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Abstract Aberrant protein glycosylation may be closely as-
sociated with cancer pathology. To measure the abundance of
protein glycoforms with a specific glycan structure in plasma
samples, we developed a lectin-coupled multiple reaction
monitoring (MRM)-based mass spectrometric method. It
was confirmed that the method could provide reproducible
results with precision sufficient to distinguish differences in
the abundance of protein glycoforms between individuals.
Plasma samples prepared from hepatocellular carcinoma
(HCC) patients without immuno-depletion of highly abundant
plasma proteins were fractionated by use of fucose-specific
aleuria aurantia lectin (AAL) immobilized on magnetic beads
by use of a biotin–streptavidin conjugate. The lectin-captured
fractions were digested by trypsin and profiled by tandem
mass spectrometry. From the proteomic profiling data, target
glycoproteins were selected and analyzed quantitatively by
MRM-based analysis. The reproducibility of MRM-based
quantification of the selected target proteins was reliable, with
precision (CV; ≤14% for batch-to-batch replicates and ≤19%
for replicates over three days) sufficient to distinguish differ-
ences in the abundance of AAL-captured glycoforms between
individual plasma samples. This lectin-coupled, MRM-based
method, measuring only lectin-captured glycoforms of a target

protein rather than total target protein, is a tool for monitoring
differences between individuals by measuring the abundance
of aberrant glycoforms of a target protein related to a disease.
This method may be further applied to rapid verification of
biomarker candidates involved in aberrant protein glycosyla-
tion in human plasma.
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Abbreviations
AAL Aleuria aurantia lectin
AFP Alpha-fetoprotein
AGP Alpha-1-acid glycoprotein 1
CV Coefficient of variation
ESI Electrospray ionization
HCC Hepatocellular carcinoma
LOQ Limit of quantification
MB Magnetic bead
MRM Multiple reaction monitoring

Introduction

Protein glycosylation has been reported to be important in
adhesion, metastasis, and signaling through cell-to-cell
interactions. Furthermore, abnormal glycosylation patterns,
for example, increased glycan size and extra branching of
glycan chains with over-sialylation and fucosylation, are
closely associated with cancer progression [1–5]. Thus,
efficient differentiation of these aberrant protein glycosylation
patterns and of quantitative levels between healthy and indi-
viduals with malignant cells may be useful for understanding
the pathological mechanism of cancer and for identifying
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specific cancer biomarkers [6–9]. Neoglycoforms aberrantly
glycosylated in the malignant transformation of cells can be
secreted from the cells, via conventional secretary pathways,
or shed from the cell membrane as a result of enhanced
protease activity, and reach the bloodstream, reflecting abnor-
mal states of the malignant cells.

Neoglycoforms present in the bloodstream are attractive as
potent candidates for serological cancer biomarkers [10–13];
thus, an efficient quantitative assay for neoglycoforms would
be valuable. To measure the abundance of these neoglyco-
forms, many obstacles must be overcome, for example severe
masking by highly abundant blood proteins, low substoichio-
metric abundance of each aberrant glycoform of a glycopro-
tein, because of glycan microheterogeneity, and difficulties in
identifying and quantifying aberrant glycoforms because of
the complex nature of the glycan structure.

Recent advances in proteomics, including glycoprotein-
enrichment techniques, using various lectin or hydrazide
beads, and mass spectrometric techniques for efficient anal-
ysis of complex tryptic digests, have enabled rapid progress
in analytical and functional studies of glycoproteins
[14–20]. A variety of lectins have been used to capture a
selective lectin-active glycoform from a complex glycopro-
teome before subsequent analysis, for example by immuno-
assay and mass spectrometry [14–18]. Because a lectin with
binding affinity for a glycoform of a specific glycan struc-
ture, in general, captures a relatively low portion of the total
mass of the blood proteome, a negative masking effect in
subsequent mass spectrometry, because of highly abundant
proteins that do not have affinity for the lectin, can be
removed. A variety of lectins with narrow specificity for a
specific glycan structure can also act as good selectors for
enriching cancer-related aberrant glycoforms that may be
further developed as cancer biomarkers [17, 21].

A typical example is fucose-specific lectin, which has
been commonly used in the discovery of cancer biomarkers,
especially those targeting hepatocellular carcinoma (HCC).
Among many glycoproteins known as potential serological
biomarkers for HCC, alpha-fetoprotein (AFP) is known as a
potent biomarker for HCC [9]. In particular, AFP-L3, a
glycoform glycosylated aberrantly by fucosylation that has
increased affinity for fucose-specific lectins such as lens
culinaris agglutinin (LCA), has been reported to have im-
proved specificity as a biomarker for HCC [22–24].

Quantification of these lectin-enriched aberrant glycoforms
related to cancer has primarily been achieved by use of an
immunoassay approach, for example the lectin–antibody
sandwich array technique [25–27]. In this immunoassay ap-
proach to quantification, development of an antibody to target
the glycoprotein to be quantified is required as a prerequisite;
this is a costly and tedious process. Furthermore, the number
of antibody reagents that can be developed for an immunoas-
say is limited compared with the number of new glycoproteins

found in a variety of biomarker discovery experiments, and
development of some antibodies for a target antigen may be
impossible. To overcome these limitations and to conduct
rapid preliminary verification of potential biomarker candi-
dates, a more general analytical method featuring a simple,
rapid, cost-effective, and multiplexing analytical system
would be an attractive alternative.

