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ABSTRACT: Glycoproteomics, or the simultaneous character-
ization of glycans and their attached peptides, is increasingly being
employed to generate catalogs of glycopeptides on a large scale.
Nevertheless, quantitative glycoproteomics remains challenging
even though isobaric tagging reagents such as tandem mass tags
(TMT) are routinely used for quantitative proteomics. Here, we
present a workflow that combines the enrichment or fractionation
of TMT-labeled glycopeptides with size-exclusion chromatography
(SEC) for an in-depth and quantitative analysis of the
glycoproteome. We applied this workflow to study the cellular
glycoproteome of an isogenic mammary epithelial cell system that recapitulated oncogenic mutations in the PIK3CA gene, which
codes for the phosphatidylinositol-3-kinase catalytic subunit. As compared to the parental cells, cells with mutations in exon 9
(E545K) or exon 20 (H1047R) of the PIK3CA gene exhibited site-specific glycosylation alterations in 464 of the 1999 glycopeptides
quantified. Our strategy led to the discovery of site-specific glycosylation changes in PIK3CA mutant cells in several important
receptors, including cell adhesion proteins such as integrin β-6 and CD166. This study demonstrates that the SEC-based enrichment
of glycopeptides is a simple and robust method with minimal sample processing that can easily be coupled with TMT-labeling for
the global quantitation of glycopeptides.

■ INTRODUCTION
N-Linked glycosylation is the covalent attachment of
carbohydrate moieties to a protein at asparagine residues. N-
Linked glycan moieties are built on a core structure consisting
of two N-acetyl glucosamine residues and three mannose
residues. N-Glycans are mainly synthesized by the enzymes in
the endoplasmic reticulum where the core structure is formed,
and Golgi complex enzymes subsequently expand the core
structure to various glycoforms, leading to the potential
diversification of functions ranging from protein folding and
molecular interactions to signaling.1 The dysregulation of
glycosylation has been implicated in several diseases such as
cancer,2,3 genetic disorders,4 and autoimmunity,5,6 with several
clinically approved biomarkers being glycoproteins.7 Although
the role of N-glycosylation as the driver of various disorders
has long been recognized, a global and unbiased glycoproteo-
mics analysis has remained challenging owing to the lack of
well-developed analytical methods. This is further complicated
by the microheterogeneity and macroheterogeneity of the
glycoforms at the global level.
Mass spectrometry-based glycoproteomics has been a major

analytical tool used for studying both glycosylation patterns
and their quantitation across different experimental conditions.
Recent improvements in the glycoproteomics workflows,
including the enrichment of intact glycopeptides,8,9 and
newer fragmentation methods such as stepped collision energy
have expanded the coverage of intact glycopeptide analysis.

However, the current quantitative workflows, which include
the enrichment of intact glycopeptides followed by label-free
quantitation, still suffer several issues in the analytical
workflows. These include increased analysis time due to the
inability to multiplex samples and the limited coverage and
depth of the glycoproteomics analysis because fractionation is
not commonly employed. The multiplexing of samples using
isobaric tags such as iTRAQ or tandem mass tags (TMT) has
been extensively applied for global proteomics and phospho-
proteomics, thereby increasing the reproducibility and
accuracy of the quantitation.10−12 Despite these advantages
of TMT-based quantitation, it should be noted that because
the samples are multiplexed the MS/MS spectra from
individual samples cannot be evaluated separately.
Glycopeptides require enrichment for efficient ionization

