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Abstract O-glycosylation-site characterization of individual
glycoproteins is a major challenge because of the heterogene-
ity of O-glycan core structures. In proteomic studies, O-gly-
cosylation-site analysis is even more difficult because of the
complexity of the sample. In this work, we designed a rapid
and convenient workflow for characterizing the O-glycosyla-
tion sites of individual proteins and the human-plasma prote-
ome. A mixture of exoglycosidases was used to partially
remove O-glycan chains and leave an N-acetylgalacosamine
(GalNAc) residue attached to the Ser or Thr residues. The O-
glycosylated peptides could then be identified by using liquid
chromatography—tandem mass spectrometry (LC-MS-MS)
to detect the 203 Da mass increase. Jacalin was used to
selectively isolate O-GalNAc glycopeptides before LC-MS—
MS analysis, which is optional for individual proteins and
necessary for complex human-plasma proteins. Bovine fetuin
and human chorionic gonadotropin (hCG) were used to test
the analytical workflow. The workflow indicated superior
sensitivity by not only covering most previously known O-
glycosylation sites but also discovering several novel sites.
Using only one drop of blood, a total of 49 O-GalNAc-linked
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glycopeptides from 36 distinctive glycoproteins in human
plasma were identified unambiguously. The approach de-
scribed herein is simple, sensitive, and global for site analysis
of core 1 through core 4 O-glycosylated proteins.
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Introduction

Glycosylation is one of the most important forms of posttrans-
lational modification on eukaryotic proteins [1]. Two types of
glycosylation, N-glycosylation at asparagine residues and O-
glycosylation at threonine or serine residues, frequently occur
and have important functions in many cellular processes [2,
3]. Altered glycosylation, including change of glycosylation
sites and of glycan structures, has been implicated in severe
diseases including cancer and Alzheimer’s disease [4—6].
Glycosylation-site analysis is critical to reveal these modifi-
cations. It provides overall insights into the number and iden-
tity of proteins which may change their glycosylation in
response to specific diseases [7, 8]. Moreover, site-specific
glycan structural analysis becomes more straightforward once
the glycosylation sites are determined.

Methods for analysis of N-glycosylation sites are well
established because the core glycan structure and potential sites
on proteins are well defined. Endo-3-N-acetylglucosaminidases
cleave the glycosidic bond and leave a single GIcNAc residue
attached to the proteins, which provides a +203 Da mass tag to
the peptides [9]. Peptide-N-glycosidase (PNGase) releases in-
tact glycan and converts asparagine residues to aspartic-acid
residues, which gives the peptide a +3 Da mass shift if the
digestion is performed in H,'®0 [10]. LC-MS-MS analysis
can easily detect these mass differences after deglycosylation
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and determine the original N-glycosylation sites. In contrast, O-
glycosylation-site analysis is more challenging in several as-
pects. Unlike N-glycosylation, which requires a conserved se-
quence of Asn-X-Ser/Thr (where X can be any amino acid
except Pro), O-glycosylation occurs at individual Ser or Thr
residues and is more difficult to predict. The core structure of O-
glycan is more diverse and a universal O-glycanase has not yet
been found [11, 12]. In addition, the structure of the peptide is
retained and no mass tag can be incorporated during enzymatic
O-deglycosylation.

Several methods have been developed for O-glycosylation-
site analysis. [-elimination of the O-glycans using NH,OH
incorporates one NHj into the amino-acid residues to which
the glycans are attached and yields a modified amino-acid
residue with a distinct mass [13, 14]. However, the alkaline-
catalyzed reaction is sometimes difficult to control and causes
several side reactions on proteins [15, 16]. A mixture of
exoglycosidases containing (-galactosidase, neuraminidase,
and N-acetyl-g-glucosaminidase is able to cleave off side
chains of O-glycans and leaves a GalNAc residue attached
to the Ser or Thr residue. This strategy was used to map the
glycosylation sites of proteins from Cohn IV fraction of
human plasma. The glycopeptides from tryptic digestion were
enriched by hydrophilic-interaction chromatography (HILIC)
and partially deglycosylated with exo and endodeglycosidases.
A total of 23 O-glycosylated tryptic peptides from 11 proteins
were identified by LC-MS-MS analysis [17]. The number of
O-glycosylated proteins detected is lower than expected for
such a complex biological sample, possibly because of the
limited recovery capability of HILIC, especially when short
O-glycans are attached to long hydrophobic peptides. As well
as the in-vitro glycan-modification approach using
deglycosidases, a SimpleCell method was developed by trun-
cating the O-glycan elongation pathway of O-glycoproteins in
human cells. The O-glycoproteins interfered by zinc-finger
nuclease consist of only GalNAcx or NeuAcx2-6GalNAcx
O-glycans, which facilitates the downstream enrichment and
LC-MS-MS analysis [18]. However, the in-vivo-modification
approach is restricted to cell-culture samples and cannot be
applied to human-fluid samples, for example human plasma,
serum, or urine.

