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ABSTRACT: Proteins on cell membrane are modified by N- and O-glycans.
N-Glycans have been extensively characterized using advanced separation and
mass spectrometry techniques. However, O-glycans remain a challenge,
because of the lack of universal enzymes to release them and the large
background abundances of N-glycans. Here, we report a method for in-depth
structural analysis and quantitation of O-glycans derived from human cell
membrane. O-Glycans were chemically released from isolated cell membrane
glycoproteins following N-glycan and lipid/glycolipid removal by PNGase F
digestion and Folch extraction, respectively. Released O-glycans were purified
by an optimized protocol to eliminate interference from small molecules and
degraded proteins. Cell surface O-glycans were then analyzed using a
nanoLC-chip-QTOF mass spectrometer with a porous graphitized carbon
(PGC) column, while the N-glycans and glycolipids isolated from the same
cell membrane fractions were analyzed in parallel using previously reported methods. The monosaccharide compositions and
linkages of the detected O-glycans were identified by exoglycosidase digestion facilitated with tandem mass spectrometry (MS/MS).
Using this method, we identified 44 cell membrane O-glycan isomers with MS/MS, and, among them, we unambiguously
characterized 25 O-glycan structures with exoglycosidase digestion to create a library with their complete structures, accurate masses,
and retention times. In this process, we identified and characterized unexpected mannose oligomers that are α(1−2/3) linked. This
library enabled the identification and quantification of unique cell surface O-glycans from different cell lines and the study of specific
O-glycan changes during cell differentiation.

Glycosylation is one of the most structurally complicated
but common post-translational modifications (PTMs)

on proteins, and it involves the covalent attachment of glycans
to specific amino acids.1 The majority of human proteins are
modified with the two common types of glycosylation: N- and
O-glycosylation. With N-glycosylation, glycans are attached to
the asparagine residues, while in O-glycosylation, glycans are
attached to either serine, threonine, or tyrosine residues.2 O-
Glycans are categorized into two groups, mucin and nonmucin,
depending on the monosaccharide residue attached to the
amino acid. In mucin-type O-glycans, N-acetylgalactosamine
(GalNAc) attaches to the amino acid residue, whereas
nonmucin-type O-glycosylation is initiated by attaching N-
acetylglucosamine (GlcNAc), mannose, fucose, glucose,
galactose, or xylose onto the amino acid.3 Among these glycan
types, O-GalNAc and O-GlcNAc have gained much attention,
because of their biological importance.4 Further sequential
additions particularly to O-GalNAc of monosaccharides such
as GlcNAc, galactose, sialic acid, and fucose by a variety of
glycosyltransferases further elongate the O-glycan structures
and make them more heterogeneous.

Mucin-type O-glycans can be categorized into eight groups,
based on their core structures, and Core 1 and Core 2 are the
two most common types observed in humans.2,5 Changes in
cell surface glycans are found to be associated with the
pathological state, making them targets for disease biomarker
discovery.6−9 Mucin-type O-glycans on cell membrane are
known to play an important role in cell signaling, cell adhesion,
conformation, stability, solubility, and tumorigenesis.5,10−13 In
gastric cancer patients for example, an elevated level of serum
O-glycans was observed.14 O-glycans were also reported to
play two opposing roles in tumor metastasis, depending on
their structures: Core 2 O-glycans allow tumors to survive
longer in the circulatory system while Core 3 O-glycans
suppress tumor formation and metastasis.15 Overexpression of
ST3GalI, leading to the increased expression of sialylated Core
1 O-glycans on tumor cell membrane, led to increased tumor
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growth in breast cancer.16,17 However, these studies are
commonly conducted using lectins, lacking information on the
functions of specific O-glycan structures. Therefore, deep
knowledge of the mucin-type O-glycan structures, including
the linkage of each monosaccharide residue, is essential.
Despite the importance of cell surface O-glycans, there is

only limited knowledge of their structures and abundances,
particularly compared to N-glycans. Characterization of cell
surface glycosylation was normally performed using one of
these two strategies: release and analyze only the glycans, and
analyze intact glycolipids and glycopeptides.18,19 Released
glycans were usually separated by high-performance liquid
chromatography (HPLC) and detected by ultraviolet (UV) or
fluorescence detectors after derivatization.20−22 However, the
maximum number of glycans that can be monitored using this
approach was limited by the peak capacity of chromatographic
methods as quantitation relied on baseline separation of all
glycans. The accuracy of quantitation may also be affected by
impurities in the sample matrices. Alternatively, the released
glycans were analyzed using matrix-assisted laser desorption
ionization−mass spectroscopy (MALDI-MS) or liquid chro-
matography−electrospray ionization−mass spectroscopy (LC-
ESI-MS) after permethylation or derivatization of the reducing
end.23−27 While derivatization such as permethylation could
improve the ionization efficiency, they often introduced higher
variability during the sample preparation due to the additional
chemical steps and incomplete reactions. In addition, the
permethylated glycan products yielded poor isomeric separa-
tion.28 For comprehensive mapping of glycans, highly sensitive
and quantitative methods employing electrospray ionization
(ESI), in conjunction with nano-LC separation with porous
graphitized carbon (PGC) stationary phase and MS detection,
have been developed. This approach have been used
extensively by our group to characterize N-glycans released
from serum and cell surface glycoproteins to discover cancer
biomarkers and study membrane protein functions.29−32

