, and MS-based
proteomics (Figure 3) (Chen et al., 2015; Smeekens et al.,
2015; Xiao et al., 2016b). After metabolic labeling using a
sugar analog containing the azide group (GalNAz, GIcNAz,
or ManNAz), surface glycoproteins can be tagged with di-
benzocyclooctyne (DBCO)-sulfo-biotin through SPAAC un-
der physiological conditions, which maintains the viability of
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cells. DBCO-sulfo-biotin is very hydrophilic, therefore it
cannot penetrate the plasma membrane of cells and can only
label surface glycoproteins. After cell lysis and protein di-
gestion, NeutrAvidin beads were used to enrich the bioti-
nylated glycopeptides, followed by site-specific analysis by
MS. Enrichment at the peptide level minimizes the non-
specific binding compared with that at the protein level.
Comparison of the three sugar analogs for metabolic labeling
revealed that GalNAz resulted in the highest coverage of the
surface N-glycoproteins (Xiao et al., 2016b).

Cell-surface glycoproteins play extremely important roles
in the cellular immune response. Recently, coupling selective
enrichment with multiplexed proteomics, we comprehen-
sively and site-specifically quantified the dynamics of surface
glycoproteins in monocytes and macrophages in response to
lipopolysaccharide (LPS) (Suttapitugsakul et al., 2021b). The
time-resolved quantification results unraveled the gradual or
transient changes of cell-surface glycoprotein in monocytes
and macrophages during the response, and the responses
were different for both monocytes and macrophages. The
further quantification of surface glycoproteins in the differ-
entiation experiment from monocyte to macrophage re-
vealed that the different responses were at least partly
attributed to the priming of monocytes during the differ-
entiation. Besides the well-documented glycoprotein changes
in response to LPS, we also identified some new surface
glycoproteins participating in the immune response such as
APMAP, TSPAN3, and IGSF8. Furthermore, this study
provides site-specific information regarding protein glycosy-
lation changes during the LPS treatment, for instance, the
site N229 of CSF2RA but not N195 and N223 in monocytes.
Systematic investigation of the dynamics of surface glyco-
proteins results in a better understanding of glycoprotein
functions and cellular immune responses.

Metabolic labeling is normally restricted to cultured cells
and difficult to be applied to clinical samples. However,
Spiciarich et al. (2017) cultured the sliced tissues in a med-
ium containing ManNAz to metabolically label sialylated
proteins on the cell surface. Surface glycoproteins on the
tissues can then be identified through click chemistry-based
biotinylation, enrichment, and MS analysis. The wide ap-
plication of metabolic labeling to investigate surface glyco-
proteins still needs to address some limitations. For example,
the labeling efficiency for surface glycoproteins in different
cell lines and glycoproteins may not be the same, which
would affect the quantification (Chang et al., 20092).

2.2 | MS-based characterization of
surface glycoprotein interactions

Cell surface glycoproteins often function through interacting
with molecules in the extracellular matrix and proteins

nearby, creating a highly interactive network on the plasma
membrane (Martinez-Martin et al., 2016; Wright et al., 2010).
The interaction network adapts to the ever-changing extra-
cellular environment, and, therefore, aberrant glycoprotein
interactions are closely correlated with various diseases in-
cluding cancers (Pinho & Reis, 2015). Analysis of cell surface
glycoprotein interactions will deepen our understanding of
the collaborations among proteins located on the cell surface
to regulate cellular events. With the development of MS-
based proteomics and different methods to capture the in-
teractions, identification of surface glycoprotein interactors
was achieved (Bausch-Fluck et al., 2019; Paek et al., 2017).
Although different strategies coupled with MS were devel-
oped for studying protein interactions, including affinity
purification, chemical crosslinking, size-exclusion chroma-
tography (SEC), and native MS (Heck, 2008; Smits &
Vermeulen, 2016; Swietlik et al., 2020), it is still challenging
to apply them to investigate the interactions only located on
the cell surface. This section focuses on the method devel-
opment for studying the interaction events on the cell sur-
face especially those in the extracellular region.

221 | Ligand-based receptor capture (LRC)
LRC is first reported by Frei et al. (2012) to identify the
glycosylated receptors on the cell surface for a specific ligand.
This method is based on a trifunctional reagent TRICEPS
consisting of an NHS ester for conjugating the ligand of
interest, a trifluoroacetyl-protected hydrazine group for re-
acting with the aldehyde group on surface glycoproteins
generated by the periodate oxidation, and a biotin group for
the affinity enrichment. The ligand-conjugated TRICEPS
was incubated with intact cells after the periodate oxidation,
allowing for the ligand-specific recognition of glycosylated
protein receptors. The covalent hydrazone bond formed be-
tween hydrazine and the aldehyde groups can stabilize the
interactions between ligand and receptors. After cell lysis,
protein digestion, and glycopeptide enrichment, the re-
ceptors can be identified through the glycosylated peptide
abundance changes compared with the control group with-
out the ligand. The LRC technology was then applied to
discover glycosylated protein receptors on the cell surface of
growth factors, therapeutic antibodies, and viruses. Later on,
the Hill group described another type of trifunctional probe
with an aldehyde-reactive aminooxy group, a sulthydryl
group for ligand conjugation via a disulfide bond, and a
biotin group (Tremblay & Hill, 2017). They identified re-
ceptors through nonglycopeptides directly from on-bead di-
gestion after the protein-level enrichment instead of
glycopeptides in the TRICEPS method. With a similar
quantification strategy and a modified trifunctional reagent
called HATRIC, Sobotzki et al. (2018) reported a second
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generation of LRC (Figure 4). Acetone was used as the
protection reagent for hydrazine to replace the original
trifluoroacetyl-protection group, which increased the label-
ing efficiency of hydrazone formation. An azide group was
used for the pull-down experiment instead of biotin, which
tolerated more harsh washing conditions and thus decreased
the contamination from the streptavidin beads. The hy-
drazone formation can take place at pH 7.4 by utilizing
5-methoxyanthranilic acid instead of aniline as the catalyst,
making the ligand interact with surface receptors under
more physiological conditions. Because of the increased
sensitivity in the second generation of LRC, they can achieve
the identification of surface receptors using only one million
cells.

