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Abstract Fucosylation of N-glycoproteins has been implicat-
ed in various diseases, such as hepatocellular carcinoma
(HCC). However, few studies have performed site-specific
analysis of fucosylation in liver-secreted proteins. In this
study, we characterized the fucosylation patterns of liver-
secreted proteins in HCC plasma using a workflow to identify
site-specific N-glycoproteins, where characteristic B- and/or
Y-ion series with and without fucose in collision-induced dis-
sociation were used in tandem mass spectrometry. In total, 71
fucosylated N-glycopeptides from 13 major liver-secreted
proteins in human plasma were globally identified by LC-
MS/MS. Additionally, 37 fucosylated N-glycopeptides were
newly identified from nine liver-secreted proteins, including
alpha-1-antichymotrypsin, alpha-1-antitrypsin, alpha-2-HS-

glycoprotein, ceruloplasmin, alpha-1-acid glycoprotein 1/2,
alpha-2-macroglobulin, serotransferrin, and beta-2-
glycoprotein 1. Of the fucosylated N-glycopeptides, bi- and
tri-antennary glycoforms were the most common ones identi-
fied in liver-secreted proteins from HCC plasma. Therefore,
we suggest that this analytical method is effective for charac-
terizing fucosylation in liver-secreted proteins.
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Sia Sialic acid
TF Serotransferrin
VTN Vitronectin

Introduction

Protein glycosylation is involved in adhesion, metastasis, and
signaling through cell–cell interactions. Glycosylation is di-
vided into O-glycosylation and N-glycosylation based on
binding groups (i.e., hydroxyl serine (S) or threonine (T) side
chains and carboxyl-amido asparagine (N) residue side chains,
respectively) [1]. N-Glycosylation, which is classified into
three glycan types, high-mannose, hybrid, and complex [2],
occurs at the consensus tri-peptide sequence NXS/T, where X
can be any amino acid except proline, in the ER and Golgi
apparatus [3]. Aberrant glycosylation of the complex type,
including fucosylation by fucosyltransferases and additional
branching byN-acetylglucosaminyltransferase V (GnTV), oc-
curs in cancer cells and is involved in adhesion to other cells,
invasion into the extracellular matrix, and metastasis [4]. The
fucosylation of N-glycoproteins in hepatocellular carcinoma
(HCC) tissue was reported to increase the transcript and pro-
tein levels of the fucosyltransferase genes Fut 6 and Fut 8,
which are involved in glycan fucosylation [5–7].

Anderson and Anderson first reviewed 289 proteins with a
dynamic range in concentrations of more than 10 orders of
magnitude [8]; since then, a total of 1929 non-redundant pro-
teins with a <1 % false discovery rate have been reported in
the PeptideAtlas [9]. A number of these proteins are synthe-
sized and secreted by the liver and function in hemostasis and
fibrinolysis and as carriers of various small molecules, lipids,
and hormones [10]. Additionally, most liver-enriched proteins
were recently classified by the human protein atlas (HPA)
project as secreted proteins using microarray-based immuno-
histochemistry [11]. Alpha feto-protein (AFP), a well-known
HCC biomarker approved by the FDA, is synthesized in liver
tissue and secreted into plasma [12]. In particular, fucosylated
AFP (AFP-L3), an aberrant N-glycoprotein created via
fucosylation that exhibits an increased affinity for the
fucose-specific lectin Lens Culinaris Agglutinin (LCA), was
reported as a better biomarker for HCC than AFP [13–17].
Fucosylated AFP is increased in human serum and plasma
from patients with liver cancer [18, 19]. Aberrant glycopro-
teins in the blood stream may reflect abnormal states in pa-
tients with cancer and could be developed as serological can-
cer biomarkers [20–24].

Mass spectrometry (MS), a powerful technology in prote-
omic fields, can play a central role in identifying aberrant
glycoproteins from various disease-related biological media.
Recently, the use of high-resolution tandem MS combined
with nano-LC led to identification of the site-specific N-gly-
copeptides of major proteins, such as haptoglobin (HP) and

vitronectin (VTN), in human HCC plasma by the targeted
protein enrichment method [25–28] as well as HILIC enrich-
ment methods [29, 30]. The antibody method for the Lewis Y
structure and glycan level analysis of purified glycoforms
confirmed that the fucosylated glycan level of HP is increased
in HCC plasma [26, 31, 32]. Tang and colleagues reported an
automatic analysis and label-free quantification method,
where several N-glycopeptides from four proteins (HP,
VTN, complement C3 protein, and hemopexin) were found
to be increased in HCC sera [33]. However, they had previ-
ously identified 103 N-glycopeptides from 33 serum proteins
[34] and reported that only four fucosylated N-glycopeptides
were increased in HCC sera [33]. This discrepancy led us to
more closely examine the different types of fucosylated pro-
teins from human HCC plasma.

In this study, we selected 13 liver-secreted proteins to iden-
tify fucosylated glycoproteins in HCC plasma. We identified
N-glycopeptides and their fucosylated forms, which were an-
alyzed in previous research [28, 35–38]. We report herein the
analysis workflow for liver-secreted protein fucosylation in
human HCC plasma using LC-MS/MS.