Because of the specific interactions of glycans with PGC, N-
glycan isomers were extensively separated. The enrichment
column and nanospray features of the chip platform also
provided efficient removal of contaminants and high sensitivity
that enabled detection of ultralow-abundance glycan isomers.
Despite the advancements in glycan analysis, character-

ization of O-glycans remains more challenging, compared to
N-glycans, for several reasons. In contrast to N-glycosylation,
O-linked glycoproteins do not carry a consensus amino acid
sequence for the glycosylation site, which complicates the
analysis of O-glycosylation sites on proteins.33 The hetero-
geneity in glycan structures and lack of enzymes to release
different types of O-glycans from glycoproteins makes the
analysis even more difficult.4 Nevertheless, several analytical
platforms including lectin affinity chromatography, high-
performance liquid chromatography, and capillary electro-
phoresis coupled to mass spectrometry have been used in the
analysis of O-glycans.34,35 For example, Morelle et al. studied
the structures of permethylated N- and O-glycans released by
PNGase F and reductive β-elimination.36 Yang et al. developed
a similar approach to release the glycans after immobilizing
proteins onto an aldehyde-active solid support by reductive
amination.37 Although solid support facilitated sample cleanup,
consistent and high degree of conjugation efficiency was a
prerequisite for quantitative analysis of glycans from the
samples.38

In this study, we report a deep and comprehensive glycomic
platform for characterizing cell surface O-glycans from a variety
of cell lines including Caco-2, HT-29, and KKU-M213 cells
using nanoLC-chip-QTOF-MS. O-Glycans were released using
β-elimination and purified using a two-step cleanup process
which was optimized specifically for cell line and tissue
samples. This analysis allows identification of O-glycans at an
isomeric level by including linkages for sialic acids and fucose
residues. Our study reports the most comprehensive and
complete O-glycan structures identified thus far including 25
abundant structures on the cell surface. Application of this
method to characterize cell surface O-glycans from multiple
cell lines shows the highly specific glycosylation profiles of
different cell types.

■ EXPERIMENTAL SECTION
Cell Culture. Human colorectal adenocarcinoma Caco-2

cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and grown in Eagle’s Minimum
Essential Medium (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). To study the changes of Caco-2 cell surface
glycans during differentiation, the cells were harvested at
different growth time points on days 5, 7, 14, 21, and 24 by
scraping with four biological replicates for each time point.
Human colorectal adenocarcinoma HT-29 cells were obtained
from ATCC and grown in McCoy’s 5A medium (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). HT-29 cells
were partially differentiated four days post-confluency and
collected by scraping. Human cholangiocarcinoma KKU-M213
cells were obtained from the Japanese Collection of Research
Bioresources Cell Bank (JCRB, Osaka, Japan), grown in Ham’s
F12 medium (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA), and harvested at 80%−90% confluency by scraping. All
the culture media were supplemented with 10% (v/v) fetal
bovine serum, and 100 U/mL penicillin and streptomycin.
Cells were subcultured at 80% confluency maintained at 37 °C
in a humidified incubator with 5% CO2.

Cell Membrane Extraction. Extraction of the cell
membrane compartment was performed as described pre-
viously with modified procedures.39,40 In brief, harvested cells
were resuspended in homogenization buffer containing 0.25 M
sucrose, 20 mM HEPES-KOH (pH 7.4), and 1:100 protease
inhibitor (EMD Millipore, Temecula, CA, USA). Cell lysis was
performed on ice using a probe sonicator (Qsonica, Newtown,
CT, USA) with five alternating on and off pulses in intervals of
5 and 10 s, respectively. Lysates were centrifuged at 2000g for
10 min to remove the nuclear fractions and cellular debris. The
supernatant was collected for ultracentrifugation at 200 000g
for 45 min at 4 °C. The pellet was resuspended and repelleted
by ultracentrifugation using the same conditions in 0.2 M
Na2CO3, followed by water, to fragment the endoplasmic
reticulum and remove the cytoplasmic fraction, respectively.
The resulting membrane fraction was isolated and stored at
−20 °C until further processing.