Lectin-affinity chromatography is widely used to isolate
specific types of glycan, glycopeptide, or glycoprotein on the
basis of their selective binding affinity to specific carbohy-
drate structures [19, 20]. Jacalin is selective for binding
GalNAca that is unsubstituted at the C-6 position, for exam-
ple the O-glycan core 1 structure Gal31-3GalNAcal-Ser/Thr
and core 3 structure GleNAcS1-3GalNAca-Ser/Thr [21]. In
two other main types of O-glycan core structure, core 2 and
core 4, the C6 position of GalNAca attached to Ser/Thr is
substituted by GlcNAc and cannot bind to jacalin. Saroha
et al. extracted O-glycoproteins from plasma of rheumatoid-
arthritis patients using jacalin-affinity chromatography. The
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proteins differentially expressed between patients and normal
controls were analyzed using two-dimensional gel electropho-
resis and identified by matrix-assisted laser-desorption/ioniza-
tion time-of-flight (MALDI-TOF) MS. The O-glycosylation
sites of 11 proteins were predicted using the Net-O-Glyc3.1
bioinformatics tool without experimental evidence [22].
Darula and Medzihradszky reported a jacalin-affinity-
enrichment and exoglycosidase-deglycosylation method for
characterization of bovine-serum proteins [23]. The method
was restricted to core-1-type glycopeptides and a total of 26 O-
glycosylation sites at 13 proteins were elucidated. The method
was then improved by adding an ion-exchange step to fraction-
ate jacalin-enriched glycoproteins or an electrostatic-repulsion-
hydrophilic-interaction-chromatography step to separate tryptic
glycopeptides to recover more glycosylation sites and O-gly-
cosylated proteins from bovine serum [24]. A sialic-acid
capture-and-release procedure was developed to enrich O-gly-
copeptides from tryptic digestion of human-urine and
cerebrospinal-fluid glycoproteins, followed by nano-LC—ESI-
collision-induced-dissociation (CID)-MS*-MS> and electron-
capture and electron-transfer dissociation (ECD and ETD).
The glycosylation sites that the sialylated O-glycans originally
attached to were characterized [25-27].

O-glycosylation-site analysis is essential for characteriza-
tion of individual proteins, including recombinant-therapy
proteins or diagnostic biomarkers, and for proteomic studies.
However, the lack of a conserved sequence and the neutral
loss of GalNAc residue during MS-MS make analysis of O-
glycosylation more challenging than analysis of N-glycosyla-
tion. In this paper, we describe a simple and universal site-
mapping approach for core 1 through core 4 O-glycosylated
proteins. After tryptic digestion of proteins, the core-structure
heterogeneity of O-glycopeptides was eliminated by
endoglycosidase digestion. The O-glycosylation sites of two
representative proteins, bovine fetuin [28-30] and human
chorionic gonadotropin [31-33], were characterized using
LC-MS-MS. Human-plasma proteins were also analyzed by
adding a jacalin-affinity-chromatography step to selectively
isolate O-GalNAc glycopeptides after endoglycosidase diges-
tion. We unambiguously identified 49 glycopeptides from 36
glycoproteins in human plasma. The result covered most
glycoprotein species reported elsewhere [17], and revealed
25 more O-glycosylated proteins in human plasma.

Experimental

Materials

((1-3,4) galactosidase, the GlycoPro Enzymatic Deglycosyl-
ation Kit, and prO-LINK Extender Kit containing PNGase F,

[-N-acetylglucosaminidase, sialidase A, and standard glyco-
protein bovine fetuin were purchased from Prozyme (San
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Leandro, CA, USA). Trypsin Gold (MS grade) was purchased
from Promega (Madison, WI, USA). HCG was obtained from
USBIO (Swampscott, MA, USA). ProteoExtract Albumin
Removal Kit was purchased from Merck KGaA (Darmstadt,
Germany). Agarose-bound jacalin was purchased from Vector
Laboratories (Burlingame, CA, USA). The combined plasma
specimen was obtained from healthy donors under an
institutional-review-board-approved procedure. All other
chemicals and reagents of the best available grade were pur-
chased from Sigma—Aldrich (St. Louis, MO, USA) or Fisher
Scientific (Morris Plains, NJ, USA).

Depletion of albumin from plasma

Albumin was removed from human plasma using
ProteoExtract Albumin Removal Kit according to the manu-
facturer’s procedure. Briefly, 20 nL combined plasma was
diluted with binding buffer to a final volume of 400 pL. The
sample was applied to the affinity column and then eluted with
600 pL binding buffer twice. Albumin-depleted samples were
collected, concentrated, and desalted with Microcon
centrifugal-filter devices (MWCO 10 kDa).

In-solution tryptic digestion

Glycoproteins (50 pg) or albumin-depleted plasma proteins
(equal to 20 pL plasma) were denatured with 6 mol L'
guanidine hydrochloride in 100 mmol L' ammonium bicar-
bonate buffer (pH 8.2). The samples were reduced by adding
1.0 mol L' dithiothreitol to a final concentration of
100 mmol L', and incubated for 1 h at 37 °C. Iodoacetamide
solution (1.0 mol L") was then added to obtain a final
concentration of 150 mmol L', and the mixture was incubat-
ed for 30 min at room temperature in the dark. The reaction
buffer was replaced with 25 mmol L' ammonium bicarbon-
ate using Microcon centrifugal-filter devices (MWCO
10 kDa). Trypsin (approximately 1-2 % w/w to the estimated
protein content) was added, and the mixture digested at 37 °C
overnight. The enzymatic digestion was stopped by heating at
100 °C for 2 min.

N and partial O-deglycosylation

A mixture of PNGase F and endoglycosidases including 5(1-
3,4) galactosidase, 3-N-acetylglucosaminidase, and sialidase
A (~1 puL each enzyme solution per 100 pg protein) was
added to the tryptic digests and incubated for 24 h at 37 °C.
The reaction was stopped by heating at 100 °C for 2 min.