Materials and methods

Materials

K2EDTA-treated human plasma from patients with HCC was
prepared at Severance Medical Center, Yonsei University
(Seoul, Korea), with the consent of the blood donors and in
accordance with Institutional Review Board guidelines
(Electronic Supplementary Material (ESM) Table S1); it was
stored at −80 °C until use. A multiple affinity removal system
(MARS) column was purchased from Agilent (Wilmington,
DE, USA). For glycopeptide enrichment, a ZIC-HILIC kit
(ProteoExtract Glycopeptide Enrichment Kit) was obtained
from EMD Millipore (Billerica, MA). Trypsin (mass spec-
trometry grade) for protein digestion was obtained from
Promega (Madison, WI). Additionally, 1,4-dithiothreitol
(DTT), iodoacetamide (IAA), trifluoroacetic acid (TFA), and
formic acid (FA) were purchased from Sigma-Aldrich (St.
Louis, MO). HPLC-grade acetonitrile (ACN) was also pur-
chased (J.T. Baker, Phillipsburg, NJ).

Methods

Digestion of depleted and non-depleted plasma proteins

A MARS (Agilent) with an HP1100LC system (Agilent) was
used to deplete the six most abundant proteins (albumin, trans-
ferrin, Ig gamma chain C region (IgG), Ig alpha chain C region
(IgA), HP, and alpha-1-antitrypsin (AAT)) in plasma collected
from 10 patients with HCC. Based on the manufacturer’s
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instructions, the human plasma samples were diluted by a
factor of five in buffer A, which contained protease inhibitors,
before centrifuging through 0.22-μm filters. Diluted plasma
samples were injected at a flow rate of 0.25 ml/min (0 % B
buffer) for 9 min. The bound fractions were eluted with buffer
B (100 %) at a flow rate of 1 ml/min for 3.5 min. The column
was regenerated by equilibrating in buffer B (0%) for 7.5 min.
Flow-through fractions collected from MARS-depleted plas-
ma were stored at −20 °C until use. A pooled plasma sample
was prepared by mixing 10MARS-depleted plasmas from the
HCC samples. The pooled plasma sample was desalted and
concentrated by centrifugal filtration using 10-kDa molecular
weight cutoff (MWCO) VIVASPIN filters (Sartorius,
Göttingen, Germany). The plasma protein concentrations
were determined by Bradford protein assay after filtering for
molecular weight. The pooled sample (100 μg) was reduced
with 5 mM DTT, alkylated with 12.5 mM IAA, and digested
with trypsin (the substrate/enzyme ratio of 10:1) overnight at
37 °C. The digested sample was dried in a SpeedVac for
HILIC enrichment.

N-Glycopeptide enrichment by HILIC

N-Glycopeptide enrichment with a ZIC-HILIC kit
(ProteoExtract Glycopeptide Enrichment Kit) was performed
according to the manufacturer’s instructions (EMD
Millipore). This kit includes ZIC Glycocapture Resin, ZIC
Binding Buffer, ZIC Wash Buffer, and ZIC Elution Buffer.
Briefly, 10 μl plasma digests (3 μg/μl concentration) was
prepared by adding 50 μl ZIC Binding Buffer mixed with
50 μl homogenous ZIC Glycocapture Resin by pipetting up
and down and incubated for 20 min. The incubated resin was
then transferred to a new 1.5-ml tube and centrifuged (2 min,
250×g). The supernatant was discarded. The centrifuged resin
was washed three times with 150 μl ZIC Wash Buffer. After
adding 75 μl ZIC Elution Buffer for N-glycopeptide elution,
the tube was incubated for 5 min with agitation and centri-
fuged for 2 min at 2500×g. The supernatant, containing the N-
glycopeptides, was transferred to a new 1.5-ml tube and cen-
trifuged for 2 min at 10,000×g. The N-glycopeptide superna-
tant was transferred to a new 1.5-ml tube, avoiding the transfer
of resin particles. For LC/MSMS analysis, the HILIC-
enriched peptide solution from plasma was dried in a
SpeedVac and reconstituted in 100 μl 0.1 % FA/99.95 %
ddH2O.

Analysis using nano-liquid chromatography/ESI-MS/MS

The HILIC-enriched tryptic digest was separated with a
nanoACQUITY UPLC system (Waters, Milford, MA) and
analyzed using an LTQ Orbitrap Elite mass spectrometer
(Thermo Scientific, Waltham, MA) equipped with a nano-
electrospray source. Each 5 μl aliquot of the peptide solution