Enzymatic Release of N-Glycans. The N-glycan release
procedure was described previously.29,30 Membrane pellets
were resuspended with 100 μL of 100 mM ammonium
bicarbonate in 5 mM dithiothreitol and heated for 10 s in
boiling water bath to denature the proteins thermally. To
cleave the N-glycans from membrane proteins, 2 μL of peptide
N-glycosidase F (New England Biolabs, Ipswich, MA, USA)
was added to the samples and incubated at 37 °C in a
microwave reactor (CEM Corporation, Matthews, NC, USA)
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for 10 min at 20 W. After the addition of 350 μL of nanopure
water, samples were ultracentrifuged at 200 000g for 45 min at
4 °C to precipitate the membrane fractions with lipids and
residual deglycosylated proteins for subsequent O-glycan and
glycolipid analyses. Supernatant containing released N-glycans
was desalted using porous graphitized carbon solid-phase
extraction (SPE) in a 96-well plate (Glygen, Columbia, MD,
USA).
Chemical Release and Purification of O-Glycans. The

membrane fraction after N-glycan release was suspended in
500 μL of Folch solvent containing water, methanol, and
chloroform (v/v/v = 3/8/4) and centrifuged at 21 000g for 3
min to precipitate the deglycosylated proteins. The precipi-
tated proteins were washed with 500 μL of the same Folch
solvent and dried in vacuo. After the addition of 90 μL of
nanopure water, the dried protein pellet was sonicated for 20
min to resuspend the proteins. The suspended proteins were
then mixed with 10 μL of 2 M NaOH and 100 μL of 2 M
NaBH4 and incubated at 45 °C for 18 h. The reaction was
quenched by adding 10% acetic acid on ice until the pH
reached 5−7. After centrifugation at 21 000g for 20 min, the
supernatant containing free O-glycans was loaded onto a PGC-
SPE 96-well plate (Glygen, Columbia, MD, USA) conditioned
with a solution of 80% (v/v) acetonitrile and 0.1% (v/v)
trifluoroacetic acid in water and equilibrated with nanopure
water. The samples were then washed with nanopure water
and eluted with a solution of 40% (v/v) acetonitrile and 0.05%
(v/v) trifluoroacetic acid in water. The eluted O-glycans were
dried, reconstituted in 89% (v/v) acetonitrile with 1% (v/v)
trifluoroacetic acid in water, and further purified by iSPE-
HILIC cartridges (Nest Group, Southborough, MA, USA).
The cartridges were conditioned with acetonitrile, 0.1% (v/v)
trifluoroacetic acid in water, and 89% (v/v) acetonitrile with
1% (v/v) trifluoroacetic acid in water. Sample was loaded onto
the column, and the flow-through was collected and reloaded
two times. The column was then washed with 89% (v/v)
acetonitrile with 1% (v/v) trifluoroacetic acid in water. The
purified O-glycans were eluted with a solution of 0.1% (v/v)
trifluoroacetic acid in water and dried in vacuo before they
were reconstituted in 90 μL of nanopure water and analyzed by
LC-MS/MS.
Glycomic Analysis by LC-MS/MS. For both N-glycan and

O-glycan analysis, 5 μL of reconstituted sample from each cell
line or pooled sample from all cell lines was injected into an
Agilent nanoLC-chip-QTOF-MS system (Agilent Technolo-
gies, Santa Clara, CA, USA). Samples were introduced into the
MS with a microfluidic chip, which consisted of an enrichment
column and an analytical column (43 mm × 0.075 mm i.d.)
packed with porous graphitized carbon with a 5 μm pore size,
and a nanoelectrospray tip. The aqueous mobile phase A was
3% (v/v) acetonitrile and 0.1% (v/v) formic acid in water, and
the organic mobile phase B was 90% (v/v) acetonitrile in 1%
(v/v) formic acid in water. Samples were loaded onto the
enrichment column with a loading pump using 1% B at 3 μL/
min for 3 min before switching to the analytical column. The
glycans were then separated and eluted at a flow rate of 0.3
μL/min with a binary gradient of 0.0−2.5 min, 1% B; 2.5−20.0
min, 1−16% B; 20.0−30.0 min, 16−44% B; 30.0−35.0 min,
44−100% B. The columns were then washed with 100% B for
10 min and equilibrated with 1% B for 15 min. The MS
parameters included a drying gas temperature and flow rate set
at 325 °C and 5 L/min, respectively. The fragmentor voltage
was set at 175 V. The capillary voltage was adjusted between

1800 V and 2000 V to maintain a stable electrospray. MS
spectra were acquired over a mass range of m/z 600−2000 for
N-glycans and m/z 300−2000 for O-glycans in positive
ionization mode. MS/MS spectra were acquired over a mass
range of m/z 100−2000. Both MS and MS/MS were set at 1.5
s per spectrum with a mass resolution of 14 000. The isolation
window of the quadrupole was 1.3 Da. Mass inaccuracies were
corrected with reference mass m/z 1221.991. Collision-
induced dissociation (CID) was performed with nitrogen gas
using a series of collision energies (Vcollision), dependent on the
m/z values of the glycans, based on the equation

V m z/ (1.8/100 Da) V 2.4 Vcollision = −

where the slope and intercept were optimized to obtain
maximum glycan structural information from MS/MS data.41