Jacalin-affinity chromatography

Agarose-bound jacalin (1.7 mL) was packed into
perfluoroalkoxyalkane tubing (1x1900 mm) equipped with

a 0.22 um frit at its distal end and washed with 20 column
volumes of wash buffer (100 mmol L™ Tris—HCI, pH 7.4).
Affinity enrichment was performed on an LC-20AT HPLC
system (Shimadzu, Tokyo, Japan). After introducing the pep-
tide sample at a flow of 100 uL min ', the column was
washed with eight column volumes of wash buffer. Bound
materials were then eluted with five column volumes of
elution buffer containing 0.8 mol L™ galactose. Both wash
and elution fractions were sequentially collected. Fractions
were desalted on a HyperSep C;g column before LC-MS—
MS analysis.

Mass spectrometry

LC-MS-MS experiments were performed on a linear ion
trap—Orbitrap hybrid mass spectrometer (LTQ-Orbitrap
Velos Pro, Thermo Fischer Scientific) coupled with a nano-
LC system (Shimadzu, Tokyo, Japan). Sample injection and
on-line desalting were performed using a C;g trap column
(Chemicals Evaluation and Research Institute, Japan) at a flow
of 50 uL min ", A custom-made column (15 cmx 75 pm i.d.)
packed with Reprosil-Pur Cg beads (3 pm) was used to
separate peptides, eluting with a stepping gradient of 2 %
solvent B (0.0-5.0 min); 2 to 15 % solvent B (5.0—
25.0 min); 15 to 40 % solvent B (25.0-55.0 min); 40 to
98 % solvent B (55.0-60.0 min); 98 % solvent B (60.0—
70.0 min); 98 to 2 % solvent B (70.0-75.0 min); and 2 %
solvent B (75.0-90.0 min) at a flow of 300 nL min . Solvent
A was 2.0 % ACN-water (v/v) with 0.1 % formic acid and
solvent B was 98 % ACN-water (v/v) with 0.1 % formic acid.
The LTQ-Orbitrap mass spectrometer was set at 60,000 iso-
topic resolution and m/z 400—1800 mass range during precur-
sor scans. The mass spectrometer was operated in the data-
dependent mode using the standard “top10” CID-MS-MS
method. The normalized collision energy was set to 35 %
and the target was set to 10,000.

Data processing

Mass-spectra data processing was performed using Mascot
Distiller and searched with MASCOT (Version 2.4.0) against
the SwissProt database version 2013 12. Mascot search pa-
rameters were set as follows: species, Homo sapiens (20,274
sequences); enzyme, trypsin with a maximum of two missed
cleavages; fixed modification was carbamidomethylation of
Cys residues; variable modification was HexNAc (203 Da) on
Ser and Thr residues together with neutral loss of the same
mass. Other variable modifications were Asn-to-Asp conver-
sion (+0.9840 Da), methionine oxidation, N-terminal acetyla-
tion, and cyclization of N-terminal Gln residues. The mass
accuracy was 15 ppm for precursor ions and 0.8 Da for the
fragment ions. All results were filtered with expectation value
(E-value). E-value less than 0.1 and Mascot ion score more
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than 15 were set as the acceptance criteria of glycopeptides
and glycoproteins. All identified glycopeptides were further
investigated by examining their MS-MS spectra manually to
evaluate the acceptance criteria. Identification of a glycopep-
tide was accepted only when the neutral sugar-loss ion and at
least four peptide-backbone fragmentation ions from the par-
ent ion were assigned.

Results and discussion
Workflow for O-glycosylation-site analysis

MS analysis of glycopeptides is challenging because of their
glycan structural heterogeneity and low ionization efficiency.
A series of exoglycosidases can partially remove O-glycans
and leave a single GalNAc residue still attached to the Ser or
Thr residue. The exoglycosidases include sialidase A to re-
move terminal «-(2-3,6,8)-linked sialic-acid residues, (5(1-3,
4)-galactosidase to remove (3(1-3,4)-linked galactoseresidues,
and (-N-acetylglucosaminidase to remove (-linked N-
acetylglucosamine. PNGase F was also used to remove N-
glycans, because N and O-glycosylation sites may co-exist in
the same tryptic peptide. The deglycosylated samples were
subjected to direct LC-MS-MS analysis for the individual
glycoprotein characterization. Two representative proteins,
bovine fetuin and hCG, were used to evaluate this approach.
For complex proteomic samples, for example human-plasma
proteins, a jacalin-enrichment step is necessary before LC—
MS-MS analysis. Jacalin is a plant lectin from Artocarpus
integrifolia that binds specifically to GaINAca-peptides when
the C6 position of GalNAca is not substituted [21]. It also
binds to mannose residues in N-glycans [34]. However, inter-
ference is not a problem here because the N-glycans are
removed by PNGase F before jacalin enrichment. The
workflow for O-glycosylation-site analysis is summa-
rized in Fig. 1.

O-glycosylation-site analysis of bovine fetuin

Bovine fetuin is a widely-used model glycoprotein consisting
of 359 amino-acid residues. It is N-glycosylated at N159,
N156, and N176, and O-glycosylated at S271, T280, S282,
and S341, according to the UniProt Database [35]. After
tryptic digestion, the sample was treated with PNGase F and
exoglycosidase mixture. The digests were subjected to LC—
MS-MS analysis without any further enrichment. The Mascot
search result gave peptide sequencing coverage as 87 % of
mature bovine fetuin, and six glycopeptides containing at least
one GalNAc residue were also revealed (Table 1). The first
was doubly-charged 334-TPIVGQPSIPGGPVR-348 contain-
ing one GalNAc with m/z=839.4. As shown in Fig. 2a, the

@ Springer

»