2.2.2 | Proximity labeling-based methods

Proximity-based biotinylation is frequently used to in-
vestigate the interactions of proteins including those lo-
cated on the cell surface (Branon et al, 2018;
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FIGURE 4 (A) Structure of the tri-functional compound HATRIC including protected hydrazide, azide, and N-hydroxysuccinimide ester. (B)
Experimental procedure of identifying the surface receptors of one specific ligand using cell-surface capture and mass spectrometry-based proteomics.
Reproduced with permission from Sobotzki et al. (2018). Copyright owned by the authors under a CC BY 4.0 license. Ligand of interest (maroon
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do not specifically target the glycoforms of proteins be-
cause antibodies or genetic fusion recognize all the forms
of their targets.

A lectin that recognizes glycans on the cell surface can
facilitate the investigation of the interactions between lectin
and glycosylated ligands on the cell surface with proximity-
based biotinylation. Recently, a comprehensive analysis of
galectin-3 interactome in live human HSCs was achieved by
fusing APEX2 to galectin-3 (PX-Gal3) that can bind to
{-galactosides (Joeh et al., 2020). PX-Gal3 was used to label
proteins with the addition of H,0, and biotin-phenol, fol-
lowed by cell lysis, enrichment, and on-bead digestion
(Figure 5). With tandem mass tag (TMT)-based multiplexed
quantitative proteomics, the authors selectively identified
proteins that are highly enriched in the labeling group
compared with the control one, allowing them to construct a
data set for the potential interactors of galectin-3. The data
set included various glycoproteins located on the cell surface
such as vasorin, basigin, neuroplastin, CD9 in the tetra-
spanin family, EPHBI in the ephrin family. The interactions
between these proteins and galectin-3 were further verified
by an in vitro binding assay. A similar strategy was also
developed for the identification of Siglec ligands on the cell
surface (Chang et al., 2017). Besides enzymes, chemical
probes can also be conjugated to lectins. Xie et al. used iron
(S)—1-(p-bromoacetamidobenzyl) EDTA as a catalyst to
generate radicals in the presence of H,O, for the oxidation of
proteins that interact with a lectin (Xie et al., 2020). With this
method, they investigated surface glycoproteins that poten-
tially interact with different types of lectins such as wheat
germ agglutinin (WGA), Sambucus nigra (SNA), and

o
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live cells

@ glucose (Glc)
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FIGURE 5

B N-acetylglucosamine (GlcNAc)

Maackia amurensis lectin, each of which can recognize
specific glycan motifs.

2.2.3 | Photo-crosslinking strategies

A sugar analog with a photo-reactive functionality can be
incorporated into glycans located on the cell surface
through metabolic labeling (Wu & Kohler, 2019). After
UV crosslinking, the glycan-protein interactions for a
specific protein target can be pulled down through affi-
nity enrichment such as immunoprecipitation, followed
by protein digestion and MS identification. To remove
nonspecific binding proteins, a control group without UV
radiation is usually included. Different sugar analogs
with a photoreactive group have been developed to in-
vestigate glycoprotein interactions on the cell surface.
The Paulson group reported the use of a sialic acid analog
containing an aryl azide at C9 (9AAzSia) to study the sur-
face interactors of CD22, which binds specifically to the
terminal N-acetylneuraminic acid o(2-6) galactose (NeuAc-
a(2-6)-Gal) on glycoproteins and plays an important role in
regulating B-cell receptor signaling (Han et al, 2005;
Ramya et al., 2010). They found that CD22 formed homo-
multimeric complexes by binding to nearby CD22 as cis
ligands on the same B-cell, whereas the B-cell receptor IgM
on another cell was a major trans ligand of CD22. Using a
sialic acid analog containing a diazirine group (ManNDAz),
the Kohler group systematically investigated the Cholera
toxin B subunit (CTB)-binding glycoproteins on the cell
surface (Figure 6) (Wands et al.,, 2015). After metabolic

identification
by MS
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proximal protein
interactors
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Sialic acid (Neu5Ac)

Identification of proteins that interact with galectin-3 (Gal-3) on live cells using proximity labeling and mass spectrometry (MS)-

based proteomics. Reproduced with permission from Joeh et al. (2020). Copyright retained by the authors under CC BY-NC-ND [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 6 Identification of sialylated surface proteins that

interact with cholera toxin B subunit (CTB) with metabolic labeling
and UV crosslinking. Crosslinked complexes can be visualized by
immunoblot or identified by liquid chromatography-mass

spectrometry (MS)/MS analysis. Reproduced with permission from
Wands et al. (2015). Copyright retained by the authors under a CC-
BY license [Color figure can be viewed at wileyonlinelibrary.com]

labeling, a biotinylated CTB was incubated with the cells,
followed by UV crosslinking, streptavidin enrichment, and
MS analysis. CEACAMS5 was found to be an interactor of
CTB. This interaction was dependent on the glycan instead
of the protein.