Fractionation of O-Glycans using HPLC. Pooled O-
glycans from all cell lines were fractionated off-line using an
Agilent Hewlett-Packard Series 1100 HPLC system, as
previously reported.42 Glycans were separated using a
Hypercarb PGC column (Thermo Scientific) (100 mm ×
0.5 mm i.d., 5 μm particle size) with a 80 min binary gradient
consisting of solvent A of 3% ACN, 0.1% FA and solvent B of
90% ACN, 0.1% FA in pure water (v/v) at a flow rate of 0.3
mL/min. A total of 120 fractions were collected (one fraction
every 0.5 min from 0 to 60 min). Fractions were dried in vacuo
and reconstituted in 20 μL of nanopure water before analyzing
with nanoLC-chip-QTOF-MS.

Exoglycosidase Digestion of O-Glycans. A variety of
exoglycosidases have been used to elucidate the structures of
O-glycans, as previously reported.43 In brief, 0.1 M ammonium
acetate reaction buffer was prepared and the pH was adjusted
for different enzymes by adding glacial acidic acid. In
exoglycosidase digestion, 6 μL of buffer, 2 μL of an O-glycan
fraction, and 1 μl of exoglycosidase were mixed and incubated
at 37 °C (see Supplemental Table 1 in the Supporting
Information). The reaction times were optimized by
monitoring the completion of reaction at different time points.
The reaction times used in this study for various
exoglycosidase digestion were similar to previously reported
studies.42,43 O-Glycans in each reaction were monitored before
and after digestion using LC-MS with the same separation
gradient as described above.

■ RESULTS AND DISCUSSION

Workflow for O-Glycan Analysis. A workflow for
comprehensive characterization of the cell glycocalyx is
shown in Supplemental Figure 1 in the Supporting
Information. For each cell sample, plasma membrane fraction
was extracted using an optimized protocol44 and separated to
two portions for glycomic, and proteomic and glycoproteomic
analyses, respectively. Because PNGase F is highly specific for
N-glycans, O-glycans are still attached to the proteins after N-
glycan release. Therefore, after PNGase F digestion, the
remaining membrane fraction from the same sample could be
pelleted via ultracentrifugation and subjected to a modifed
Folch extraction procedure for parallel glycolipid45 and O-
glycan analyses. The other portion of the same sample was
stored for proteomic or glycoproteomic analysis, as reported.35

To achieve reproducible and comprehensive glycomic profiles
of plasma membrane proteins, the sample preparation
procedures for the preparation and purification of O-glycans
were optimized in this study.
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Compared to N-glycans, the analysis of O-glycans is more
challenging, because of the lack of specific and universal
enzymes that can release the O-glycans from glycoproteins.
Other components of plasma membrane further increase the
difficulty in purifying the released O-glycans. In this study, the
membrane fractions were subjected to a modifed Folch
extraction to precipitate the de-N-glycosylated proteins. This
step not only enabled the isolation of glycolipids for
subsequent LC-MS/MS analysis, but also facilitated the
removal of lipids, the major component of plasma membrane
that may interfere with the purification of O-glycans. Cell
surface O-glycans were released from the precipitated proteins
via a reductive β-elimination reaction using sodium hydroxide
and sodium borohydride. Immediate reduction after β-
elimination stabilized the released O-glycans and reduced
degradation due to peeling reactions.34 However, this chemical
release method would also degrade the polypeptide chain,
generating a large amount of small peptides. As shown in
Supplemental Figures 2a and 2b in the Supporting
Information, when only porous graphitized carbon solid-
phase extraction (PGC SPE) was used to purify the released
O-glycans, the overall intensity of the total ion chromatogram
reached 107, while only a few O-glycans were identified,
possibly due to the ion suppression caused by peptides.
Although another commonly used cleanup method, HILIC
SPE, was efficient in washing out the salts and small peptides,
the large amount of impurities in the sample affected the
effective binding of O-glycans that most of the neutral glycans
had lost (see Supplemental Figures 2c and 2d in the
Supporting Information) To avoid the ion suppression and
enhance the enrichment efficiency for O-glycans, we optimized
the purification approach using a two-step SPE process. PGC
SPE was used first to remove the sodium salts introduced
during the chemical release reaction. HILIC-SPE was then
performed to remove small peptides produced during β-

elimination. Purified O-glycans were analyzed by a chip-based
Q-TOF LC-MS/MS instrument using PGC as the stationary
phase and identified by spectral searching using an in-house
library. With optimal solvents and washing procedure, the
number of detected compounds from Caco-2 cell based on
accurate mass searching was increased from 7 (PGC SPE only)
to >100 (see Supplemental Figures 2e and 2f in the Supporting
Information).