was loaded into a nanoACQUITY UPLC Symmetry C18 col-
umn of i.d.180 μm, length 20 mm, and particle size 5 μm
(Waters) using an autosampler. The homemademicrocapillary
separation column was packed with C18 material (Michrom
Bioresources) in a fused-silica capillary [39]. The peptides
trapped on the trap column after 10 min at a flow rate of
4 μl/min for desalting were back-flushed on a homemade
microcapillary column (i.d. 100 μm and length 200 mm,
C18, 3 μm particle size, 100 Å pore size) for separation.
Mobile phase A consisted of 100 % water containing 0.1 %
FA. Mobile phase B was 100 % ACN containing 0.1 % FA.
The LC gradient was 5 % B maintained from 0 to 15 min;
then, the mobile phase B was increased to 15 % for 5 min, to
50 % B for 115 min, and to 95 % B for 21 min (95 % B was
continued for 13 min). Phase B was then decreased to 5 % for
1 min. The column was re-equilibrated with 5 % B for 10 min
before the next run. The electrospray voltage was set to
2.2 kV. The LTQ Orbitrap Elite mass spectrometer (Thermo
Scientific) was operated in data-dependent mode during the
chromatographic separation. The MS acquisition parameters
for full-scan resolution was 60,000 in the Orbitrap for each
sample; five data-dependent MS/MS scans were acquired by
collision-induced dissociation (CID) and higher-energy colli-
sion dissociation (HCD) in each full scan. CID and HCD
scans were acquired in linear trap quadrupole (LTQ) mode
with a 30-ms activation time and in Orbitrap at resolution
15,000 with a 20-ms activation time, respectively. A 35 %
normalized collision energy (NCE) was used for CID and
HCD analyses. Previously fragmented ions were excluded
for 300 s in all MS/MS scans.

N-Glycopeptide identification

We manually performed systematic identification using
CID and HCD spectra, as shown in Fig. 1 [28]. Briefly,
manual N-glycopeptide identification included the follow-
ing steps. First, a target N-glycopeptide database was con-
structed from a combination of the tryptic peptides includ-
ing 50 N-glycosylation sites without miscleavage refer-
enced in the Uniprot database (http://www.uniprot.org)
and the 331 N-linked glycans that are biologically possi-
ble [40]. Next, tandem MS spectra of the N-glycopeptides
were selected from HCD spectra based on the presence of
at least four unique oxonium ions from glycan fragmen-
tation; these consisted of GlcNAc (m/z 138.1, 168.1, and
204.1), NeuAc (m/z 274.1, 292.1), and GlcNAc-Hex (m/z
366.1) [41, 42]. Tandem MS spectra of targeted N-
glycopeptides were selected from HCD and CID spectra
based on the presence of y- and b-ions from the fragmen-
tation of the peptide backbone and the Y-series ions from
N-glycopeptides. We defined the minimum requirement
criteria using two or more fragments of y- and b-ions
from the peptide backbone, as well as Y0, Y1, Y2, and
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Y3-ions from the core N-glycopeptide glycan structure
(Y0 = peptide_0_0_0_0 (Hex_HexNAc_Fuc_Sia), Y1 =
peptide_0_1_0_0, Y2 = peptide_0_2_0_0 and _0_1_1_0,
Y3 = peptide_0_2_1_0, _1_2_0_0 and _0_2_0_0). The
y- and b-ions have been used with a relative intensity of
more than 2 % (average S/N >3) and a mass accuracy
with a tolerance less than 0.05 Da in HCD spectra. By
comparing the theoretical monoisotopic ions in DB with
the experimental monoisotopic ions in MS1, the target
candidates were obtained from the HCD spectra of the
selected N-glycopeptides. The N-glycopeptide candidates
were then identified from the CID spectra by confirming
the Y-series ions (Fig. 1b).

Results and discussion

Selection of target proteins and N-glycopeptides database
construction

We previously examined the major proteins in HCC plas-
ma, including AAT, HP, fetuin A (FETUA), alpha-1-
antichymotrypsin (AACT), ceruloplasmin (CP), VTN,
and alpha-1-acid glycoprotein 1/2 (AGP 1/2), and found
indirect evidence of aberrant glycosylation using a specif-
ic lectin-coupled MRM assay [35–37]. Recent analyses of
a single targeted protein showed that the N-glycopeptides
of HP, kininogen-1 (KNG1), VTN, and immunoglobulin
gamma isoforms (IgG1, 2, 3, and 4) were identified in
HCC plasma [26–28, 43]. Additionally, large-scale analy-
ses using tandem mass spectrometry have also been per-
formed; however, few fucosylated N-glycopeptides were
found in human sera [34, 44].

In this study, we selected 13 target proteins based on
their abundance in human plasma [45] (Table 1). The
protein concentration range of these 13 target proteins
was 1–45 μmol/l [45].

In our recent study of vitronectin, a plasma protein, we
provided a scheme for site-specific N-glycopeptide anal-
ysis of a single target protein [28]. To analyze various
fucosylated glycoproteins in human plasma in this study,
we modified the strategy for mapping the site-specific N-
glycosylation of target proteins to include database con-
struction, HILIC enrichment, LC-MS/MS analysis, and
identification of N-glycopeptides (Fig. 1). For site-
specific identification of various fucosylated N-glyco
eptides from 13 highly abundant plasma proteins, we con-
structed, based on prior literature, a theoretical database of
the mono-isotope ions of tryptic 16,550 N-glycopeptides
from a combination of 50 tryptic peptides from 13 target
proteins and 331 biologically possible N-linked glycans
[40] (Fig. 1a).