and subsequent analysis by liquid chromatography−tandem
mass spectrometry (LC-MS/MS). Some popular choices for
glycopeptide enrichment include lectin-affinity chromatogra-
phy and hydrophilic-interaction chromatography (HILIC).
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Lectin-affinity chromatography is widely used for glycopeptide
enrichment, followed by LC-MS/MS analysis.13−15 However,
lectin-affinity chromatography is only useful when analyzing a
glycoproteome with a narrow specificity, with the exact classes
of glycopeptides that are enriched depending on the choice of
the lectins used. In contrast, HILIC is broader in its
glycopeptide specificity, although serine-, threonine-, and
tyrosine-containing peptides are retained regardless of
glycosylation. Hydrophobic neutral compounds are retained
less on HILIC columns. Although TMT reagents are
hydrophobic and further increase the net hydrophobicity of
the labeled peptides,16 they have been used in conjunction
with the HILIC-based enrichment of TMT-labeled glycopep-
tides.9,17−19 Glycopeptides with attached N-glycans that are
generated by trypsin are generally larger than nonglycosylated
tryptic peptides, making size-exclusion chromatography (SEC)
an effective means of enrichment.20−22 Thus, we used SEC as
an alternative method, which could simultaneously enrich and
fractionate N-glycopeptides after TMT labeling of the
peptides. We utilized this method to enrich and fractionate
TMT-labeled N-glycopeptides from whole-cell lysates of
mammary epithelial MCF10A cells in a single step. We first
ascertained the feasibility and efficiency of enriching labeled
glycopeptides by SEC and LC-MS/MS analysis using TMT
labeling of whole-cell digests. Subsequently, we applied this
novel workflow to study the effects of oncogenic mutations in
the catalytic subunit of phosphoinositide 3-kinase (PI3-Kinase)
on the glycopeptidome. PI3-Kinase is a family of lipid kinases
that comprise of two subunits, an 85 kDa regulatory subunit
and a 110 kDa catalytic subunit. Mutations in the regulatory
subunit of PI3-Kinase have been implicated in the oncogenesis
of several cancers, including cervical, head, neck, and ovarian
cancers, among others.23−25

In summary, we have established SEC as a powerful method
to simultaneously enrich and fractionate TMT-labeled
glycopeptides for deep quantitative glycoproteomics. We
identified and quantified 1999 unique N-glycopeptides from
an isogenic cell system of MCF10A parental cells and
corresponding mutant cells bearing mutations in either exon
9 (E545K) or exon 20 (H1047R) of the PIK3CA gene. We
demonstrate that multiplexing the N-glycopeptide analysis
using TMT labeling can be applied to study outstanding
questions at the interface of cell signaling and protein
glycosylation.

■ RESULTS AND DISCUSSION
TMT-Labeling of N-Glycopeptides for Quantitation.

The major goal of our study was to establish a simplified
workflow for the identification and multiplexed quantification
of N-glycopeptides to address the role of glycoproteins in
biological systems. We first selected a standard glycoprotein
(transferrin) and spiked it into cell lysates from MCF10A cells
to establish the TMT labeling of the glycopeptides and confirm
that quantitation was not affected by background peptides. To
test this, human serum transferrin was mixed in a 1:2:1:2:1:2
ratio to constant protein amounts of MCF10A cell lysate
aliquots in six separate tubes. These six samples were trypsin-
digested individually, labeled with six isotopically labeled
versions of TMT 10-plex reagents, and pooled. The N-
glycopeptides were enriched using SEC. No cleanup of the
total peptides was performed prior to SEC, as we wanted to
develop a simple method that could enrich and fractionate
glycopeptides in as few steps as possible.

Quantitation of N-Glycopeptides. The enriched TMT-
labeled glycopeptides were analyzed by LC-MS/MS on an
Orbitrap Fusion Lumos Tribrid mass spectrometer as
described under in the Methods section. The raw files were
analyzed using the publicly available glycoproteomics software
pGlyco (ver. 2.2.2), and the same files were processed by
MaxQuant (ver. 1.6.7.0). The glycopeptides identified by
pGlyco were matched on a scan-by-scan basis with the reporter
ion intensities of the corresponding scans reported by
MaxQuant (Figure 1). A total of 3322 glycopeptide peptide
spectrum matches (PSMs) were identified and quantified.
After removing redundancy, 1951 glycopeptides were
quantified by this workflow. Glycopeptides belonging to
transferrin were filtered manually, and the ratios of the two
groups (1×:2×) were calculated. We identified and quantified
107 glycopeptides (Supplementary Table 1) belonging to
transferrin, covering all four known glycosylation sites (Asn432