SN
PNGase F and
exoglycosidases
treatment

rr] 7 & Optional jacalin affinity ‘ s §o
S chromatography bvl LA

\ /7

O GalNAc B GIcNAc © Gal © Man

Fig. 1 Workflow of O-glycosylation-site analysis for individual proteins
or human-plasma proteins
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dominant fragment ions corresponded with the loss of one
GalNAc, because the glycan—peptide linkage bond is more
fragile than peptide bonds during CID-MS-MS. There are
only two possible O-glycosylation sites in this peptide, T334
and S341. On the basis of two diagnostic fragments, yo-
GalNAc and y;;-GalNAc, the GaINAc residue was assigned
to be attached at the S341. Figure 2b shows the CID-MS-MS
spectrum of 313-HTFSGVASVESSSGEAFHVGK-333 with
one GalNAc. Although there are several Ser and Thr residues
in this peptide, the yo-GalNAc fragment ion was clear
evidence that the O-GalNAc occurred at S325. This is a
recently reported O-glycosylation site [24] that has not
been included in the UniProt Database. A series of
glycopeptides corresponding to different numbers of O-
GalNAc residues attached to the same peptide, 246-
VTCTLFQTQPVIPQPQPDGAEAEAPSAVPDAAGPTP-
SAAGPPVASVVVGPSVVAVPLPLHR-306, was ob-
served, with retention times ranging from 71 min to
74 min (Table 1). They eluted in reverse order to the
number of O-GalNAc residues attached because the
carbohydrate moieties reduced their hydrophobicity.
The extracted ion chromatogram of triply-O-GalNAc-
substituted peptide (m/z=1104.9) had two peaks at
71.4 min and 72.6 min. This suggested that there were
at least two forms of glycosylation, which required a
minimum of four different O-glycosylation sites for
three O-GalNAc residues to attach. Studies by other
research groups [28-30] claimed that S271, T280,
S282, and S296 within this peptide sequence were O-
glycosylated. However, the determination of exact sites
was not successful because most fragment ions were
generated by sequential cleavages of glycan—peptide
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linkage bonds when multiple O-glycosylation sites were
present in the parent ion. The peptide-backbone-
cleavage fragment ions were able to confirm the identity
of glycopeptides, but were not sufficient to locate the
O-glycosylation sites (data not shown). This challenge is
likely to be solved if ETD is equipped and performed
simultaneously with CID. In the ETD fragmentation
process, radical anions transfer an electron to the pep-
tide backbone and induce cleavage through peptide
bonds, whereas the carbohydrate moieties are minimally
affected [36].

Retention time (min)

71.4°

51.4
476
73.4
73.0
72.6°

Charge state

2
2
4
6
6
6

O-glycosylation-site analysis of h(CG

hCG is a glycoprotein hormone secreted by placental tropho-
blasts and trophoblastic tumors. It is found in the blood and
urine of women during pregnancy. Its concentration may
increase in patients with some types of cancer, including
testicular, ovarian, liver, stomach, and lung cancer [37, 38].
HCG is composed of « and (3-subunits, and glycosylations
occur at both subunits. The N52 and N78 from the «-subunit
and N13 and N30 from the {3-subunit are N-glycosylated,
whereas S121, S127, S132, and S138 from the 3-subunit are
attached with O-glycans [31-33, 39]. Abnormal glycosylation
of hCG, namely hyperglycosylation, has been revealed to be
associated with malignancy and other disorders [40].

Tryptic digestion of hCG generates complex peptides with
many miscleavage sites because of the steric hindrance of the
heterodimer structure and heavy glycosylation, which signifi-
cantly reduces the proteolytic efficiency. After PNGase F and
exoglycosidase digestion, a total of 15 peptides containing at
least one HexNAc residue was detected by LC-MS-MS analysis
(Table 2). Most O-glycosylation occurs near the C-terminus of
the (-subunit. The largest O-glycosylated peptide observed is
115-FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ-145, which
contains two miscleavage sites. Ions at m/z=1130.9, 1198.5,
1266.2, and 1333.9 indicate that different numbers of O-
HexNAc residues, ranging from one to four, are attached to this
peptide. All four previously-reported O-glycosylation sites,
S121, S127, S132, and S138, are within this peptide sequence.
The peptide 123-APPPSLPSPSRLPGPSDTPILPQ-145, con-
taining one tryptic miscleavage site, was also revealed to carry
from one to four HexNAc residues, because the ions 1262.6,
1364.2, 1465.7, and 1567.2 had a series of 203 Da mass differ-
ences after deconvolution. Only S127, S132, and S138 within
this peptide sequence are known O-glycosylation sites, suggest-
ing there is at least one novel O-glycosylation site present
in this peptide. It could be either S130 or T140. However, the
neutral loss of HexNAc residues is dominant during
CID fragmentation. The MS—-MS spectrum of 123-
APPPSLPSPSRLPGPSDTPILPQ-145 with four HexNAc resi-
dues provides insufficient peptide-backbone fragment ions to
determine the exact O-glycosylation sites.

m/z calculated
839.4627
1162.0460
1555.3089
1071.0551
1104.9016
1104.9016

m/z observed
839.4623
162.0456
555.3147
071.0572

—_— o = e e

Number of O-GalNAc

residues

1
1
1
2
3
3

S271, T280, S282, S296

Glycosylation sites
S341
S325

334-348
313-333

Location
246-306

VTCTLFQTQPVIPQPQPDGAEAEAPS
AVPDAAGPTPSAAGPPVASVVVGP
SVVAVPLPLHR

Glycopeptides carrying O-GalNAc residues identified from bovine fetuin®

° The peptide 246-306 carrying three O-GalNAc residues had two peaks in TIC, indicating two different glycosylation forms