The photocrosslinking sugar analogs normally enable
the identification of binding molecules for one protein of
interest. Feng et al. (2013) synthesized a sialic acid analog
with two functional groups, a diazine group and an azide
group, to metabolically label surface glycans. The bi-
functional sugar analog can achieve UV crosslinking and
pull-down purification simultaneously, holding great
potential to comprehensively identify sialic-acid binding
proteins on the cell surface by MS. Recently, Li et al.
(2019a) reported a method integrating metabolic and
chemical proximity labeling to globally identify sialic
acid-binding proteins on the cell surface. Instead of using
a photocrosslinking sugar analog, ManNAz with an azide
group was employed to label sialic acids on the cell
surface, followed by conjugation of a catalyst probe
through SPAAC that can oxidize nearby proteins under
the H,0, treatment. The oxidation sites can be identified
and quantified using MS-based proteomics, allowing for
global identifications of sialic-acid binding proteins on
the cell surface. Integrating chemical crosslinking, GAO
labeling, and TMT-based multiplexed quantitative pro-
teomics, our group recently achieved comprehensive

analysis of surface glycoprotein interactions (Sun et al.,
2021). With the design of appropriate probes, it will be
possible to identify the binding sites among the interac-
tions involved with surface glycoproteins (Li et al., 2020;
Udeshi et al., 2017).

2.3 | Applications of MS-based methods
to study surface glycoproteins

The advancement of MS-based methods for investigating
glycoproteins located on the cell surface enables sys-
tematic analysis of their properties and functional roles
in different biological systems. In this section, we re-
viewed the applications of MS-based methods to study
surface glycoproteins including protein dynamics and
biomarker discovery.

2.3.1 | Surface glycoprotein dynamics

Glycoproteins located on the cell surface are highly dy-
namic to adapt to the ever-changing environment. Gly-
cosylation is reversible with enzymes responsible for the
addition and removal of glycans. Glycans are of great
importance for proteins to maintain their stability and
proper functions on the cell surface. However, compre-
hensive analysis of surface protein dynamics is still
challenging. Schiess et al. (2009) used CSC and label-free
quantification to study the dynamic distribution of sur-
face glycoproteins, such as internalization without de-
gradation and intracellular redistribution in response to
intracellular signaling network changes. A similar strat-
egy was employed to determine surface glycoprotein
dynamics during monocyte to macrophage differentia-
tion of THP-1 cells, which revealed the dynamic re-
modeling of the surface proteome during differentiation,
including rapid translocation of surface proteins, quick
internalization of unneeded proteins, and delayed
translocation of newly synthesized macrophage markers
(Kalxdorf et al., 2017). Recently, the Wollscheid group
achieved a systematic investigation of surface glycopro-
tein dynamics of neurons with the newly developed au-
toCSC method (van Oostrum et al., 2020). To study the
dynamics of surface glycoproteins during neuronal dif-
ferentiation, they performed in vitro primary neuronal
cultures and tagged the surface glycoproteins using the
periodate oxidation every 2 days from 2 to 20 days. After
sample preparation using autoCSC, glycopeptides were
analyzed by DIA-MS. Over 1700 glycosylation sites on
over 1000 proteins were identified and quantified in the
time-resolved experiment. They found different clusters
of surface glycoprotein dynamics that are consistent with
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the developmental stage-specific patterns. Compared
with the whole proteome, the surface glycoproteome
displayed a higher level of dynamics in a limited time
scale and widespread regulation on surface trafficking
during development and homeostatic synaptic scaling.
Recently, our group integrated metabolic labeling and
TMT-based multiplexed proteomics to study surface
glycoprotein dynamics (Xiao & Wu, 2017). The cells were
first cultured in a medium containing GalNAz to meta-
bolically label surface glycoproteins. After biotinylation
with copper-free click chemistry, the cells were changed
to another medium without the sugar analog and har-
vested at different time points (Figure 7). The half-lives of
surface glycoproteins were determined by the abundance
changes of glycoproteins in the time-resolved experi-
ment. We found that glycoproteins with catalytic activ-
ities were more stable than those with binding and
receptor activities. Combining metabolic labeling with
label-free quantitative MS, Herber et al. studied the dy-
namics of neuronal surface glycoproteins in cells with

BACE1 inhibition. BACE1 is an important protease that
cleaves the membrane protein APP to generate amyloid 8
peptide (Herber et al., 2018). They found that several
substrates of BACE1 such as APP, APLP1, and SEZ6
were upregulated, and these protein changes on the cell
surface were not strongly correlated with their changes
in the secretome.