Asn523, Asn630, and Asn637). Asn432 was the most diverse in
terms of glycan heterogeneity (Figure 2A). Asn432 and Asn630

contained consensus glycosylation motifs of NXS and NXT,
respectively, where X can be any amino acid except proline.
Asn523 and Asn637 belonged to a relatively rare motif of NXC.
Ninety-one glycopeptides showed an average significant fold
change of 1.85 (t-test p-value <0.05). Plotting the average
reporter ion intensities of the 1× group versus those of the 2×
group for each glycopeptide returned a R2 value of 0.99,
barring one outlier, suggesting an excellent quantitation
accuracy (Figure 2B). The identified transferrin glycopeptides
were filtered for confidence and the quality of the MS/MS
spectra by examining glycan oxonium ions and filtered glycan
compositions at Asn432, Asn523, Asn630, and Asn637, which are
shown in Figure 2C. This included asialo, monosialo, and
disialo glycan compositions, which are used to screen patients
suspected of having congenital disorders of glycosylation.26,27

Some advantages of using the SEC-based simultaneous
enrichment and fractionation of N-glycopeptides are the
reduced number of workflow steps and not needing a C18
cleanup of the peptides prior to fractionation. Using fewer
steps reduces the sample-to-analysis time and avoids potential
losses incurred in additional steps. These are unavoidable in
current protocols, which use a combination of HILIC and
basic pH reversed-phase liquid chromatography-based fractio-
nation that involves a C18 cleanup after every step.

TMT Labeling-Based Quantitative N-Glycoproteo-
mics Reveals Site-Specific Changes in Glycosylation as
an Effect of Oncogenic Mutations in Isogenic Cells. The
multiplexed TMT-based analysis workflow for N-glycopeptides
was next applied to study the effect of oncogenic mutations in
either exon 9 (E545 K) or exon 20 (H1047R) of the PIK3CA
gene in MCF10A cells by creating a three-group isogenic cell
system.28 The cells were cultured as three independent
replicates per group and processed as described in the
Methods section in a nine-plex TMT experiment. We
identified 3418 glycopeptide PSMs, corresponding to 1999
unique N-glycopeptides with a 1% false discovery rate (FDR)
at the peptide, glycan, and glycopeptide levels (Supplementary
Table 2). These 1999 glycopeptides belonged to 480
glycosylation sites of 242 proteins (Figure 3A). Of the
glycopeptide PSMs, 63 belonged to 36 glycopeptides, with
17 peptide sequences that were shared between proteins. In
total, 143 glycan compositions on 480 glycosylation sites were
quantified. Significant heterogeneity was found on several
glycosylation sites, including Asn365 of CD98 (SLC3A2),
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which exhibited the greatest diversity. Of all the glycopeptides
identified, 68% were complex-type, 21% were high mannose,
and 10% were hybrid. Additionally, 1% of the glycopeptides
had glycosylation sites that were occupied by truncated glycans
(Figure 3A). Sialylated glycans were 75% of the total
glycopeptides identified; fucosylated glycans constituted 62%
of the total, while 55% were both fucosylated and sialylated
(Figure 3B). The median expression value of all complex-type
glycopeptides combined as well as hybrid glycopeptides was
higher in both mutant cell types than the parental MCF10A

cells, whereas high mannose and truncated glycopeptides were
lower in abundance. Quantitative values at the site-specific
glycoform level were analyzed by separately comparing the
parental cells with exon 9- and exon 20-mutated cells using
permutation-based FDR-corrected paired t-tests. The log2 fold
changes of exon 9/parental and exon 20/parental plotted
against each other showed an excellent correlation (R2 = 0.84),
with largely similar changes across the two mutated cell lines
(Figure 3C). When glycopeptides that were significantly
different in both comparisons (p < 0.05) were plotted against
each other, the R2 value was found to be 0.93, suggesting that
these mutations changed the cellular glycoproteome in a
similar direction and with a similar magnitude (Figure 3D).
In exon 9/parental and exon 20/parental, 599 and 158