Characterization of O-Glycans by MS and MS/MS. To
produce a comprehensive O-glycan library, the released O-
glycans from the cell lines were pooled for further analysis.
Supplemental Figure 3 in the Supporting Information shows
the extracted compound chromatograms of O-glycans in the
pool, identified by matching their accurate masses (mass
tolerance of <10 ppm) and isotope patterns with an O-glycan
compositional library using the molecular feature finding
function in MassHunter Qualitative Analysis B.07 software
(Agilent, Santa Clara, CA, USA). Over 100 glycan
compositions corresponding to >200 glycan structures
(isomers included) spanning over 5 orders of magnitude in
dynamic range were detected based on MS1 matching with the
compositional library. The monosaccharide compositions of
the most abundant species were annotated.
Tandem MS was used as a rapid method for obtaining

monosaccharide composition information and differentiating
the isomers, thereby adding an extra level of validation to the
structural analysis.41,46,47 Tandem MS yielded fragmentation
pathways that guided the partial elucidation of structures.
Figure 1 shows the MS/MS spectra of two fucosialylated
isomers Hex2HexNAc2Fuc1NeuAc1 (H2N2F1S1a and
H2N2F1S1b). For both isomers, an initial loss of sialic acid
was observed indicating that the sialic acid was attached to the
terminal hexose of the glycan structures. However, a fragment
i o n m / z o f 8 0 3 . 5 6 , c o r r e s p o n d i n g t o
Hex1HexNAc1Fuc1NeuAc1 with no reducing end, was only

Figure 1. Annotated tandem mass spectra of two isomers with monosaccahride composition Hex2HexNAc2Fuc1NeuAc1: (a)
Hex2HexNAc2Fuc1NeuAc1a (H2N2F1S1a) at retention time 16.6 min and (b) Hex2HexNAc2Fuc1NeuAc1b (H2N2F1S1b) at retention time
22.5 min, with the actual structure confirmed by exoglycosidase digestion indicated in the red box.
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Table 1. Elucidated Structures of 25 Cell Surface O-Glycans
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detected for H2N2F1S1b (Figure 1b). This confirmed the
presence of both sialic acid and the fucose in the same antenna
of the glycan with the fucose attached to a HexNAc residue.
Nevertheless, the exact connectivity between the monosac-
charide residues for this isomer could not be confirmed by
MS/MS data only. Two possible structures for H2N2F1S1b
are shown in Figure 1b. The exact structure and mono-
saccharide linkages of this O-glycan were further elucidated by
exoglycosidase digestion and are shown in Table 1. In Figure
1a, however, a different fragmentation pattern for isomer
H2N2F1S1a was observed. We identified fragment ions
corresponding to the initial loss of sialic acid and fucose in
the fragmentation pathways, indicating the presence of sialic
acid and fucose residues at the nonreducing terminus of the
glycan structure. In addition, the data contained fragments
corresponding to Hex1HexNAc1Fuc1 (m/z 512.20) and
Hex1HexNAc1NeuAc1 with a reducing end (m/z 677.25),
indicating that the fucose residue is attached to the elongated
antenna of Core 2 structure, and the sialic acid is attached to
the other antenna of the glycan.
Instead of manually interpreting the monosaccharide

compositions of the cell surface O-glycans, we utilized an in-
house software to annotate the MS/MS spectra. The in-house
software utilized MS/MS data in “.mgf” format as an input file
and parameters from a user-defined parameter.txt file to
automatically perform spectral preprocessing and glycan-
spectrum matching. The O-glycan MS/MS data acquired for

the pooled sample in this study was searched with mass
tolerances of 10 ppm for MS1 to match the accurate masses of
the precursor ions and 100 ppm for MS2 to assign the
diagnostic fragment ions containing single or combinations of
monosaccharide residues (Hexose, HexNAc, fucose, NeuAc)
and the reducing end. As shown in Supplemental Table 2 in
the Supporting Information, the output results from the
software included high-quality MS/MS spectra for a total of 44
O-glycans from the pooled sample with the diagnostic
fragment ions clearly annotated to elucidate the mono-
saccharide compositions and the connectivities between the
monosaccharide residues.
To validate the repeatability of this protocol for the

quantification of the identified O-glycans, cell surface O-
glycans were released and purified from differentitiated Caco-2
cells with four biologicol replicates. Supplemental Table 3 in
the Supporting Information shows the absolute abundances
and relative abundances of the O-glycans detected in Caco-2
cells and their respective averages and coefficients of variation
(CVs (%)). The CVs of most O-glycans were <20% between
the four replicates, demonstrating the robustness of this
method for characterizing actual biological changes in O-
glycans. For some O-glycans, especially the sialylated species
such as H2N2S1a, H2N2S2b, and H1N1S2, the CVs were
>20%, possibly because of the labile nature of the sialic acid
residues, which could have dissociated during sample
preparation or during in-source fragmentation. Repeatability

Table 1. continued
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for these compounds could be further improved using specific
sialic acid derivatization techniques.48,49