2.3.2 |
surface

Biomarker discovery on the cell

The presence of specific surface glycoproteins enables the
targeted selection of cell population from plenty of cells
with various identities (Meyfour et al., 2021). Aberrant
glycosylation has been reported to be closely correlated
with multiple diseases such as cancers (Schjoldager et al.,
2020). In this section, we focused on the study of surface
glycoproteins used as biomarkers for the classification of
cell types and disease detection.
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A comprehensive label-free quantification of CSPA
consisting of identified surface glycoproteins from 41
human and 31 mouse cell types revealed that the cell-
type-specific differences mainly come from quantitative
differences of surface glycoproteins, rather than from
protein identities such as CD proteins frequently used as
cell-type classifications (Bausch-Fluck et al.,, 2015).
Boheler et al. (2014) systematically analyzed the surface
glycoproteomes of human pluripotent stem cells (hPSCs),
human embryonic stem cells (hESCs), and human fi-
broblasts to investigate specific pluripotency markers,
and found the unique expression of eight surface glyco-
proteins (ADCYAP1R1, EFNA3, FAM216A, FGFR3,
HTR2C, IL17RD, NPR1, and OPCML) on hPSC that can
be used as biomarkers, which were further validated by
immunostaining. The cell surface markers for hPSC de-
rivatives were also studied. Mallanna et al. (2017) pro-
filed surface glycoproteins of hPSC-derived hepatic
endoderm cells. By comparing the data with CSPA, 15
proteins including ABCC2, SLC2A8, and TMUB1 were
overlapped between hPSC-derived hepatic endoderm and
primary human hepatocytes. Using CSC, Haverland et al.
(2017) assessed the surface glycoproteomes of four hu-
man lymphocyte cell lines. After label-free quantification
and bioinformatic analysis, the proteins specific for each
cell type were revealed. By combining CSC and TMT-
based multiplexed proteomics, Ravenhill et al. (2019)
compared the expression difference of the surface pro-
teomes on red blood cells (RBCs) from two genetically
distinct populations (United Kingdom and Senegal), and
identified potential Plasmodium receptors. They also
used the same approach to investigate the surface mar-
kers of classical, intermediate, and nonclassical mono-
cytes (Ravenhill et al., 2020). Our group used metabolic
labeling strategy and label-free quantification to analyze
the surface glycoproteins from eight types of human cells
and further emphasized the importance of unique and
differential expression of surface glycoproteins for the
cell type determination (Suttapitugsakul et al., 2019).

CSC was applied to identify surface glycoproteins from
five different thyroid cancer cell lines (Arcinas et al., 2009).
Besides the known biomarkers for thyroid cancer, such as
CD44, galectin 3, and metalloproteinase inhibitor 1, some
surface glycoproteins were found uniquely in specific thyroid
cancer cell lines, which provided a set of glycoprotein bio-
marker candidates. Mirkowska et al. (2013) investigated the
surface glycoproteome from leukemia xenografts derived
from 19 B-cell precursor ALL (BCP-ALL) patients using
CSC. After data filtering based on gene expression in-
formation from normal hematopoietic cells, they used flow
cytometry to verify nine candidate markers (CD18, CD63,
CD31, CD97, CD102, CD157, CD217, CD305, and CD317) in
patient samples. CD97, CD157, CD63, and CD305 displayed

the most significant difference, which may be considered as
the biomarkers for leukemia. Oldham et al. (2020) combined
CSC and a targeted MS assay to detect the significantly up-
regulated surface glycoproteins in multiple myeloma cells
compared with healthy controls, followed by flow cytometry
validation. Recently, Leung et al. (2020) quantified the sur-
face proteome in isogenic breast epithelial cell lines trans-
formed with one of the oncogenes, including receptor
tyrosine kinases (EGFR and HER2) and the corresponding
signaling partners (KRAS, BRAF, MEK, and AKT). The
surface proteome remodeling for each oncogene was corre-
lated with different biological processes such as alteration of
glycosylation and carbohydrate metabolism, and down-
regulation of differentiation and adhesion. Some example
surface glycoproteins as potential biomarkers are listed in
Table 2.

With metabolic labeling using ManNAz to label sia-
loglycoproteins, our group compared the expression of
surface N-sialoglycoproteins between MCF7 and MDA-
MB-231 breast cancer cells with different levels of inva-
siveness, and revealed that surface protein sialylation
was closely correlated with cell migration and metastasis.
Using a similar strategy, Pan et al. (2012) unraveled the
significantly increased expression of the neuronal cell
adhesion molecule in non-small-cell lung adenocarcino-
ma compared with nearby noncancerous tissues, which
could potentially be served as a novel target and bio-
marker for treatment and diagnosis of this cancer. With
the development of methods for surface glycoprotein
profiling and MS-based proteomics, novel biomarkers
and drug targets will be able to be discovered for different
diseases.

3 | GLOBAL ANALYSIS OF
SECRETED GLYCOPROTEINS
USING MS-BASED PROTEOMICS

Cells secrete proteins into the extracellular environment, and
most of them are glycosylated through the classical secretory
pathway (Arigoni-Affolter et al., 2019; Seiradake et al., 2015;
Yagi et al., 2020). These glycoproteins participate in many
extracellular events including cellular signaling and cell-cell
communication. Combining the results from antibody de-
tection with those from MS analysis, Uhlen et al. (2019)
determined the data set of human secreted proteins based on
protein characteristics such as the presence of signal peptides
or the transmembrane region, and showed that the number
of potential genes encoding secreted proteins was 2641,
which are about 13% of all human protein-coding genes.
Secreted glycoproteins in bodily fluids can serve as excellent
noninvasive sources of biomarkers for disease detection
(Ideo et al., 2020; Kirwan et al., 2015; Liu et al., 2010; Zhao
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et al., 2007; Zhu et al., 2020). Particularly, glycosylated pro-
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3.1 | Extensive and multidimensional
fractionation