glycopeptides were found to be different, respectively (q <
0.05). Glycopeptides that were different in both comparisons
were filtered further with a fold-change cutoff of 1.5 (up ≥1.5
and down ≤0.67). With this cutoff, 300 glycopeptides were
found to be upregulated, and 164 were found to be
downregulated. Of the upregulated glycopeptides, 300
belonged to 137 sites of 83 glycoproteins, and 164 of the
downregulated glycopeptides belonged to 72 sites of 51
glycoproteins. Thirty-one glycosylation sites harbored both up
and downregulated glycopeptides. All glycopeptides were
analyzed with principal component analysis (PCA), which
revealed that all three groups clustered away from each other
(Figure 3E). However, parental cells were farther away from
both exon 9 and exon 20 mutant cells, which fell in proximity
in the variance space of principal components 1 and 2. The
variance explained by the first or second component was 56%
or 18%, respectively (Figure 3E). PCA separation further lends
support to the suggestion that both mutations drive the
glycoproteome remodeling in a similar fashion. Glycopeptides
common to both the exon 9/parental cells comparison and the
exon 20/parental cells comparison were sorted by the
magnitude of their change in abundance upon mutations,
and mirror plots were generated for both comparisons for both
upregulated (Figure 3F) and downregulated (Figure 3G)
glycopeptides. Among the most upregulated glycopeptides
were the fucosylated and sialylated complex glycan at Asn332 of
prosaposin, high-mannose glycans at Asn120 of tumor-
associated calcium signal transducer 2 (TROP2), the sialylated
complex glycan at Asn481 of integrin β-1, and a core fucosylated
biantennary complex sialylated glycan at Asn161 of sortilin,
among others (Figure 3F). TROP2 encodes a cell-surface
glycoprotein that is highly expressed in carcinomas. This
glycoprotein transduces calcium signaling in the cell and
contains a phosphatidylinositol binding motif.29 The absence
of fucose and sialic acids, which are both calcium-binding
sugars,30,31 among the most increased glycopeptides of TROP2
would imply less calcium binding. The high expression of
TROP2 is associated with poor prognosis for pancreatic,
cervical cancer, and hilar cholangiocarcinoma.32−35 Among the
upregulated glycopeptides, 8 of the 10 most-altered ones
contained sialic acids, while in the set of downregulated
glycoproteins only 3 of 10 had a sialic acid (Figure 3 F and G).
This indication is supported by previously published studies,
which showed the upregulation of sialic acid metabolism in
highly metastatic breast cancer cells and upon the oncogenic
transformation of mammary epithelial cells.36,37

A volcano plot was drawn for both exon 9/parental (Figure
4A) and exon 20/parental (Figure 4B) comparisons (Figure
4C and D). The relative abundance levels of the top 15 altered

Figure 1. Experimental workflow. The schematic depicts the strategy
for the quantitative analysis of N-glycopeptides using TMT labeling.
The individual cell lysates are harvested and subjected to in-solution
trypsin digestion, followed by TMT labeling as indicated. The labeled
peptides were pooled, and all the peptides from the harvested cell
lysates were separated by size-exclusion chromatography (SEC). The
data were subject to database searches for identification and
quantification using pGlyco 2.0 and MaxQuant software, respectively.
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glycopeptides are shown in the heatmap (Figure 4E). The
number of asialo complex-type glycans at Asn603 was reduced
upon both mutations, while the number of sialylated complex-
type glycans increased at Asn568 of epidermal growth factor
receptor (EGFR). EGFR is a substrate of a few sialyltrans-
ferases, including ST6Gal-I, and its increased sialylation has
been observed in breast cancer cells.38 Further, among the
upregulated glycopeptides, 15 glycopeptides from four
glycosylation sites of CD166 were upregulated in mutant
cells. CD166 is a highly conserved glycoprotein from the
immunoglobulin superfamily that is expressed in epithelial,
immune cells, neuronal cells, and hematopoietic and
mesenchymal stem cells. It is implicated in melanoma,
prostate, and breast cancers39,40 and is also a candidate
prognostic biomarker for cancer of the digestive system41 and
pancreatic neuroendocrine cancer.42 CD166 is also overex-
pressed in prostate cancer cells and is known as a marker that
can be used to enrich prostate stem or progenitor cells and
cancer-initiating cells.43 Endocytosis of CD166 from the cell
surface is driven by endophilin-A, which is independent of
clathrin-mediated endocytosis. Instead, it is dependent on
CD166 glycosylation and its ensuing interaction with
extracellular galectin-8.44