Sample preparation and LC-MS/MS analysis

In this study, a pooled HCC plasma sample was prepared,
tryptic-digested, and enriched using the HILIC method. The
HILIC-enriched samples were analyzed in triplicate using a
data-dependent acquisition mode in HCD/CID tandem mass
spectrometry. The enriched samples obtained from depleted
and non-depleted plasma were separated by reverse-phase
nano-LC-MS/MS (Fig. 2a and ESM Fig. S1). The tryptic N-
glycopeptides of target proteins were eluted in the range of
60–120 min. The glycopeptides identified from LC-MS/MS
runs were further evaluated by their retention times. The rela-
tive standard deviation of the retention time was less than
1.2 %. The extracted ion chromatogram (XIC) showed differ-
ent retention times for different glycopeptides from depleted
plasma samples (Fig. 2b). The extracted ion chromatograms
of six N-glycopeptides from AALAAFNAQNN176

GSNFQLEEISR in FETUA (Fig. 2c) showed retention times
that correlated with the type of glycan. Two sialylated N-gly-
copeptides, AALAAFNAQNN176GSNFQLEEISR_5_4_0_1
(5Hex_4HexNAc_0Fuc_1Sia) and AALAAFNAQNN176

GSNFQLEEISR_5_4_0_2 (5Hex_4HexNAc_0Fuc_2Sia),
had different retention times, at 81.29 and 83.87 min, respec-
tively, which were dependent on the number of sialic acids.
The more sialylated the N-glycopeptide, the longer it was
retained in RP-LC [46]. However, the fucosylated N-glyco-
pep t i de s , i nc lud ing AALAAFNAQNN17 6GSNF
QLEEISR_5_4_1_2 (5Hex_4HexNAc_1Fuc_2Sia) and
AALAAFNAQNN1 7 6GSNFQLEE ISR_6_5_1_3
(6Hex_5HexNAc_1Fuc_3Sia), showed the same retention
times (83.69 and 85.36 min, respectively) as their correspond-
ing non-fucosylated N-glycopeptides, AALAAFNAQ
NN176GSNFQLEEISR_5_4_0_2 (5Hex_4HexNAc_
0F u c _ 2S i a ) a n d AALAAFNAQNN1 7 6GSNFQ
LEEISR_6_5_0_3 (6Hex_5HexNAc_0Fuc_3Sia). This is be-
cause these isoforms have an equal number of sialic acids.
When the peptide backbones in N-glycopeptides were identi-
cal, the N-glycopeptides, with one exception, were eluted at
similar retention times in reverse-phase liquid chromatogra-
phy. When the glycopeptides had sialic acids, we considered
the retention time to be a direct reflection of the number of
sialic acids.

Identification of target N-glycopeptides in plasma

Using the systematic workflow to interpret HCD and CID
spectra [28] (Fig. 1b), 189 unique N-glycopeptides were iden-
tified from human plasma samples (ESM Table S2). We man-
ually assigned all the y-, b-, Y-, B-, and oxonium ions in the
HCD and CID spectra of the target N-glycopeptides for pos-
itive identification. The Y-ion series are fragments from gly-
copeptides containing a glycan structure on a peptide back-
bone. The total MWof the Y-ion series from N-glycopeptides
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consists of glycans and peptides. Because we know the theo-
retical MWs of the 331 N-linked glycans that are biologically
possible, we can match the theoretical MWs of peptides using
the Uniprot database, which can then be compared with the
experimental MWs of the peptides (= (Total MW of Y-ion

series) − (MW of glycans)) using a fingerprinting method.
Therefore, we can use the Y-ion series for the identification
of N-glycopeptides in the HCD and CID spectra using the
limited database. The following example illustrates the step-
by-step assignments of tandem MS spectra from fucosylated

Table 1 Selection of 13 liver-secreted proteins from human plasma

No. Glycoproteins Acronym Uniprot accession
number

Concentration
range in plasma
(μmol/l)a

Transcript
abundance in liver
tissueb (organ highly
expressed)

Detected in
non-depleted
plasma

Detected in
depleted
plasma

2 Alpha-1-antitrypsin AAT P01009 18–40 High (liver) √ n.d.

3 Alpha-2-HS-glycoprotein FETUA P02765 9–30 High (liver) √ √
4 Ceruloplasmin CP P00450 2–5 High (liver) √ √
5 Haptoglobin HP P00738 6–40 High (liver) √ n.d.

6 Kininogen-1 KNG1 P01042 3 High (liver) √ √
7 Vitronectin VTN P04004 1–3 High (liver) √ √
8 Alpha-1-acid glycoprotein 1 AGP1 P02763 9–20 High (liver) √ √
9 Alpha-1-acid glycoprotein 2 AGP2 P19652 4–10 High (liver) √ √
10 Alpha-2-macroglobulin A2M P01023 7–17 Medium (lung) √ √
11 Hemopexin HPX P02790 9–20 High (liver) √ √
12 Serotransferrin TF P02787 25–45 High (liver) √ n.d.