One major obstacle in the global analysis of secreted
glycoprotein is the extremely high dynamic range of
proteins present in the culture medium, blood, or plasma
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to reduce the complexity is through depletion columns.
Several types of depletion columns are commercially
available. These columns are based on antibodies that
can capture the proteins with high abundance in sam-
ples. In one example, CaptureSelect HumanPlasma 14
affinity resin was used to remove proteins including al-
bumin, immunoglobulins, transferrin, and others from
plasma samples before multilectin affinity chromato-
graphy for glycoprotein enrichment (Totten et al., 2018).
The authors identified glycoproteins that are differently
secreted from prostate cancer and benign prostatic hy-
perplasia patients. Similarly, Berven et al. (2010) com-
bined protein depletion with solid phase extraction of N-
linked glycoproteins (SPEG), which is based on a reac-
tion between oxidized glycans and hydrazine resins, to
enrich glycoproteins from human plasma. Compared
with the experiment without the depletion, the number
of identified glycoproteins increased by 24%.

Though depletion columns can effectively remove high-
abundance proteins from serum samples, studies have
shown that these columns may also result in sample loss,
which affects the quantification of proteins and the re-
producibility (Jankovska et al., 2019; Tu et al., 2010). One of
the proteins with the highest abundance is albumin, which
can bind to several secreted proteins (Merlot et al., 2014).
Therefore, the removal of albumin caused the loss of other
secreted proteins (Granger et al., 2005). The capacity of these
columns is normally low, and thus the approach is not very
cost-effective. Additionally, nonspecific binding of proteins to
the materials used in these columns may occur (Polaskova
et al., 2010). de Jesus et al. (2017) compared three depletion
methods to remove the most abundant proteins from cells,
including magnetic nanoparticles, sequential application of
dithiothreitol and acetonitrile, and the commercial Proteo-
Miner apparatus based on immunoaffinity. The results re-
vealed that the magnetic nanoparticle depletion was more
versatile, reproducible, and removed proteins with high
molecular weights (>80kDa), resulting in the highest
number of identified proteins. For the chemical method,
though the depletion of proteins was also observed, the
number of identified proteins was lower. The ProteoMiner
apparatus that was not cost-effective showed similar results
to the chemical method.

3.3 | Serum starvation

In cell culture models, serum such as fetal bovine serum
is often used in the growth media as it contains proteins
and other small molecules required for in vitro cell
growth (Zheng et al., 2006). The concentration of pro-
teins, especially albumin, is very high in the final culture
media, which affects the detection of low-abundance,

secreted glycoproteins. One solution to this problem is to
grow cells in a serum-free medium for a short period of
time (Chang et al., 2009b; Stastna et al., 2012). Before
switching to the serum-free medium, the cells must also
be washed thoroughly to remove residual serum proteins.
Rogers et al. (2014) showed that three washes are optimal
to remove serum proteins, whereas more washes can
decrease cellular viability. Additionally, washing cells
with serum-free medium leads to the contamination of
proteins from lysed cells.

One major problem with this approach is the effects
of cellular starvation on cell growth and proliferation,
and thus the alteration of protein secretion from cells.
Cell death may also occur, resulting in the leakage of
intracellular proteins into the extracellular space. This
complicates and affects secreted glycoproteomic analysis.
One study focused on enriching newly synthesized, se-
creted proteins from cells by combining azidohomoala-
nine (AHA) labeling with pulsed SILAC (Eichelbaum
et al.,, 2012). AHA is a methionine analog that can be
conjugated by aminoacyl tRNA (transfer RNA) synthe-
tase during protein synthesis instead of methionine.
Proteins labeled with AHA containing the azide group
can be selectively enriched through click chemistry. Over
1000 secreted proteins were identified and quantified
including some extracellular matrix proteins and cyto-
kines. The authors further applied this method for a
time-resolved analysis of secreted proteins from mouse
macrophages (RAW264.7) treated with LPS after 0, 6,
and 17 h. Several inflammatory cytokines were identified
and quantified within a 2-h labeling period at each time
point. The authors also showed that the secretion of
proteins could be affected by incubating cells under
serum-free conditions only after 3 h, raising the concern
that the results from secreted protein analysis under such
conditions should be further examined and validated by
other methods.