We previously showed the fractionation of unlabeled
glycopeptides using SEC,21 and this technique proved equally
suitable for TMT-labeled glycopeptides, as shown in the
current study. TMT-Labeled glycopeptides also elute in the
earlier fractions of SEC, suggesting that TMT labeling does not

affect the fractionation pattern of glycopeptides (Figure 5A).
Further, it was apparent that TMT labeling did not affect the
characteristic HCD fragmentation pattern of glycopeptides, as
shown in annotated spectra for three representative glycopep-
tides (Figure 5 B−D). Two of the glycopeptides containing an
atypical NXC motif with complex-type glycans (Figure 5 C and
D) also produced the characteristic glycopeptide fragmentation
pattern. As shown in Figure 5C and D, these glycopeptides
produced dominant oxonium ions, several b- and y-ions, and
glycan-containing Y ions, enabling the ladder sequencing of the
glycopeptides. In a comparative glycoproteomic study
analyzing glycoproteomic alterations, the differences in
glycosylation could be attributed to protein abundance or
true glycosylation changes. To establish if changes in the
glycopeptides were due to glycosylation alterations or simply
protein abundance, total proteomic analysis from an aliquot
was also performed. Proteomics data were searched with the
Sequest node using Proteome Discoverer 2.4. In total, 7168
proteins were identified and quantified, out of which 2036
were different between both exon 9- and exon 20-mutated cells
(p < 0.05) compared to parental MCF10A cells. Exon 9- and
exon 20-mutated cells showed coordinate global proteomic
changes (R2 = 0.87) in a subset of proteins that were different
from MCF10A cells. Another interesting observation was that
glutamine-fructose-6-phosphate aminotransferase (GFPT2)
was downregulated in both exon 9- and exon 20-mutated
cells at the protein level (Supplementary Figure S1). Its
upstream regulator, NFkB,45 was also found to be down-

Figure 2. TMT-based quantitation of glycopeptides of transferrin spiked into MCF10A cells in defined ratios. (A) The number of all identified
glycopeptides of transferrin at four glycosylation sites are indicated in the bar chart. Four glycosylation sites (Asn432, Asn523, Asn630, and Asn637) are
plotted on the x-axis, with the corresponding consensus motif indicated in parentheses. Asn432 and Asn630 had consensus motifs of NXS and NXT,
respectively, where X is any amino acid but proline. Asn523 and Asn637 contained the NXC motif, which is relatively rare in mammalian N-
glycopeptides. The y-axis shows the number of identified glycopeptides. (B) A scatter plot with the average reporter ion intensity of all
glycopeptides from three replicates of spiked-in transferrin from the 1× group (x-axis) and the 2× group (y-axis). A trendline was drawn, and R2

was shown on the plot (0.99). One glycopeptide with discordant values is represented by a red circle. (C) Filtered list of identified glycopeptides of
transferrin at the four sites that have unique glycan compositions, where H = hexose, N = N-acetyl hexosamine, F = fucose, and S = N-
acetylneuraminic acid.
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regulated compared to parental cells, while inhibitor of nuclear
factor kappa-B kinase subunit beta was found to be
upregulated (Supplementary Figure S1). Glutamine-fructose-
6-phosphate aminotransferase is a master regulator of N-glycan

branching by virtue of being a first and rate-limiting enzyme of
the hexosamine pathway, which controls the synthesis of urine
diphosphate N-acetylglucosamine (UDP-GlcNAc).46,47 The
branching of N-glycan controls galectin binding and regulates