13 Beta-2-glycoprotein 1 APOH P02749 3–6 High (liver) √ √

a Protein concentration in human plasma [45]
b Calculated as (transcript abundance in liver /transcript abundance in organ highly expressed) × 100 [11]

n.d.: not detected

Fig. 1 Strategy for the mapping of site-specific N-glycosylation of target proteins from human plasma. (a) Selection of target proteins and construction
of theoretical tryptic N-glycopeptides DB. (b) Identification of target N-glycopeptides by LC/MS/MS
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N-glycopeptides. FETUA has two N-glycosylation sites, at
N176 and N156, with tryptic glycopeptide sequences of
AALAAFNAQNN176GSNFQLEEISR and VCQDCP
LLAPLN156DTR, respectively. A recent study reported two
N-glycopeptides after a site-specific analysis using acetone
enrichment and LC/MS [44]. They identified only one
FETUA N-glycopeptide, which consisted of only a bi-
antennary type, in sera [44]. However, we found nine bi-
and tri-antennary-type N-glycopeptides (ESM Table S2).
Figure 3 shows the typical tandem MS spectra of FETUA
fucosylated N-glycopeptides containing AALAA
F N A Q N N 1 7 6 G S N F Q L E E I S R _ 5 _ 4 _ 0 _ 2
( 5 H e x _ 4 H e x N A c _ 0 F u c _ 2 S i a ) a n d A A L A
AFNAQNN176GSNFQLEEISR_5_4_1_2 (5Hex_
4HexNAc_1Fuc_2Sia) in plasma. The candidate N-
glycopeptides were first selected using oxonium ions from
the glycan fragmentation in the HCD spectra. The peptide
backbone of the N-glycopeptides was confirmed by the exis-
tence of y- and b-series ions from the peptide fragmentation in
the HCD spectra. The N-glycopeptides with the same peptide
backbone usually showed similar HCD spectra because they
share the b- and y-series ions in HCD mode (Fig. 3a).

To find fucosylated N-glycopeptides, we used B-series ions
at m/z 512.36 (1Hex_1HexNAc_1Fuc_0Sia) and m/z 803.53
(1Hex_1HexNAc_1Fuc_1Sia) and/or Y-series ion pairs
with/without fucose in CID mode (Fig. 1b). The CID spec-
trum of fucosylated N-glycopeptides, such as AALA
AFNAQNN176GSNFQLEEISR_5_4_1_2 (5Hex_
4HexNAc_1Fuc_2Sia), showed B-series ions at m/z 512.36
and 803.53 and nine different pairs of Y-series ions
with/without fucose (Fig. 3b).

By systematically interpreting the CID and HCD tandem
mass spectra, we profiled target proteins of N-glycopeptides in
human plasma. In total, 189 N-glycopeptides from 32 glyco-
sylated sites on 13 major proteins were identified in plasma
samples (ESM Table S2). The molecular ions of identified N-
glycopeptides were confirmed with less than 10 ppm mass
error.

The identified N-glycopeptides were classified as bi-
antennary- (42.8 %), tri-antennary- (39.7 %), tetra-
antennary- (9.5 %), mono-antennary- (6.3 %), hybrid-
(2.1 %), or high-mannose- (0.5 %) type glycoforms in HCC
plasma (Fig. 4a). Non-fucosylated and fucosylated N-
glycopeptides were then split into two groups (Fig. 4b and c,
respectively). The glycoform pattern of the non-fucosylated
N-glycopeptides was similar to those of total N-glycopeptides
(Fig. 4b). However, the fucosylated N-glycopeptides showed
different tri-, bi-, and tetra-antennary glycoform percentages
(48, 42, and 10 %, respectively) (Fig. 4c). Recently, Wuhrer
et al. reviewed glycomic studies of major human plasma gly-
coproteins, including alpha-1-acid glycoprotein, alpha-1-
antitrypsin, fetuin A, alpha-2-macroglobulin, ceruloplasmin,
haptoglobin, kininogen-1, vitronectin, hemopexin, serotrans

ferrin, and beta-2-glycoprotein 1 [47]. In their report, bi-
antennary and tri-antennary complex-type glycoforms
with/without fucose were the dominant glycoforms of the tar-
get plasma proteins, which is similar to the results of this
study.

In contrast, mono-antennary glycoforms with only three N-
acetylhexoseamine residues were more common in our study
than in that performed by Clerc et al. (ESM Table S3). More
recently, Reusch et al. reported that in-source decay may occur
in all MS-based methods [48]. In their report, the mono-
antennary glycoforms were relatively quantified at less than
10 %, based on various MS-based methods, and the loss of an
antenna from bi-antennary glycoforms generally occurred
with a charge reduction in ESI-source-based MS analysis
[48]. Therefore, it is possible that the mono-antennary
glycoforms found in the present study were partly formed by
in-source decay.

The glycoprotein fucosylation level increases with the pro-
gression of liver cancer [49], and this idea has received signif-
icant attention in biomarker studies. In this study, we identi-
fied 71 fucosylated N-glycopeptides from 13 major human
plasma proteins (Table 2, ESM Fig. S2). Additionally, we
identified 37 new fucosylated N-glycopeptides from AACT,
AAT, FETUA, CP, AGP 1/2, alpha-2-macroglobulin (A2M),
serotransferrin (TF), and beta-2-glycoprotein 1 (APOH) in
plasma. We focused primarily on the major abundant proteins
in human plasma using our systematic workflow, which rig-
orously searches fucose-related B-series ions (m/z 512.36 and
m/z 803.53) as well as Y-series ion pairs with/without fucose
from among possible candidate glycopeptide spectra; this ap-
proach detected more fucosylated N-glycopeptides from tar-
get proteins than any other method to date [26, 33, 34, 43, 44].