#The O-glycosylation sites reported previously are underlined

HTFSGVASVESSSGEAFHVGK

Peptide sequence
TPIVGQPSIPGGPVR

Table 1
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Fig. 2 CID-MS-MS spectra of O-GalNAc glycopeptides from bovine
fetuin. (a) MS-MS spectrum of the [M+2H]*" precursor ion at m/z 839.5
corresponds to the peptide TPIVGQPSIPGGPVR carrying one O-GalNAc
residue. (b) MS-MS spectrum of the [M+2H]** precursor ion at m/z 1162.0

A novel O-glycosylation site from the o-subunit was
discovered. As shown in Fig. 3, ions of m/z 678.8
(retention time 15.6 min) and m/z 779.8 (retention time
15.4 min) (both doubly-charged) were detected,
representing two different glycosylation patterns of 52-
NVTSESTCCVAK-63. N52 in this peptide is an N-gly-
cosylation site. The treatment with PNGase F converted
the Asn residue to an Asp residue and added +1 Da mass
to the original peptide mass. The MS-MS spectrum in
Fig. 3a confirms the sequence of this originally N-
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corresponds to the peptide HTFSGVASVESSSGEAFHVGK carrying one
O-GalNAc residue. The y and b ion series associated with neutral loss of O-
GalNAc residue are indicated, and the fragment ions with O-GalNAc
residue retained are annotated with a yellow square

glycosylated peptide. The other glycosylation form of
this peptide, with +203 Da mass compared with the
original peptide mass, was also observed. The bs-
HexNAc fragment ion at m/z 518.2 (Fig. 3b) provides
evidence of O-glycosylation at the T54 residue. Interest-
ingly, the combination of these two glycosylation pat-
terns, which would result in +204 Da mass to the peptide
52-NVTSESTCCVAK-63, was not observed. The mech-
anism controlling this peptide, either N-glycosylated or
O-glycosylated, may be worth further study.



Characterization of O-glycosylation sites

1863

Table 2 Glycopeptides carrying a variety of O-GalNAc residues identified from hCG*

No. Location Peptide sequence m/z observed  Peptide mass  Retention time (min)  Jacalin enrichment
(Da) fraction #

1 115-122 FQDSSSSK+HexNAc 544.7397 1087.4649 13.8 2

2 115-133 FQDSSSSKAPPPSLPSPSR+HexNAc 725.6893 2174.0462 40.0,42.3 3

3 115-133 FQDSSSSKAPPPSLPSPSR+2HexNAc 793.3824 2377.1255 41.1,42.7 3

4 115-145 FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ+HexNAc 1130.9056 3389.6950 58.5,59.1,59.8

5 115-145 FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ+2HexNAc 1198.5995 3592.7767 57.7,59.0 3

6 115-145 FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ+3HexNAc 1266.2920 3795.8542 57.8,58.7 3

7 115-145 FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ+4HexNAc 1333.9836 3998.9290 57.5 3

8 134-145 LPGPSDTPILPQ+HexNAc 719.3773 1436.7401 55.8 2

9 123-133 APPPSLPSPSR+HexNAc 654.8426 1307.6707 41.1 2

10 123-133 APPPSLPSPSR+2HexNAc 756.3833 1510.7521 40.8 3

11 123-145 APPPSLPSPSRLPGPSDTPILPQ+HexNAc 1262.6657 2523.3168 60.5,61.1,61.8, 63.0 2

12 123-145 APPPSLPSPSRLPGPSDTPILPQ+2HexNAc 1364.2086 2726.4026 59.6,60.5, 61.1 3

13 123-145 APPPSLPSPSRLPGPSDTPILPQ+3HexNAc 1465.7464 2929.4782 59.6 3

14 123-145 APPPSLPSPSRLPGPSDTPILPQ+4HexNAc” 1567.2863 3132.5580 59.1 3

15 52-63 NVTSESTCCVAK+HexNAc” 779.8400 1557.6654 15.4 2

#The O-glycosylation sites reported previously are underlined
® The novel O-glycosylation sites, S130/T140 and T54, are in red

Affinity fractionation of O-GalNAc peptides

The non-glycosylated peptides in high abundance compete
with O-GalNAc peptides during ionization and mass-
analyzing processes in LC-MS-MS analysis. Enrichment of
specific groups of peptides is necessary for complex samples,
for example human-plasma proteins. Jacalin-affinity chroma-
tography is capable of selectively enriching the O-GalNAc
peptides generated by exoglycosidase treatment. The trypsin
and exoglycosidase-digested hCG consists of complex pep-
tides with many miscleavage sites and variable O-GalNAc
substitutions. Digested hCG was used to evaluate the jacalin-
affinity-chromatography enrichment method. According to
the UV detection at 214 nm, the unbound peptides eluted at
the beginning. Then a bump, corresponding to O-GalNAc
peptides with relatively weak affinity, eluted during
wash buffer elution. At the end the mobile phase was
switched to elution buffer containing 0.8 mol L™ galactose
and the strong-binding O-GalNAc peptides were washed out.

Three fractions were sequentially collected, desalted, and
subjected to LC-MS-MS analysis. No O-GalNAc peptide
was detected in fraction 1. Five peptide species with a single
O-GalNAc residue were detected in fraction 2. The main
components in fraction 3 were peptides with multiple O-
GalNAc residues, by which the binding affinity to jacalin
was increased. The hCG experiment revealed the satisfactory
O-GalNAc-residue-binding selectivity of jacalin-affinity
chromatography by recovering 14 out of 15 O-GalNAc pep-
tides of hCG. Only the very-low-abundance peptide
FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ with one
HexNAc residue was missing (Table 2).