Figure 3. Cellular glycoproteomics of MCF10A cells and isogenic cells with defined mutations in the PIK3CA gene. (A) All identified and
quantified glycopeptides were classified according to glycan classes, with the left bar showing the distribution of complex, hybrid, high mannose,
and truncated glycans. Glycans were manually drawn for each glycopeptide from their glycan compositions, and broad categories of complex type,
hybrid, and high mannose were assigned. Glycan compositions containing either only the N-glycan core or fewer monosaccharides than a core were
marked as truncated. To draw the right side of the bar chart, the total number of glycan compositions was considered as a 100% distribution of each
composition within each categories. (B) The presence or absence of fucose or N-acetyl neuraminic acid was manually evaluated for each
glycopeptide, and their distribution within each glycan category is shown. (C) Fold changes of the identified individual glycopeptides (exon 9/
parental and exon 20/parental) were converted to log2 values and plotted against each other in a scatter plot. The R2 value is shown. (D) Only the
significantly different glycopeptides were plotted as in panel C. (E) Principal component analysis of all identified glycopeptides was performed
using Metaboanalyst 4.0. The three groups of cells are indicated in blue (MCF10A), green (exon 9), or red (exon 20). (F and G) The top 20
glycopeptides that were significantly different between the groups were used to make mirror plots. The left side of the central line shows the exon
9/parental log2 fold change, and the right side of the central line shows the exon 20/parental log2 fold change. The gene symbol, glycosylation site,
and manually drawn order of attachment of the glycans are indicated in the plots. Panel F contains the 20 most upregulated glycopeptides in both
exon 9/parental and exon 20/parental comparisons, while panel G contains the 20 most downregulated glycopeptides.
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endocytosis and signaling by several cell surface receptors and
transporters that affect cell growth and disease states, including
cancer.48 Of the 500 glycopeptides described above as
changing, 189 displayed significant changes despite the protein
level being the same between the mutated cells and the
controls. The proteins from which these 189 glycopeptides
were derived were analyzed by STRING DB, and the
interaction score was set to the highest confidence (0.9). A
network comprising several integrins, LAMP1, LAMP2, CD63,
and ERBB2, among others, was found to be enriched in these
proteins (Supplementary Figure S2). A number of cell
adhesion proteins change their glycosylation early in onco-
genesis,49 and our results indicate that early events include the
modulation of cell adhesion glycoproteins and specific changes
in their glycosylation. To illustrate quantitation consistency
across a range of proteins, bar plots were drawn for the relative
abundance of glycosylation at all detected glycosylation sites of
a few representative glycoproteins, including mesothelin, as
shown in Supplementary Figures S3 and S4.

■ CONCLUSIONS

The enrichment of glycopeptides for multiplexed analysis is an
important aspect of comprehensive glycoproteomics, which
can be used to answer outstanding questions in biology and
medicine. We have developed an alternative workflow that
combines SEC-based enrichment and fractionation with TMT

labeling of glycopeptides. This method is simpler due to having
fewer steps from sample to analysis and is suitable for
applications ranging from biomarker discovery to mechanistic
studies probing the role of glycosylation. Finally, we applied
this pipeline to demonstrate site-specific glycosylation changes
induced by oncogenic mutations in the PIK3CA gene.

■ METHODS

Cell Culture. MCF10A cells were purchased from the
American Type Culture Collection. The PIK3CA mutant
knockin cell lines (E545K and H1047R) were generated by
gene targeting methods that were described previously.28 The
cells were grown in DMEM/F12 (1:1) supplemented with 5%
horse serum with growth factors in 5% CO2 at 37 °C as
previously described.50

Sample Processing and Trypsin Digestion. Cell lysates
were harvested by scraping the cells in modified radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl,
pH 7.4; 150 mM NaCl; 1 mm EDTA; 1% Nonidet P-40; and
0.25% sodium deoxycholate). Protein concentration was
determined by a bicinchoninic (BCA) assay. Two parallel
experiments were done. In one, MCF10A cell lysates were
spiked by human serotransferrin protein in a 1:2:1:2:1:2 ratio,
and MCF10A cell lysate protein amounts were kept constant
in all six aliquots. In the other experiment, MCF10A cell
lysates and exon 9- and exon 20-mutated knockin cells lysates