Structural Elucidation with Exoglycosidase Diges-
tion. Tandem MS spectra provided structural information but
were not sufficient to fully elucidate the structures. In the
positive-ion mode with CID, tandem MS data mostly provides
B, Y or C, Z ions from cleavage of glycosidic bonds,2,50 and it
contained little or no cross-ring cleavages to allow linkage
analysis. Digestion with exoglycosidases, guided by tandem MS
data, was used to fully elucidate the structures. Exoglycosidases
remove monosaccharides from the nonreducing end of the
glycans, depending on their specificity to the terminal
monosaccharide, linkage, and anomomeric character. To
reduce the sample complexity for exoglycosidase reactions,
we fractionated the pooled O-glycans using off-line HPLC.
Collected fractions were then analyzed on the nanoLC-chip-
QTOF-MS to acquire corresponding compositions. Exoglyco-
sidases were selected based on the compositions of each
glycan. Several sequential reactions were performed to fully
capture the linkages between each monosaccharides. To
evaluate the completeness of the enzymatic digestion, both
the accurate mass of the glycan before reaction and the
appearance of the digest product are monitored using
nanochip/QTOF. There are known issues with this approach.
For example, steric hindrance may affect the digestion of
galactose in the presence of an adjacent fucose.51,52 Therefore,
digestion with proper fucosidase is necessary before digestion

with galactosidase. Nonetheless, with this workflow, we can
elucidate the complete structure by combining the structural
information from tandem MS data and the linkage information
from the exoglycosidase digestion. We have previously used
this technique for other oligosacccharides, and issues regarding
specificity, purity, and reactivity of the enzymes have been
addressed.42,53

In this approach, we first elucidated the small, mainly core
structures obtained in the pooled sample. Supplemental Figure
4a in the Supporting Informaiton shows the exoglycosidase
digestion of Hex2HexNAc2Fuc0NeuAc0 (H2N2) by β(1−4)
galactosidase at a retention time of 8.5 min. After digestion
with β(1−4) galactosidase for 12 h, the m/z 751.30
compound, corresponding to the Hex2HexNAc2Fuc0NeuAc0
composition, disappeared and a new compound with m/z
589.25 representing composition Hex1HexNAc2Fuc0NeuAc0
was generated. The results indicated that the terminal galactose
is β(1−4) linked. Therefore, combining tandem MS data
(Supplemental Figure 4b in the Supporting Information) with
linkage information, we confirmed that H2N2 represented a
Core 2 structure at a retention time of 8.5 min. Similarly, we
identified cell membrane O-glycans representing Core 1 and
other core structures (see Table 1). This result is in agreement
with previously reported data that the majority of the human
O-glycans have Core 1 and Core 2 structures.3

To elucidate the other structures, we examined the next
larger structures that could yield an already elucidated smaller

Figure 2. Extracted ion chromatograms of (a) m/z 1042.39 from unfractionated O-glycan pool with the H2N2S1 isomers annotated; (b) H2N2S1a
in fraction No. 65 before exoglycosidase digestion and its corresponding products after digestion with α(2−3) sialidase and β(1−4) galactosidase.
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structures after digestion. Figure 2a shows the extracted ion
chromatogram of m/z 1042.39 with the three H2N2S1 isomers
detected in the O-glycan pool before structure annotation. The
s e q u e n t i a l e x o g l y c o s i d a s e d i g e s t i o n o f
Hex2HexNAc2Fuc0NeuAc1a (H2N2S1a) at a retention time
of 19 min with a α(2−3)sialidase and β(1−4)galactosidase are
shown in Figure 2b. After digestion with α(2−3) sialidase for
1.5 h, the m/z 1042.39 compound, corresponding to
Hex2HexNAc2Fuc0NeuAc1, was consumed, and m/z 751.30
compound, representing Hex2HexNAc2Fuc0NeuAc0, appeared
at 8.5 min, indicating that the linkage of sialic acid is α(2−3)
and the remaining material, with a Hex2HexNAc2Fuc0NeuAc0
composition, had a Core 2 structure. To determine the
antenna where the sialic acid was attached, digestion was
performed with β(1−4) galactosidase. After digestion for 12 h,
the peak corresponding to Hex2HexNAc2Fuc0NeuAc1 (m/z
1042.34) disappeared and Hex1HexNAc2Fuc0NeuAc1 (m/z

880.33) peak appeared at a retention time of 16 min. This
result showed that sialic acid was linked to the galactose in the
shorter antenna of the Core 2 structure. After combining
tandem MS data with enzymatic digestion results, we
confirmed that the O-glycan H2N2S1a observed at 19 min
had the Core 2 structure with α(2−3)-linked sialic acid that
was attached to the β(1−3) linked galactose.