O-glycosylation-site analysis of human-plasma proteins
The analysis of O-glycosylation sites in human-plasma pro-
teins is valuable to understanding the critical functions of this

category of posttranslational modification in biological pro-
cesses and diseases. Compared with tissue samples, human
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Fig. 3 Extract ion chromatograms (EICs) and CID-MS-MS spectra of
two distinct glycosylation forms of peptide NVTSESTCCVAK derived
from hCG a-subunit. (a) EIC of the deamidated N-glycosylated peptide
DVTSESTCCVAK (m/z 678.8). (b) EIC of the peptide
NVTSESTCCVAK carrying one O-GalNAc residue (m/z 789.8). (¢)
MS-MS spectrum of the [M+2H]*" precursor ion at m/z 678.8 corre-
sponds to the deamidated N-glycosylated peptide DVTSESTCCVAK. (d)

blood is more easily accessible for sampling. However, the
proteomic method must still be sensitive, comprehensive, and
high-throughput to be used in biomarker discovery and clin-
ical studies. A small volume of 20 pL. human plasma was used
for O-glycosylation-site analysis, equivalent to only one drop
of human blood.

The highly abundant albumin in human plasma was first
depleted using an albumin-affinity column. The recovered
proteins were digested with trypsin, followed by partial degly-
cosylation with PNGase F and exoglycosidases. Jacalin-
affinity-chromatography enrichment was then performed, and
the peptide complexity was significantly reduced in the subse-
quent LC-MS-MS analysis. Figure 4a is the affinity chromato-
gram of human-plasma proteins. As with the hCG enrichment,
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MS-MS spectrum of the [M+2HJ*" precursor ion at m/z 789.8 corre-
sponds to the peptide NVTSESTCCVAK carrying one O-GalNAc resi-
due. The y and b ion series associated with neutral loss of O-GalNAc
residue are indicated, and the fragment ions with O-GalNAc residue
retained are annotated with a yellow square. The aspartic-acid residue D
in red was modified by PNGase F and indicates the original N-glycosyl-
ation site

three fractions were collected and subjected to LC-MS-MS
analysis. Two parallel LC-MS-MS experiments were per-
formed for each fraction and the identified peptides were com-
bined. Fraction 1 contained only non-glycosylated peptides.
Mascot search results revealed 210 proteins from human plas-
ma in this fraction. Fraction 2 and fraction 3 consisted of O-
GalNAc peptides, eluted in the order of binding affinity to
jacalin from low to high. The Mascot database search results
of fraction 2 and fraction 3 were combined and a total of 58 O-
GalNAc-attached peptides were detected and identified
(Table 3). These glycopeptides correspond to 49 distinctive
peptides from 36 human-plasma proteins carrying different
numbers of O-GalNAc residues, ranging from one to six. The
peptides AQDGGPVGTELFR derived from fractalkine,
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FIANSQEPEIR derived from protein MENT, and
ALSLAPLAGAGLELQLER derived from protein HEG ho-
molog 1 each have only a single potential O-glycosylation site.
Therefore the T183 in AQDGGPVGTELFR, S143 in
FIANSQEPEIR, and S43 in ALSLAPLAGAGLELQLER
can be assigned unambiguously as the O-glycosylation sites.
All other peptides contain more than one Ser or Thr residue,
and sufficient backbone-fragmentation ions with retained
GalNAc residue(s) are required to determine their exact O-
glycosylation site. Because the primary fragmentation events
in CID are cleavages of the glycosidic bonds, it is challenging
to differentiate the O-glycan-modified Ser/Thr from unmodi-
fied Ser/Thr because of the neutral loss of GalNAc residues.
Automatic database searching combined with manual exami-
nation of the tandem-MS spectra provided a few fragment ions
with retained GalNAc residue. Figure 5 shows the CID-MS—