3.4 | Lectin-based enrichment

Lectins are proteins that bind specifically to glycans
and have been extensively used for glycoproteome
analysis (Abbott & Pierce, 2010; Chen et al., 2014a;
Feng et al., 2009; Mechref et al., 2008; Wei et al., 2010).
They were also employed to enrich secreted glycopro-
teins in the extracellular compartment (Jung et al.,
2009; Plavina et al., 2007; Qiu & Regnier, 2005; Yang &
Hancock, 2004; Zhang et al.,, 2012). In a study by
Boersema et al. (2013), the authors profiled secreted
glycoproteins from 11 breast cancer cell lines in dif-
ferent stages (Figure 8). Two lectins, concanavalin A
(Con A) and WGA, were combined with filter-aided
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sample preparation (FASP) to enrich secreted N-
glycoproteins under the serum-free conditions. They
identified and quantified peptides with 1398 N-
glycosylation sites from 701 proteins. The results also
demonstrated differential protein secretions from
cancer cells in different stages. Though the authors
showed that the serum-free conditions did not affect
the viability of the cells, the biological interpretation of
the quantitation results from cells under such condi-
tions might need to be carefully considered. Due to
their glycan specificity, multiple lectins are often re-
quired to capture glycoproteins with diverse glycans in
the secretome. Li et al. (2013) and colleagues devel-
oped a method termed lectin affinity capture followed
by solid-phase extraction of glycosite-containing pep-
tides (LecSPEG). Aleuria aurantia lectin-, SNA-lectin,
and WGA-conjugated beads were used to enrich gly-
coproteins from serum samples. The eluted proteins
were digested, and the resulting glycopeptides were
further oxidized with sodium periodate for their en-
richment with hydrazide beads. With this approach,
the number of unique glycosites increased from two
with lectin enrichment alone to 46 with the LecSPEG
method, and the specificity increased from 2% to 82%.

3.5 | HILIC

In HILIC, hydrophilic peptides, including those with gly-
cans, are retained in the column and eluted by an in-
creasing amount of water in the mobile phase (Alpert,
2008). HILIC has been reported for the study of secreted
glycoproteins in various samples (Shu et al., 2020). ZIC-
HILIC, where the stationary phase contains both positive
and negative charges, was also employed for secreted
glycoprotein analysis (Alagesan et al., 2017; Cao et al,
2016). Other work has combined different separation
modes to increase the specificity for glycopeptide enrich-
ment (Adav et al., 2015). In the work from R. Chen et al.
(2019), phosphopeptides and glycopeptides were simulta-
neously enriched through a method called mode switch-
able solid phase extraction (MS-SPE). A solid-phase
extraction column packed with PolyWAX was first used to
separate both phosphopeptides and glycopeptides in the
electrostatic repulsion hydrophilic interaction chromato-
graphy (ERLIC) mode. The column was then switched to
the HILIC mode by using a high concentration of organic
solvent where phosphopeptides were eluted and glycopep-
tides were retained. Eventually, glycopeptides were eluted
with water. With this approach, 136 phosphorylation sites
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and 283 N-glycosylation sites were identified from the
secretome of A549 cells under serum-free conditions.
Nevertheless, nonglycosylated peptides may also be hy-
drophilic and retained in these columns, which affects the
enrichment specificity.

3.6 | Boronic acid-based enrichment
Boronic acid forms reversible covalent bonds with the
diol groups on glycans, allowing for the enrichment of
glycoproteins in biological samples (Chen et al., 2014b;
Liu & He, 2017; Liu et al., 2012; Qu et al., 2012; Xiao &
Wu, 2017b; Xiao et al., 2018a; Xiao et al., 2018b; Xiao
et al., 2016a; Zhang et al., 2009). Boronic acid was com-
pared with lectin-based enrichment (ConA, Lens culi-
naris agglutinin, or WGA) for glycoprotein analysis in
human serum samples, and it resulted in the highest
number of identified glycoproteins possibly due to the
wider array of glycans enriched (Sparbier et al., 2007).
For Saccharomyces cerevisiae, boronic acid-conjugated
magnetic beads were employed to enrich secreted gly-
copeptides from the growth medium (Smeekens et al.,
2017). The analysis requires the careful medium collec-
tion step to avoid cytosolic protein leakage, which can
interfere with the detection of secreted glycoproteins. In
this study, the cells were also treated with tunicamycin to
inhibit protein N-glycosylation. Many secreted N-
glycoproteins were downregulated compared with the
control group, showing the effects of N-glycosylation on
protein secretion.

3.7 | Hydrazide chemistry-based
enrichment

Hydrazide chemistry-based methods have also been
employed to enrich secreted glycoproteins (Goo et al.,
2009; Wang et al., 2012). In one example, combining MS
analysis with hydrazide chemistry and ZIC-HILIC, Li
et al. (2013) identified 1213 unique N-glycosylation sites
from 611 glycoproteins from two cell lines with low or
high metastatic potential. Differential regulation of sev-
eral secreted glycoproteins was discovered based on the
metastasis capability and could be used as biomarkers.
Note that this was done under serum-free conditions.
Whereas the DDA method is biased for abundant
peptides, DIA records all the peptides by spacing the
measurement length into smaller sections. This mini-
mizes the bias of MS in detecting low-abundance se-
creted glycoproteins. In one study, Sajic et al. (2018)
employed Sequential Window Acquisition of all Theo-
retical Mass Spectra (SWATH-MS) to detect secreted

glycoproteins in the blood from several carcinomas.
Glycoproteins were enriched from the blood of patients
with localized lung, pancreas, ovary, prostate, and col-
orectal cancer, or their control matches using hydrazine
resins and subsequently analyzed by MS. Over 1000
glycopeptides from >200 glycoproteins were quantified.
The author identified proteins that are generally altered
in patients with cancer and other glycoproteins that are
unique and specific for each cancer type.