Cell Surface O-Glycan Structure Library. This approach
yielded the structures of 25 glycans, representing over 85% of
the total abundance (Table 1). The less-abundant structures
were too low in abundance to elucidate. We also identified two
types of O-glycans from the cell surface, including O-GalNAc
and O-mannose. O-Mannosylation in human proteins has been
identified previously, and those glycans were elongated with
GlcNAc, galactose, and sialic acid.54 In this study, we identified
O-mannose glycans with up to eight mannose residues that
contained α(1−2/3)-linked mannose polymers. The exogly-

Figure 3. Extracted compound chromatograms of cell surface O-glycans with the abundant elucidated structures annotated and pie charts
representing the relative abundances of each glycan type from (a) Caco-2, (b) HT-29, and (c) KKU-M213.
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cosidase digestion of H4 and H7 in Supplemental Figures 5
and 6, respectively, in the Supporting Information showed the
dissociation of these hexose oligomers by α(1−2/3)-
mannosidase presumably to monosaccharides or disaccharides
(not retained by PGC) as no oligomers with three or more
hexose residues were detected in the digestion products. To
our knowledge, no study has reported O-mannosylated
polymers in human proteins. A potential source of O-
mannosylated polymers could be a contamination from high
mannose N-glycans. However, in this study, N-glycans were
rigorously removed prior to releasing O-glycans. In addition, it
is not biologically possible to have polymers with 7−8 of the
α(1−2/3)-linked mannose residues, even with the largest high
mannose glycan, Man9, because three of the mannose residues
in Man9 are α(1−6)-linked. Further studies are needed to
identify the source of O-mannosylated polymers.
Cells Surface O-Glycans Showed Large Diversity

between Cell Lines. To obtain the O-glycan profiles of
different cell lines, this method was applied to three human cell
lines, including intestinal Caco-2 and HT-29 cells and hepatic
KKU-213 cells. Figure 3 shows the extracted compound
chromatograms (ECCs) of O-glycans from each cell line. O-
Glycans were categorized into four groups including
undecorated (N), sialylated (S), fucosylated (F), and
fucosialylated (FS) based on the presence or the absence of
sialic acid and fucose residues. Remarkably, significant
differences were observed in the profiles, indicating the
diversity of O-glycans present in each cell line. In Caco-2,
Core 2 O-glycans with one or two α(1−6)-linked fucoses
(H2N2F1b and H2N2F2b) were the most abundant
structures. These two, along with other fucosylated O-glycans,
represented 53.7% of the total abundance. Monosialylated and
disialylated Core 2 O-glycans with or without terminal fucose
were also identified in Caco-2 at relatively lower levels.
Sialylated structures, in total, represented 40% of the O-glycan
abundance, and approximately half of these were fucosylated.
For HT-29, ∼100% of the O-glycans were sialylated, with 12%
also fucosylated. The most abundant structure is the α(2−3)-
disialylated Core 2 O-glycan (H2N2S2b), eluting at 28 min
with a relative abundance of >50%. Two similar α(2−3)-
sialylated Core 2 O-glycans with only one sialic acid were the

second- and third-most abundant structures. Unlike the
profiles of Caco-2 and HT-29 that were dominated by one
or two most abundant structures, O-glycans identified from
KKU-M213 cells consisted of various sialylated structures and
several undecorated structures. Both types included larger
Core 2 glycans extended by β(1−6)-linked galactoses that
were not detected or detected at much lower levels in the other
two cell lines. In summary, KKU-M213 cells had a significantly
higher (15%) amount of undecorated O-glycans, compared to
Caco-2 and HT-29, although the most abundant group was the
sialylated glycans that represented >80% of the total
abundance.

Changes in Cell Surface Glycome during Caco-2 Cell
Differentiation. Profiles of cell surface N-glycans and
glycolipids from Caco-2 cells at their different growth time
points during the enterocyte-like differentiation have been
previously reported by our group.31,45 In this study, the same
N-glycomic analysis was performed to demonstrate the
reproducibility of our glycomic workflow and to compare the
N-glycome of the same cells with their O-glycome. Caco-2
cells were grown under standard culture conditions and
harvested at five different time points with four biological
replicates for each time point: day 5, undifferentiated; day 7,
confluent; day 14, partially differentiated; day 21, fully
differentiated; and day 24, post-differentiated. Supplemental
Figure 7 in the Supporting Information shows the extracted
compound chromatograms (ECCs) of the N-glycans identified
from undifferentiated (day 5) and fully differentiated (day 21)
Caco-2 cells, where each peak represents an N-glycan
compound and the putative structures of abundant glycans
are annotated. Changes in glycan types and specific glycan
structures observed here were consistent with the previously
reported results where the relative abundances of sialylated and
fucosialylated glycans significantly increased while all of the
nonsialylated glycans including high mannose, and undeco-
rated and fucosylated complex/hybrid types, decreased during
enterocytic differentiation.31

The remaining membrane fractions from the same Caco-2
cell samples were subjected to O-glycan analysis. As shown in
Supplemental Figure 8 in the Supporting Information, changes
in the overall profiles of O-glycans from undifferentiated (day