MS spectrum of the doubly-charged ion of peptide 872-
SPDESTPELSAEPTPK-887 carrying one GalNAc residue
(m/z=944.4), derived from proteoglycan 4. A series of y ions
with the GalNAc residue attached were observed. The fragment
ion m/z=645.4, interpreted as y, with one GalNAc residue,
leads to the determination of T885 as the O-glycosylation site.
A total of 13 O-glycosylation sites were assigned unambigu-
ously and are summarized in Table 3. Compared with the
UniProt Database, the human-plasma-proteins analysis was
able to cover many known O-glycosylated proteins and pep-
tides. A substantial number of O-GalNAc-modified peptides
not included in the database were also discovered. Among these
peptides, nine novel O-glycosylation sites were successfully
revealed and confirmed by CID-MS-MS. Representative asso-
ciated product-ion spectra with different scores are shown in the
Electronic Supplementary Material (ESM) Figs. S1-S13.
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Table 3  O-glycopeptides and modification sites identified from human-plasma proteins™®**
Uniport Protein name Glycopeptide Modification Score
1D site
060271 C-Jun-amino-terminal kinase-interacting K.Lgs;WCAVGVNLSGGKTRDGGSVVGASVFYK.D+ HexNAc 16
P00450 Ceruloplasmin K.NyssNEGTYYSPNYNPQSR.S + HexNAc 28
K.E;;0HEGAIYPDNTTDFQR.A + HexNAc 22
P00747 Plasminogen K.I350PSCDSSPVSTEQLAPTAPPELTPVVODCYHGDGQSYR.G+HexNAc 51
K.I;40PSCDSSPVSTEQLAPTAPPELTPVVQDCYHGDGQSYR.G+2HexNAc 19
P00748 Coagulation factor XII R.T33PPQSQTPGALPAK.R +HexNAc 22
PO1011 Alpha-1-antichymotrypsin K. I330TLLSALVETR.T 389 16
K.A35/VLDVFEEGTEASAATAVK.I + HexNAc 18
P01042 Kininogen-1 K.S621 VSEINPTTQMK.E+HexNAc 27
R.Dy7IPTNSPELEETLTHTITK.L +HexNAc 47
K.E3ogETTVSPPHTSMAPAQDEER.D+2HexNAc 33
K.F19SVATOTCOITPAEGPVVTAQYDCLGCVHPISTQSPDLEPILR H+HexNAc 19
K.Ts5;)EHLASSSEDSTTPSAQTQEK.T + HexNAc 99
K.Ts5; EHLASSSEDSTTPSAQTQEK.T + 2 HexNAc 24
P01860 Ig gamma-3 chain C region K.S;19CDTPPPCPR.C+HexNAc 22
P01876 Ig alpha-1 chain C region K.HgoYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR.L+3HexNAc 17
K.HgoYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR.L+4HexNAc 38
K.HgoYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR.L+5HexNAc 21
K.HgoYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR.L+6HexNAc 19
P01880 Ig delta chain C region K.A106QASSVPTAQPQAEGSLAK.A+HexNAc 52
K.A106QASSVPTAQPQAEGSLAK.A+2HexNAc 113,121 34
P02649 Apolipoprotein E K.V301QAAVGTSAAPVPSDNH.-+HexNAc 79
R.A2)ATVGSLAGQPLQER.A 212 45
P02652 Apolipoprotein A-II K.Ex»;PCVESLVSQYFQTVTDYGK.D+HexNAc 84
P02656 Apolipoprotein C-I1T K.Fs;SEFWDLDPEVRPTSAVAA . -+HexNAc 62
P02671 Fibrinogen alpha chain R.Hs;3PDEAAFFDTASTGK. T+HexNAc 21
K.E550SSSHHPGIAEFPSR.G+HexNAc 29
P02675 Fibrinogen beta chain R.Es,EAPSLRPAPPPISGGGYR.A 67 18
P02749 Beta-2-glycoprotein 1 R.T>,CPKPDDLPFSTVVPLK.T+HexNAc 28
P02765 Alpha-2-HS-glycoprotein R.T341VVQPSVGAAAGPVVPPCPGR.I 346 60
P04004 Vitronectin K.NgsNATVHEQVGGPSLTSDLQOAQSK.G+HexNAc 50
P05154 Plasma serine protease inhibitor R.V3; EDLHVGATVAPSSR.R+HexNAc 49
P05155 Plasma protease C1 inhibitor K.Ms;LFVEPILEVSSLPTTNSTTNSATK.I+HexNAc 33
K.Ms;LFVEPILEVSSLPTTNSTTNSATK.I+2HexNAc 15
K.Ms;LFVEPILEVSSLPTTNSTTNSATK.I+3HexNAc 25
P05546 Heparin cofactor 2 K.G3;GETAQSADPQWEQLNNK.N + HexNAc 60
P12259 Coagulation factor V R.S;,4s$SSPELSEMLEYDR.S + HexNAc 24
P17936 Insulin-like growth factor-binding protein 3 R.S14sAGSVESPSVSSTHR.V + HexNAc 33
P19823 Inter-alpha-trypsin inhibitor heavy chain H2 K.V VPDSTPSWANPSPTPVISMLAQGSQVLESTPPPHVMR.V+4HexNAc 15
P19827 Inter-alpha-trypsin inhibitor heavy chain H1 R.Te4FVLSALQPSPTHSSSNTQR.L+HexNAc 39
P22102 Trifunctional purine biosynthetic protein K.LsgoPHLERITEGDVVVGIASSGLHSNGFSLVRK+ HexNAc 19
P78423 Fractalkine K.A;7sQDGGPVGTELFR.V 183 17
R.L334GVLITPVPDAQAATR+ HexNAc 22
Q04756 Hepatocyte growth factor activator R.AVPSSSSPOAQALTEDGRPCR.F+ HexNAc 27
Q16610 Extracellular matrix protein 1 R.A,53CPSHQOPDISSGLELPFPPGVPTLDNIK.N+HexNAc 19
R.S5,LPMDHPDSSQHGPPFEGQSQVQPPPSQEATPLOQEK.L+HexNAc 18
K.Gs5190GEQGSTGGTNISSTSEPK.E+HexNAc 85
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 K.I71,6EETTMTTQTPAPIQAPSAILPLPGQSVER.L+HexNAc 42
Q5VUA4 Zinc finger protein 318 K.D\306KEDGKTEAGK.A 1312 17
Q6UXBS Peptidase inhibitor 16 K.N9,SLCEPIGSPEDAQDLPYLVTEAPSFR.A 218 29
K.S307LPNFPNTSATANATGGR.A+ HexNAc 44
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Table 3  (continued)
Uniport Protein name Glycopeptide Modification Score
ID site
Q92954 Proteoglycan 4 K.Ss7,PDESTPELSAEPTPK.A 885 39
Q96PD5 N-acetylmuramoyl-L-alanine amidase R.D;7;sGSPDVTTADIGANTPDATK.G+HexNAc 96
R.D;7sGSPDVTTADIGANTPDATK.G+2HexNAc 24
QI9BUNI1 Protein MENT R.F3dANSQEPEIR.L 143 31
Q9UGMS  Fetuin-B K.F34VSVICDFFESQAPATGSENSAVNQKPTNLPK.V 276 36
QIULI3 Protein HEG homolog 1 K.S;50HAASDAPENLTLLAETADAR.G+ HexNAc 63
R.AyLSLAPLAGAGLELQLER.R 43 56