Of the 13 liver-secreted glycoproteins in HCC plasma, all
N-glycopeptides from 32N-glycosylation sites were classified
as site-specific glycoforms of fucosylated and non-
fucosylated glycopeptides (Fig. 5). All the N-glycosylation
sites were fully determined from the N-glycopeptides of
FETUA, KNG, and VTN, whereas those of AACT, AAT,
HP, CP, AGP 1/2, A2M, hemopexin (HPX), TF, and APOH
were partially determined.

Most HCC plasma N-glycopeptides were identified as bi-
and tri-antennary types, whereas tri- and tetra-antennary types

�Fig. 2 LC/MS chromatograms of tryptic peptides from a depleted
plasma sample. (a) Base peak chromatogram (BPC) of total peptides
from plasma in triplicate runs. (b) Extracted ion chromatogram (XIC)
of identified N-glycopeptides from target proteins. (c) XIC of two
fucosylated and four non-fucosylated N-glycopeptides with N176
glycosylation site from fetuin a. As an example, pep_5_4_0_2
represents peptide_5Hex_4HexNAc_0Fuc_2Sia. pep = AALA…R
(AALAAFNAQNN176GSNFQLEEISR); green circle, mannose; yellow
circle, galactose; blue square, N-acetylglucosamine; red triangle, fucose;
purple diamond, sialic acid
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Fig. 3 LC/MS/MS spectra of
non-fucosylated and fucosylated
N-glycopeptides, AALAAFN
AQNNGSN176FQLEEISR_5_4_
0_2 (5Hex_4HexNAc_0Fuc_
2Sia) and AALAAFNAQ
NNGSN176FQLEEISR_ 5_4_1_
2, containing N176 site of fetuin
A from Fig. 2C. aHCD spectra of
non-fucosylated (top) and
fucosylated (bottom) N-
glycopeptides. b CID spectra of
non-fucosylated (top) and
fucosylated (bottom) N-
glycopeptides. The black arrow
indicates oxonium ions, and the
purple arrow indicates y- and b-
ions fragmented from the peptide.
The blue arrow indicates Y-series
fragment ions from N-
glycopeptides, the red arrow
indicates Y-series fragment ions
containing fucose, and the black
square box indicates a pair of
fragment ions containing fucose
and non-fucose. As an example,
pep_5_4_0_2 represents peptide_
5Hex_4HexNAc_0Fuc_2Sia.
pep =AALA…R (AALAAF
NAQNN176GSNFQLEEISR);
green circle, mannose; yellow
circle, galactose; blue square,
N-acetylglucosamine; red
triangle, fucose; purple diamond,
sialic acid
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Fig. 4 Pie charts of glycoform
classification, including bi-
antennary, tri-antennary, tetra-
antennary, mono-antennary,
hybrid-, and high-mannose-type
glycoforms. a Total identified N-
glycopeptides; b non-fucosylated
N-glycopeptides; and c
fucosylated glycopeptides in
hepatocellular carcinoma plasma
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Table 2 List of tryptic N-glycopeptides with fucose from 13 human plasma proteins

No. Acronym Glyco-site Glycopeptides
(pep_Hex_HexNA-
c_Fuc_Sia)

Charge
state

Theo. m/z Exp. m/z Mass error
(ppm)

Average RT Reference

1 AACT N106 FNLT…R_6_5_1_3 4+ 1352.567 1352.573 4.31 95.14 New
5+ 1082.255 1082.258 2.66 95.19

FNLT…R_7_6_1_3 4+ 1443.850 1443.856 4.24 94.66 [1]

N271 YTGN…K_6_5_1_2 3+ 1490.284 1490.290 4.29 84.93 New

YTGN…K_6_5_1_3 3+ 1587.315 1587.323 4.75 87.88 New
4+ 1190.738 1190.744 4.60 88.01

YTGN…K_7_6_1_4 4+ 1354.795 1354.801 3.93 90.21 New

YTGN…K_7_6_2_3 4+ 1318.536 1318.542 4.57 87.35 New

2 AAT N271 YLGN…K_5_4_1_1 3+ 1272.547 1272.558 8.64 93.26 New

YLGN…K_5_4_1_2 3+ 1369.578 1369.586 5.57 96.75 New

3 FETUA N176 AALA…R_5_4_1_2 3+ 1572.664 1572.670 4.11 83.23 New

AALA…R_6_5_1_3 4+ 1343.806 1343.813 4.52 85.29 New

N156 VCQD…R_5_4_1_2 3+ 1374.895 1374.901 4.27 80.33 New

VCQD…R_6_5_1_3 4+ 1195.480 1195.484 2.89 82.75 New

4 CP N358 AGLQ…K_5_4_1_2 3+ 1330.876 1330.881 3.21 86.02 New

N138 EHEG…R_5_4_1_1 3+ 1318.195 1318.200 3.74 63.46 [2]

EHEG…R_5_4_1_2 3+ 1415.227 1415.232 3.79 65.17 [1, 2, 5]
4+ 1061.672 1061.676 3.60 65.02

EHEG…R_6_5_1_3 4+ 1225.729 1225.735 4.75 66.79 [1, 5]