Figure 4. Glycoproteome remodeling in PIK3CA mutants. Volcano plot showing the fold change (log2 values) in the abundance of glycopeptides in
(A) exon 9/parental or (B) exon 20/parental against p-values (−log) as indicated. The horizontal dashed line indicates p-values <0.05, and vertical
lines indicate a fold-change cutoff of 2 either upregulated (green quadrant) or downregulated (red quadrant) in either comparison. Every red circle
indicates a unique glycopeptide that was significantly different between exon 9 and parental cells or exon 20 and parental cells. All red circles are
marked with the gene symbol of the glycoprotein from which the glycopeptide was derived. The glycopeptides that were (C) upregulated and (D)
downregulated in the exon 9/parental comparison and the exon 20/parental comparison were compared with Venn diagrams. Glycopeptides
common to both panel C and panel D were used to extract their abundance for the 15 most-changing glycopeptides, and a heatmap for the
triplicate experiment was generated (E) The hierarchical clustering dendrogram is shown at the top. Gene symbols, glycosylation sites, and
manually drawn order of attachment of glycans at the sites are depicted. The color gradient from high expression (max, red) to low expression
(min, white) is indicated at the bottom of the heatmap.
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were used in equal amounts from three independent replicates,
generating nine samples. Equal amounts of the total protein
were precipitated by ice-cold acetone. The samples were then
incubated at −20 °C for 2 h and centrifuged at 14 000 × g for
20 min. The protein pellet was dissolved in 100 μL of 8 M urea
in 50 mM triethylammonium bicarbonate (TEAB), pH 8.5. To
the sample was added 10 mM dithiothreitol (final concen-
tration, Sigma), and the samples were incubated for 45 min at
37 °C. After cooling the samples to room temperature, 40 mM
iodoacetamide (Sigma) was added (final concentration), and
samples were incubated for 15 min in the dark. The samples
were diluted with triethylammonium bicarbonate (TEAB)
buffer, pH 8.5, to reduce the urea concentration to less than 1
M. To the samples was added sequencing-grade trypsin at a
final ratio of 1:50 (trypsin/total protein). The digested
peptides were labeled with TMT reagents as per the
manufacturer’s instructions. In brief, peptides resuspended in
50 mM TEAB (pH 8.0) were mixed with TMT reagents,
which were previously dissolved in anhydrous acetonitrile.
After incubating for 1 h, the reaction was quenched by adding
1 M tris buffer, pH 8.5. All labeled samples were pooled and
subjected to either SEC or basic pH reversed-phase
fractionation.
Size-Exclusion Chromatography. Dried peptides from

both experiments were resuspended in 100 μL of 0.1% formic

acid by water bath sonication without cleanup. A Superdex
Peptide 10/300 column (GE Healthcare) was equilibrated
with 0.1% formic acid. Two separate isocratic runs were
performed at a flow rate of 0.2 mL/min. Early fractions were
collected starting at 10 min after injection (total run time of
130 min) and were analyzed by LC-MS/MS as described in
the following sections.

Basic pH Reversed-Phase Liquid Chromatography.
An aliquot of the total peptides was fractionated by basic pH
reversed-phase liquid chromatography (bRPLC) on a reversed-
phase C18 column (4.6 × 100 mm column) using an Ultimate
3000 UHPLC System. Solvents A and B were comprised of 5
mM ammonium formate, pH 9, and 5 mM ammonium
formate, pH 9, in 90% acetonitrile, respectively. The 96
fractions collected for a total run time of 120 min were
concatenated into 12 fractions. These concatenated 12
fractions were dried down in a Speed Vacuum system and
resuspended in 0.1% formic acid for LC-MS/MS analysis.

Liquid Chromatography−Tandem Mass Spectrome-
try. Standard LC-MS/MS parameters were published
previously51 and have been specifically modified for the
current study as described below. Based on the UV profile
(214 and 220 nm) of the earliest-eluting peptides, 21 early
fractions from SEC were selected, and 12 fractions from
bRPLC were individually analyzed on an Orbitrap Fusion