Figure 4. Comparison of Caco-2 cell surface N- and O-glycans during differentiation: (a) differential changes in total sialylation (sialylated +
fucosialylated), (b) differential changes in total fucosylation (fucosylated + fucosialylated), and (c) total ion counts of cell surface N- and O-
glycans.
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5) and fully differentiated (day 21) Caco-2 cells were not as
significant as those for N-glycans. Summed relative abundances
of undecorated, fucosylated, sialylated, and fucosylated and
sialylated O-glycans are shown in Supplemental Figure 8b in
the Supporting Information, with error bars illustrating
standard deviations between four biological replicates. Similar
to N-glycans, higher variations of O-glycan types were
observed for partially differentiated cells at day 14, whereas,
when the differentiation was completed at day 21 and day 24,
the relative standard deviations were minimal. Overall, a small
increase in undecorated O-glycans and a decrease in sialylated
O-glycans were observed while fucosylated O-glycans
remained mostly constant during differentiation. Nevertheless,
a total of 21 specific O-glycans with relative abundances higher
than 0.5% were found to be significantly differentially
expressed in the undifferentiated (day 5) and fully differ-
entiated (day 21) Caco-2 cells. (See Supplemental Figure 8a in
the Supporting Information.)
N-Glycome and O-glycome of the cell are regulated by

different biosynthetic pathways; therefore, they may have
different characteristics of changes during biological processes.
With the comprehensive profiling of N-glycans and O-glycans
from the same cell samples, we were able to compare, for the
first time, the changes in the N-glycome and O-glycome during
intestinal epithelial cell differentiation. Figures 4a and 4b show
the unique trends of changes in total sialylation and
fucosylation of the cell surface N- and O-glycans. While, for
N-glycans, the total relative abundances of sialylated
compounds increased significantly from 31.2% ± 0.7% on
undifferentiated Caco-2 cells (day 5) to 64.7% ± 3.3% on the
fully differentiated cell (day 21), the same group decreased
from 38.7% ± 0.3% to 34.4% ± 1.5% for O-glycans. The total
fucosylation increased slightly from 59.6% ± 0.7% to 70.3% ±
3.8% for N-glycans but remained unchanged for O-glycans.
Next, we compared the total intensities of cell surface N-

and O-glycans per dish of cells, using the total ion counts per
injection, the injection volumes, and total sample volumes in
Supplemental Table 4 in the Supporting Information for each
sample. The total sample volumes of N- and O-glycans were
optimized to obtain overall abundant and comparable ion
signals of the two glycan types without saturating the detector.
The estimated total intensities of Caco-2 cell surface N- and O-
glycans, represented in terms of ion counts per sample, are
summarized in Figure 4c, with error bars indicating the
standard deviations between four biological replicates.
Interestingly, although the N-glycan ion abundance was
slightly higher than O-glycans for undifferentiated cells at
day 5, the ion counts at other time points of differentiation
were comparable for N-glycans and O-glycans, even though N-
glycans have been more extensively characterized in previous
studies. The amount of both N- and O-glycans significantly
(Student’s t-test, P < 0.01) increased during enterocytic
differentiation (from day 5 to day 21) and remained constant
after differentiation (from day 21 to day 24). This finding is
consistent with the fact that brush border formation during
intestinal epithelial cell differentiation significantly increases
the surface area of each cell.55 We can estimate that the total
abundances of O-glycans and N-glycans are similar, providing
potentially the first estimate of relative amounts of O-glycans
versus N-glycans. Cell surface O-glycans have long been
understudied, partially because it was assumed that membrane
O-glycans are significantly less abundant than N-glycans.44

Based on the results in this study, however, we demonstrated

that cell surface O-glycans are possibly as abundant as their ion
abundances are comparable to N-glycans from the same cell
lines. However, because the ionization efficiencies of N- and
O-glycans were potentially different, and the glycans quantified
in this study may not have represented all of the glycoforms
present on the cell surface, more accurate relative levels of
expression of N- and O-glycans were not achievable.

■ CONCLUSIONS

We constructed a comprehensive cell surface O-glycan library
composed of 44 O-glycan isomers identified by MS/MS, and,
among them, the complete structures of 25 O-glycans were
elucidated by combining results from LC-MS/MS and
exoglycosidase digestion. This library has been successfully
used as a reference to identify and quantify O-glycans from
different cell lines. The glycomic profiles of cell lines showed
the highly conserved O-glycan structures and abundances
between biological replicates of the same cell type and
significant differences between cell types not only in
monosaccharide composition level, but also in their specific
core structures and linkages of extending monosaccharide
residues. Unlike N-glycans that have dramatic changes in
glycan groups, such as high mannose and sialylated speccies
during intestinal epithelial cell differentiation, O-glycans only
have very small changes in the relative abundances of glycan
types and specific structures. Such comprehensive character-
ization and quantitation of cell surface O-glycans would
provide valuable information for studying the functions of the
various glycan structures in tumor progression and the glycan-
mediated cell interactions with cells, bacteria, and viruses.
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