3.8 | Metabolic labeling-based
enrichment

Metabolic labeling with a sugar analog is powerful to
analyze glycoproteins on the cell surface, as discussed
above. It has also been used in secreted glycoprotein
analysis. For instance, Roper et al. (2013) employed
ManNAz to label secreted glycoproteins from two stro-
mal cell lines. The azide-labeled glycoproteins are then
enriched with alkyne beads through the CuAAC reac-
tion. From the cells being serum-starved for 48 h, 75 se-
creted glycoproteins were detected, whereas in 1%
serum-containing media, 100 secreted glycoproteins
were detected. Kuhn et al. (2012) developed the secre-
tome protein enrichment with click sugars (SPECS)
method for shed and secreted protein analysis of primary
cells in the presence of serum proteins. In this study,
glycoproteins were first labeled using ManNAz. The
media were then collected, and the glycoproteins were
tagged with DBCO-PEG12-biotin before streptavidin en-
richment and MS analysis. Later, this method was
modified in the high-performance SPEC (hiSPECS),
which decreased the number of cells required for secre-
tome studies (Figure 9) (Tushaus et al., 2020). The au-
thors also labeled glycoproteins with ManNAz and
enriched secreted glycoproteins using ConA and DBCO
beads. Secreted glycoproteins from different systems
were identified, including those in brain slices upon LPS-
induced neuroinflammation and primary astrocytes, mi-
croglia, neurons, and oligodendrocytes in a cell-specific
manner. The results need to be carefully considered as
nonspecific binding may occur. Additionally, the in-
corporation efficiency of these sugar analogs in different
cell types must be considered.

3.9 | Signal boosting approach

The development of the TMT reagents allowed for the
simultaneous identification and quantification of pro-
teins in multiple samples. With this approach, peptides
from different samples are labeled with different
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channels of the TMT reagents. The labeled peptides are
then combined and analyzed with MS. The peptides
from different samples appear as a single peak in MS1
spectra due to the same m/z. Once they are selected for
MS?2 analysis, the intensities of the reporter ions can be
used for accurate quantification of peptides in different
samples. This multiplexed approach improves the re-
producibility and shortens the analysis time. Further-
more, recent studies showed that the TMT labeling can
improve the peptide signal intensity in MS1, facilitat-
ing the selection of low-abundance peptides for MS2
analysis. Notably, Budnik et al. (2018) employed this
method for single-cell proteomics analysis (Single Cell
ProtEomics by Mass Spectrometry [SCoPE-MS]). An-
other approach termed Boosting to Amplify Signal
with Isobaric Labeling (BASIL) employed a similar
approach for protein phosphorylation analysis (Yi
et al.,, 2019). In these approaches, a protein carrier
sample, for example, the greater number of cells in
SCoPE-MS or the combination of proteins from the
quantitation channels in BASIL, with a higher protein
abundance compared with the quantitation samples
was employed and labeled with one of the TMT
channels (typically the last channel to avoid over-
lapping of the isotopic envelope).

Using the boosting approach, secreted proteins in
clinical samples were studied (Russell et al., 2017). Our
lab recently combined the boosting approach with
metabolic labeling using GalNAz to label secreted
glycoproteins from cultured cells without serum star-
vation (Figure 10) (Suttapitugsakul et al., 2021a). We
compared different glycoprotein sources used for the
boosting channel and evaluated the effect of the
boosting-to-sample ratios. With this approach, over 200
glycoproteins were detected in a site-specific manner
from different cell types, including monocytes, mac-
rophages, and Hep G2 cells under serum-containing
conditions.

3.10 | Methods to study glycoproteins
from extracellular vesicles

Another group of proteins is secreted through vesicle
trafficking (Doyle & Wang, 2019). Extracellular vesicles
can be classified into different groups based on their size
and properties, including microvesicles, exosomes, and
apoptotic bodies (van der Pol et al., 2012). A recent study
showed that extracellular vesicles mediated the com-
munication between cells through their lipid, protein, or
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nucleic acid contents (Maacha et al., 2019). These ve-
sicles are specific and can serve as a molecular finger-
print for the cell state (Dickhout & Koenen, 2018; Lim
et al.,, 2020). Glycoproteins were also found in extra-
cellular vesicles, and a review on glycosylation in extra-
cellular vesicles was published previously (Williams
et al., 2018).

Typically, methods to study glycoproteins in extracellular
vesicles are coupled with methods to separate these vesicles,
which are reviewed extensively in the literature (Carnino
et al., 2019; Konoshenko et al, 2018). Although several
methods are available for their isolation, a study demon-
strated that different methods could lead to the different
glycoprotein profiles (Freitas et al., 2019). Similar protein and
glycan profiles were found by ultracentrifugation, OptiPrep
density gradient, and SEC, with the last two also enhancing
the glycoprotein detection. On the contrary, total exosome
isolation, which refers to a technique from Invitrogen that
separates less soluble components including exosomes from
samples, resulting in a different and unique population. The
authors also demonstrated the importance of the serum used
for cell growth, which can affect the quality of the extra-
cellular vesicles obtained because some proteins such as al-
bumin can bind to these vesicles.

Exosomes are one type of extracellular vesicles that
can be secreted through the formation of multivesicular
endosomes within cells. Exosomes are also defined by
their size to be less than 150 nm in diameter compared
with other larger vesicles (Hessvik & Llorente, 2018).
Several biological species have been reported to present in

these vesicles, including proteins and glycoproteins, lipids,
and nucleic acids (Mashouri et al., 2019). Although in-
itially thought to function in the removal of proteins from
cells, exosomes were found to be involved in the cell-cell
communication and cellular signaling (de Toro et al,
2015) such as their roles in T-cell mediated immune re-
sponses (Anel et al., 2019), thus attracting further studies
on their roles, functions, biogenesis, and composition.