Figure 5. Ultraviolet absorbance chromatogram of size-exclusion chromatography and representative MS/MS spectra of glycopeptides. (A)
Chromatogram showing UV absorbance at the 214 nm wavelength. The y-axis represents the absorbance in milli-absorbance units, and the x-axis
represents the time in minutes. Dashed lines depict the individual fractions that were collected and separately analyzed by LC-MS/MS. (B) Asn162

of sortilin contains a fucosylated sialylated complex-type glycan, and the fragmentation pattern of this glycopeptide in stepped HCD is shown.
Asn158 of NPC intracellular cholesterol transporter 1 contains a sialylated complex-type glycan that was identified as both (C) fucosylated and (D)
fucosylated species. The low mass region shows abundant glycan oxonium ions, which are marked according to the glycan units or
monosaccharides that produce them; Hex = hexose, HexNAc = N-acetyl hexosamine, Neu5Ac = N-acetylneuraminic acid, and Fuc = fucose. b- and
y-ions are fragmented peptide backbone ions, and Y represents ions that contain an intact peptide backbone attached to glycan fragments.
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Lumos mass spectrometer (Thermo Fisher Scientific). Liquid
chromatography for peptide separation was performed on an
Ultimate 3000 system (Thermo Fisher Scientific). An EASY-
Spray column (75 μm × 50 cm, PepMap RSCL C18, Thermo
Fisher Scientific) packed with 2 μm C18 particles was used as a
separating device at 50 °C. Solvents A and B were comprised
of 0.1% formic acid in water and 0.1% formic acid in
acetonitrile, respectively. Injected peptides were trapped on a
trap column (100 mm × 2 cm, Acclaim PepMap100 Nano-
Trap, Thermo Fisher Scientific) at a flow rate of 20 mL/min.
Every run was 130 min long, and the flow rate used was 300
nL/min. The gradient used for separation was as follows:
equilibration at 3% solvent B from 0 to 4 min, 3−10% solvent
B from 4 to 10 min, 10−35% solvent B from 10.1 to 125 min,
and 35−80% solvent B from 125 to 145 min, followed by
equilibration for next run at 5% solvent B for 5 min. Ionization
of the eluting peptides was performed using an EASY-Spray
source kept at an electric potential of 2 kV. All experiments
were done in the data-dependent acquisition mode, with the
top 15 ions isolated at a window of 0.7 m/z and a default
charge state of +2. Only precursors with charge states ranging
from +2 to +7 were considered for MS/MS events. A stepped
collision energy was applied to the fragment precursors at
normalized collision energies of 15%, 25%, and 40%. The MS
precursor mass range was set from 375 to 2000 m/z, and that
for MS/MS was set from 100 to 2000 m/z. Automatic gain
control (AGC) for MS and MS/MS was at 106 and 1 × 105,
and the injection time to reach AGC were 50 and 250 ms,
respectively. The exclude isotopes feature was set to “ON”, and
60 s of dynamic exclusion was applied. Data acquisition was
performed with the lock mass option (445.1200025 m/z) for
all data.
Database Searching and Analysis. Database searching

was performed using the publicly available software pGlyco
ver. 2.2.0.52,53 An in-built glycan database containing 8092
entries, available with the software, was used, and Uniprot
Human Reviewed protein sequences (20 432 entries) were
used as a protein sequence file. Cleavage specificity was set to
fully tryptic with three missed cleavages. Precursor and
fragment tolerances were set to 5 and 20 ppm, respectively.
Cysteine carbamidomethylation was set as a fixed modification,
and the oxidation of methionine and protein N-terminal
acetylation were set as variable modifications. The results were
considered at 1% FDR at the peptide, glycan, and glycopeptide
levels. Reporter ion quantification was performed in
MaxQuant, and identities were matched with quantitation on
a scan-to-scan basis (MS/MS). Briefly, the desired TMT
channels (TMT 10-plex) were specified as isobaric labels with
a reporter mass tolerance of 0.0003 Da. Manufacturer-supplied
correction factors were specified. The msmscans table output
by MaxQuant was used to extract scan-by-scan impurity-
corrected reporter ion intensity values. These intensity values
were matched to the scan numbers of identifications from
pGlyco to match the identification and quantitation.
Glycopeptide PSMs were combined to reflect the unique
glycopeptides per search, and reporter ion intensities were
summed up. Individual spectra were manually verified for
glycan oxonium ions and quality. Additionally, all sialic acid
containing glycopeptide spectra were verified for the presence
of sialic acid and specific glycan oxonium ions (274.09, 292.1,
and 657.23). The spectra of core-fucosylated glycopeptides
were checked for at least one peptide+HexNAc+Fuc ion. The

proteomics data set was searched using Sequest in Proteome
Discoverer 2.4.
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