*The known O-glycosylation sites in UniProt database are underlined

° The O-glycoproteins and O-glycopeptides not reported in UniProt database are in italics

 The novel O-glycosylation sites not included in UniProt database are in red

The N-glycosylation of human-plasma proteins has been
investigated extensively [17, 41]. In contrast, only a couple of
studies on O-glycosylation-site analysis of human-plasma
proteins have been reported. Higglund et al. identified 23 O-
glycosylated peptides derived from 11 proteins in Cohn IV
fraction of human plasma as a by-product while using endo-(3-
N-acetylglucosaminidases and exoglycosidases to investigate
the core fucosylated N-glycans [17]. Six of the 11 O-glyco-
sylated proteins reported by Hagglund et al., including coag-
ulation factor XII, plasma protease C1 inhibitor, and kinino-
gen, were also observed in our analysis. Durham and Regnier
revealed 43 O-glycopeptides and 36 O-glycoproteins from

Fig. 5 The CID fragment-ion
spectrum corresponds to the
peptide SPDESTPELSAEPTPK
from proteoglycan 4 containing
one GalNAc. The y and b ion
series are indicated, and the
fragmentations involving O-
linked HexNAc residues are
annotated with a yellow square

100 q

o -
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human serum using a two-step lectin-selection-
chromatography method, which included removal of N-linked
glycopeptides by concanavalin A and enrichment of O-linked
glycopeptides with jacalin [30]. Surprisingly, none of these
glycoproteins overlapped with the results obtained by either
Héagglund et al. or us. We also found several tryptic peptides
were both N and O-glycosylated. For example, the peptide 53-
MLFVEPILEVSSLPTTNSTTNSATK-77 from plasma prote-
ase Cl1 inhibitor was revealed to be triply O-glycosylated and
N-glycosylated at N69. Four other O-glycosylated peptides,
ceruloplasmin-derived 129-EHEGAIYPDNTTDFQR-144
(ESM, Fig. S14), HEG-homolog-1-derived 150-SHAA
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SDAPENLTLLAETADAR-170, vitronectin-derived 85-
NNATVHEQVGGPSLTSDLQAQSK-107 (ESM, Fig. S15),
and peptidase-inhibitor-16-derived 397-SLPNFPNTSA
TANATGGR-414, were also N-glycosylated at N138, N159,
N86, N403, and N409, respectively. These N and O-glycosyl-
ation co-modified peptides would be overlooked if the conca-
navalin A step was applied.

The determination of O-glycosylation sites in complex pro-
teome samples is more challenging than that of N-glycosylation
sites. First, binding specificity of lectin for O-glycosylation is
less satisfactory than that for N-glycosylation [20]. For exam-
ple, the peptide FQDSSSSKAPPPSLPSPSRLPGPSDTPILPQ
with one HexNAc residue derived from hCG is missed, possi-
bly because of its low abundance and weak binding affinity to
jacalin. Use of a multilectin-affinity column, or combining
lectin-based affinity and chemistry-based methods, may im-
prove the recovery of glycopeptides with different physico-
chemical properties. Second, it is common to observe multiple
O-glycosylation sites in one tryptic glycopeptide. The determi-
nation of these sites is extremely difficult because of the com-
plex composition and neutral loss of sugar residues in tandem
MS. Nonspecific protease digestion could cleave the glycopep-
tides to shorter pieces and provide more information on O-
glycosylation microheterogeneity [29, 42]. However, this is
limited to the less complex samples, because assigning of
enormous peptides generated by nonspecific protease is im-
practical because of the lack of sophisticated bioinformatics
tools. Because limitations are associated with different
workflows of O-glycosylation-site determination, the integra-
tion of MS results from separate studies on human plasma
would better reveal the O-glycosylation patterns of this impor-
tant body fluid.

Conclusion

An exoglycosidase treatment and jacalin enrichment two-step
sample-preparation strategy in addition to tryptic digestion is a
new method for O-glycosylation-site analysis of individual
proteins and the human-plasma proteome. The approach de-
scribed herein is simple, sensitive, and comprehensive. It
requires minimal sample (as little as one drop of blood) to
map the O-glycosylation sites of human-plasma proteins. By
applying exoglycosidase digestion first, the heterogeneity of
O-glycan core structures is diminished and the jacalin enrich-
ment becomes global for core 1 through core 4 O-glycosylated
peptides and single-O-GalNAc-modified peptides. Adding
PNGase F to the exoglycosidase digestion converts N-glyco-
sylated Asn residues to Asp residues. Therefore the N-glyco-
sylation-site information can also be obtained in one LC-MS—
MS run. It would be interesting in the future to use this feature
to study the relationship of adjacent N and O-glycosylation
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sites within a protein; for example, the co-existing N and O-
glycosylation sites in plasma-protease-C1-inhibitor-derived
peptide S5-MLFVEPILEVSSLPTTNSTTNSATK-77 versus
the mutually exclusive N and O-glycosylations in the hCG-
derived peptide 52-NVTSESTCCVAK-63. The O-glycosyla-
tion-site-analysis result is reliable because many previously-
known O-glycosylated peptides and proteins were detected.
Additionally, many novel O-glycosylation locations in
human-plasma proteins were discovered, with nine exact O-
glycosylation sites being determined by CID-MS-MS. Incor-
poration of ETD-MS-MS techniques in future studies will
provide more specific and comprehensive O-glycosylation-
site information for human-plasma proteins and other critical
glycoproteomes.
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