N762 ELHH…K_5_4_1_1 3+ 1361.249 1361.255 4.36 68.48 New

ELHH…K_5_4_1_2 3+ 1458.281 1458.287 4.23 68.75 [1, 2]
4+ 1093.963 1093.967 3.77 68.62

ELHH…K_6_5_1_2 4+ 1185.246 1185.251 4.24 68.51 [2]

ELHH…K_6_5_1_3 4+ 1258.019 1258.025 4.43 70.29 [1]

N397 ENLT…R_5_4_1_2 3+ 1493.279 1493.285 3.84 80.26 [2]
4+ 1120.211 1120.217 4.62 80.16

ENLT…R_6_5_1_3 4+ 1284.268 1284.272 3.17 81.98 [2]

5 HP N241 VVLH…K_5_4_1_2 3+ 1382.617 1382.625 5.93 81.64 [4]

VVLH…K_6_5_1_3 4+ 1201.271 1201.278 5.27 83.60 [1, 2, 4]

6 KNG1 N169 HGIQ…K_6_5_1_3 4+ 1407.832 1407.838 4.07 83.68 [4]

N205 ITYS…K_6_5_1_2 3+ 1377.225 1377.231 4.14 65.85 [4]

ITYS…K_6_5_1_3 3+ 1474.257 1474.264 4.70 67.78 [4]

N294 LNAE…K_5_4_1_2 3+ 1261.510 1261.516 4.97 74.71 [4]

LNAE…K_6_5_1_2 3+ 1383.221 1383.226 4.19 74.28 [4]

LNAE…K_6_5_1_3 3+ 1480.252 1480.257 3.47 76.50 [4]

7 VTN N242 NISD…R_5_4_1_2 4+ 1281.542 1281.548 4.31 92.09 [2, 3]

NISD…R_6_5_1_3 4+ 1445.599 1445.604 3.82 94.19 [2, 3, 5]

N86 NNAT…K_6_5_1_3 4+ 1347.810 1347.818 5.69 68.55 [2, 3]

8,9 AGP1 N33 LVPV…K_5_4_1_2 3+ 1377.621 1377.620 2.66 88.65 New

LVPV…K_6_5_1_2 3+ 1499.332 1499.330 4.29 87.99 New

4+ 1124.751 1124.749 4.04 87.98 New

LVPV…K_6_5_1_3 3+ 1596.364 1596.362 4.90 90.65 New

4+ 1197.525 1197.523 3.34 90.64 New

LVPV…K_6_5_2_2 3+ 1548.018 1548.016 0.88 87.73 New

LVPV…K_6_5_2_3 4+ 1234.039 1234.038 2.12 90.68 New

N93 QDQC…R_6_5_1_3 3+ 1641.655 1641.654 3.77 98.84 [1]

QDQC…R_7_6_1_2 4+ 1250.003 1250.001 3.25 95.17 [1]

QDQC…R_7_6_1_3 4+ 1322.777 1322.775 3.18 98.38 [1]
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were mainly identified for AACT and AGP. Previous studies
have shown that tetra-antennary glycoforms are common for
AGP [47, 50]. All the N-glycopeptides identified from HPX,
TF, and APOH were bi- and tri-antennary glycoforms. A pre-
vious study showed that bi- and tri-antennary glycoforms of
the N162 site in APOH were mainly identified in the serum

from patients with antiphospholipid syndrome [51]. The
fucosylated N-glycopeptides from KNG, FETUA, CP, TF,
and APOH were classified as bi- and tri-antennary types.
The N241 site of HP was determined to form bi- and tri-
antennary-type glycoforms. In a previous study, Goldman
et al. identified similar bi- and tri-antennary-type glycoform

Table 2 (continued)

No. Acronym Glyco-site Glycopeptides
(pep_Hex_HexNA-
c_Fuc_Sia)

Charge
state

Theo. m/z Exp. m/z Mass error
(ppm)

Average RT Reference

QDQC…R_7_6_2_3 4+ 1359.291 1359.289 2.09 94.94 New

AGP1,2 N72 SVQE…K_7_6_1_2 4+ 1251.017 1251.015 5.58 93.14 New

AGP2 N33 LVPV…R_6_5_1_1 3+ 1278.565 1278.569 3.08 73.76 New

LVPV…R_6_5_1_2 3+ 1375.597 1375.601 3.37 76.15 New

4+ 1031.949 1031.953 3.61 76.17 New

LVPV…R_6_5_1_3 3+ 1472.628 1472.635 4.64 78.40 New

4+ 1104.723 1104.728 3.78 78.39 New

10 A2M N1424 VSNQ…R_5_4_1_0 3+ 1311.277 1311.280 4.58 110.79 [2]

VSNQ…R_5_4_1_1 3+ 1408.308 1408.315 4.64 114.58 [5]
4+ 1056.483 1056.487 4.29 114.58

VSNQ…R_5_4_1_2 3+ 1505.340 1505.346 4.23 118.86 [1]
4+ 1129.257 1129.260 3.70 118.48

VSNQ…R_5_4_2_1 3+ 1456.994 1457.002 5.75 114.36 New
4+ 1092.997 1093.001 3.36 114.39