Generally, exosomes are separated by ultracentrifugation
approaches. Yet, the volume of biological fluids required may
be high. The contamination from other proteins or other
types of extracellular vesicles could also exist. Alternatively,
immuno-capture of exosomes can be performed as they are
formed by the multivesicular body formation in the presence
of CD9 and CD63 (Akers et al., 2013). Exosomes may con-
tain a high abundance of glycoproteins such as MUC1
compared with the parent cells (Pan et al., 2019). Commonly
used methods for exosome protein analysis include ultra-
centrifugation, antibody pull-down, click chemistry-based
methods (Bu et al., 2019; Patel et al., 2019).

Lectin has been used to enrich glycoproteins/glyco-
peptides from exosomes. In urine, lectin affinity chro-
matography was employed to identify N-glycopeptides
from the exosome, in which the sample collection is easy
and could reveal the physiological states of the parent
epithelial cells lining the urinary tract (Figure 11)
(Saraswat et al.,, 2015). The authors found 126 N-
glycopeptides from 37 glycoproteins, including 66 N-
glycans and 13 sulfated or phosphorylated glycans. In
ovarian carcinoma SKOV3 cells, lectin was used to
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determine the glycan composition of the exosomes,
where a high amount of sialylation was found
(Escrevente et al., 2013). The authors also found that the
removal of the sialic acid residues can cause a small but
nonsignificant uptake of the exosomes by cells
(Escrevente et al., 2011). Chauhan et al. (2017) employed
the surface glycan oxidation with sodium periodate and
tagging with the aminooxy-biotin method to target sur-
face glycoproteins on myeloid-derived suppressor cells.
The authors identified 21 surface glycoproteins on the
exosomes and showed that the majority of glycoproteins
(>80%) on the surface of the exosomes resembled surface
glycoproteins of cells. These glycoproteins facilitated the
chemotaxis and migration of the cells. HILIC-based
methods have also been employed to study glycoproteins
from the exosomes. In a study from the Qian lab, mo-
lybdenum disulfide (MoS,)/gold nanoparticle (Au-NP)-L-
cysteine nanocomposite was developed for glycopeptide
enrichment (Xia et al., 2018). Compared with ZIC-HILIC,
the novel material was effective and they identified 1920
glycopeptides from 775 glycoproteins using 50 pg pro-
teins from HeLa exosomes. Later, the same group de-
veloped a magnetic hydrophilic material with MoS,-
Fe;O, nanoparticle-gold  nanowires  (Au/NWs)-
glutathione and identified 1250 glycopeptides from hu-
man urine exosomes (Zhang et al., 2020). Alternatively,
azido sugars have also been used to label proteins on the

surface for exosome tracking and imaging (Lee et al.,
2018; Wang et al., 2015).

4 | CONCLUSIONS

MS-based proteomics has significantly facilitated the
comprehensive study of extracellular glycoproteins, in-
creasing our understanding of their critical roles in the
regulation of cellular activities. We review the recent
advances in extracellular glycoprotein analysis using MS-
based proteomics. To minimize the adverse effects from
highly abundant intracellular and background proteins,
chemical and enzymatic methods were developed to
specifically target glycoproteins on the cell surface or in
the secretome, enabling their selective enrichment before
MS analysis. Strategies for analyzing surface glycoprotein
interactions promote the studies of protein interaction
events on the cell surface such as ligand-receptor binding
and lectin-glycoprotein recognition. MS-based pro-
teomics also expands our knowledge of secreted glyco-
proteins and aids in the discovery of extracellular
glycoproteins as biomarkers.

During the analysis of extracellular glycoproteins, the
contamination from highly abundant intracellular pro-
teins may potentially pose a question on the specificity of
separated glycoproteins only on the cell surface or in the
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secretome. Therefore, novel and effective separation
methods to increase the enrichment specificity are cri-
tical to minimize the interference of glycoproteins from
other cellular compartments. The identification and
quantification of extracellular glycoproteins will be
prompted with the development of next-generation in-
strumentation with higher sensitivity and more effective
enrichment methods, especially for those with extremely
low abundances that often carry more valuable in-
formation. The improvement of sensitivity will also de-
crease the starting materials required and facilitate the
application of MS-based methods for clinical samples.
The glycan information on the glycosylation site is often
lost in the extracellular glycoprotein analysis. With the
development of MS-based glycoproteomics including in-
strumentation and bioinformatic tools, large-scale ana-
lysis of intact glycopeptides has achieved promising
results (Hu et al., 2017; Liu et al., 2017; Riley et al., 2019;
Yu et al., 2017) promoting future studies on intact gly-
copeptides and then providing more valuable informa-
tion of glycoproteins and how glycans regulate
glycoprotein functions and interactions in the extra-
cellular region. Recently, mucins and some other types of
glycosylation such as sulfated proteins in the extra-
cellular space have attracted much attention due to their
important functions (Griffin et al., 2021; Shon et al.,
2020). However, it still requires the development of novel
methods to tackle the difficulty to specifically analyze
these glycoproteins using MS. It is expected that future
MS-based methods will not only expand the coverage of
extracellular glycoproteins, but also lead to the discovery
of glycoproteins as drug targets and biomarkers.
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