VSNQ…R_5_5_1_0 3+ 1378.970 1378.975 4.35 110.80 New

VSNQ…R_5_5_1_1 4+ 1107.253 1107.256 2.78 114.44 New

VSNQ…R_6_5_1_1 3+ 1530.019 1530.026 4.51 114.03 New
4+ 1147.766 1147.772 4.60 114.03

VSNQ…R_6_5_1_2 4+ 1220.540 1220.545 4.69 117.93 [2, 5]

11 HPX N453 ALPQ…H_5_4_1_1 3+ 1265.875 1265.881 4.20 81.25 [4]

ALPQ…H_5_4_1_2 3+ 1362.907 1362.914 4.93 84.35 [4]

N187 SWPA…R_5_4_1_1 3+ 1155.472 1155.477 4.31 69.71 [2, 4]

SWPA…R_5_4_1_2 3+ 1252.504 1252.509 4.06 72.06 [1, 2, 4, 5]

SWPA…R_6_5_1_2 3+ 1374.214 1374.219 3.24 71.63 [4]

SWPA…R_6_5_1_3 3+ 1471.246 1471.252 4.25 73.76 [4]

12 TF N432 CGLV…K_5_4_1_1 3+ 1179.499 1179.505 4.87 77.31 New

CGLV…K_5_4_1_2 3+ 1276.531 1276.538 5.13 80.37 [6]

CGLV…K_6_5_1_2 3+ 1398.242 1398.251 6.23 80.15 New

N630 QQQH…R_5_4_1_2 4+ 1217.244 1217.250 5.17 86.23 [1, 6]

QQQH…R_6_5_1_3 4+ 1381.300 1381.310 6.81 88.67 New

13 APOH N253 LGNW…K_5_4_1_
2

3+ 1201.136 1201.141 4.29 70.03 New

LGNW…K_6_5_1_
3

3+ 1419.878 1419.883 3.04 71.88 New

N162 VYKP…R_5_4_1_1 3+ 1176.834 1176.837 2.35 59.18 New

VYKP…R_5_4_1_2 3+ 1273.866 1273.869 2.64 60.56 [1, 7]

VYKP…R_6_5_1_3 3+ 1492.608 1492.613 3.24 61.71 [7]
4+ 1119.708 1119.712 3.28 61.71

VYKP…R_6_5_2_3 3+ 1541.294 1541.300 3.67 61.67 New

Reference: (1) Takakura D et al. [43], (2)Mayampurath A et al. [34], (3) HwangH et al. [28], (4) Pompach P et al. [26], (5)Mayampurath A et al. [33], (6)
Satomi Y et al. [52], and (7) Kondo A et al. [51]

New fucose-containing glycopeptides newly identified in this report, n.d. not detected
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Fig. 5 A global map of
fucosylated and non-fucosylated
glycopeptides from 13 liver-
secreted glycoproteins in
hepatocellular carcinoma plasma.
a Total identified N-
glycopeptides; b non-fucosylated
N-glycopeptides; and c
fucosylated glycopeptides
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patterns for HP, KNG, and HPX after neuraminidase treatment
[26]. The N432 and N630 sites of TF formed bi- and tri-
antennary-type glycoforms; however, no alteration of the
N491 site was detected, and this site had been previously
shown to have low levels of glycosylation [47, 52]. Hybrid-
type glycoforms were identified at N169 of VTN and N869 of
A3M. High-mannose-type glycoforms were detected at N869 of
A2M [53], and hybrid-type glycoformswere detected at N169 of
VTN [28, 47]. These results demonstrated that site-specific N-
glycopeptide analysis is important in the study of glycoproteins.

Goldman et al. concluded that the relative distribution of
fucosylated N-glycopeptides is protein- and site-specific [26].
The site-specific micro-heterogeneity of fucosylation depends
on the activity and stability of fucosyltransferases, such as Fut
8 and/or Fut 6 [5–7], the sequence of glycosyltransferase ac-
tion, and the protein structure [26]. The limitations of a
glycomics approach are apparent in the research with complex
samples. Therefore, site-specific N-glycopeptide analysis is
necessary for the study of fucosylated glycoproteins in com-
plex samples, such as human HCC plasma.

Conclusions

In this study, we identified site-specific fucosylation of N-
glycopeptides from HCC plasma samples. In total, 189 N-
glycopeptides from 13 liver-secreted proteins, including 71
fucosylated N-glycopeptides, were identified. The fucosylated
N-glycopeptides consisted of tri- (48 %), bi- (42 %), and tetra-
(10 %) antennary glycoforms. In this study, 37 fucosylated N-
glycopeptides, mostly consisting of bi- and tri-antennary
glycoforms, were newly identified in HCC plasma samples.
Of particular interest were the tetra- and tri-antennary
glycoforms from AACT and AGP. We obtained a list of var-
ious fucosylated N-glycopeptides from liver-secreted proteins
in human HCC plasma. These fucosylated N-glycopeptides
could be used for the quantitation of site-specific fucosylation
in HCC plasma proteins. As a next step, using multiple reac-
tion monitoring, we will attempt to analyze differential
fucosylation in liver-secreted proteins in various plasma sam-
ples from patients with various types of cancer.
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