Mass spectrometry is an alternative tool capable of identify-
ing new target proteins and measuring the abundance of the
newly identified serological proteins that need to be validated
as viable biomarker candidates [28–34]. We have previously
reported that the high sensitivity and precision of multiple
reaction monitoring (MRM)-based techniques are useful for
measuring the abundance of aberrant glycoforms of target
glycoproteins between subproteome samples obtained by com-
parative lectin capturing. However, in the study, the lectin-
coupled, MRM-based analysis was conducted with lectin-
enriched secretomes obtained from culture media of colorectal
cancer cell lines rather than from plasma samples [17].

In addition toMRMquantification for cell line samples that
were lectin-enriched under well-restricted conditions, MRM
quantification for samples that are lectin-enriched from human
plasma, with high sample complexity, a wide dynamic range
in protein abundance, and dramatic variation between individ-
uals, must be developed. Also necessary are robust and well-
designed sample manipulation and quantification processes
capable of lectin-capture of target glycoforms with a specific
glycan structure and suitable for MRM mass analysis of
tryptic digests of the lectin-captured subproteome. Reproduc-
ible quantification of protein glycoforms aberrantly glycosy-
lated because of a variety of pathological processes can be
applied to the diagnosis and monitoring of diseases that in-
volve those biological processes. Here, we introduce a lectin-
coupled, MRM-based quantification method using lectin frac-
tionation of human plasma glycoproteins by aleuria aurantia
lectin (AAL) [35, 36] and MRM mass analysis of in-solution
tryptic digests of the fractionated glycoforms. In contrast with
some earlier approaches, for example lectin-coupled proteo-
mic profiling [5, 14, 18, 21, 37] and isotope-labeling quanti-
fication [21], often used for biomarker discovery, this lectin-
coupled, MRM-based quantification method can be especially
useful for rapid verification of biomarker candidates involved
in aberrant protein glycosylation. We demonstrate a reproduc-
ible analytical method for measuring the abundance of the
AAL-captured target plasma glycoproteins.

Experimental

Plasma sample preparation and lectin-capture

Plasma samples were obtained from normal individuals and
HCCpatients at SeveranceMedical Center at Yonsei University
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(Seoul, Korea), with agreement from patients for the research
use of the blood samples. K2EDTA-treated plasma (7.5 μL)
was diluted fivefold with 50mmol L−1 ammonium bicarbonate,
and the protein concentration was quantified separately by use
of Quant-iT protein assay kits (Invitrogen). The diluted plasma
samples were spiked with CaCl2 and MgCl2 solutions at con-
centrations of 5 mmol L−1, and the plasma solutions were then
mixed with lectin-immobilized magnetic beads (400 μg) and
incubated overnight at 10 °C with gentle shaking. The immo-
bilized lectin was prepared in advance by mixing biotinylated
AAL (Vector Lab) with streptavidin–magnetic beads (Invitro-
gen) for 1 h at room temperature, in accordance with the
manufacturer’s instructions; just before protein-binding, the
mixture was washed extensively with phosphate-buffered sa-
line (PBS). The lectin-bound proteins were washed three times
with PBS and eluted from the bead complexes by adding an
elution buffer (2 mol L−1 urea, 0.5 mmol L−1 DTT,
50 mmol L−1 ammonium biocarbonate). After cysteine block-
ing with iodoacetamide for 30 min in the dark, the eluted
proteins diluted with 50 mmol L−1 ammonium bicarbonate
were digested overnight at 37 °C (1 mmol L−1 CaCl2,
1.2 μmol L−1 trypsin). The trypsin reaction was stopped by
addition of 1% formic acid. For MRM quantification experi-
ments, stable isotope-coded internal standards of the target
peptides to be quantified were spiked. Tryptic digests were
desalted using a microspin column (Harvard apparatus), lyoph-
ilized in a SpeedVac system, and reconstituted with 0.1% for-
mic acid for mass analysis.

LC–MS–MS analysis

The prepared tryptic peptides were analyzed, to profile the
lectin-captured glycoproteins, by use of a Surveyor high-

performance liquid chromatography (HPLC) system (Thermo
Finnigan, Austin, TX, USA) and an LTQ-FT mass spectrom-
eter (Thermo Finnigan) equipped with a nano-electrospray
ionization (ESI) source. The reconstituted tryptic digests were
loaded on to a C18 trap column (5 μm, 300 μm i.d. × 5 mm;
LC Packings, Amsterdam, The Netherlands) by use of an
autosampler and washed with an aqueous solution of 0.5%
acetic acid and 0.02% formic acid (mobile phase A; see
below) for 10 min at 20 μL min−1. The peptides were trans-
ferred on-line on to a homemade C18 column (Aqua, 3 μm,
75 μm i.d. × 150 mm; Phenomenex, Torrance, CA, USA),
eluted with a gradient, and directly electrosprayed into an
LTQ-FT mass spectrometer controlled by Xcalibur software
(Thermo Electron, Waltham, MA, USA). Mobile phases A
and B were water and water containing 80% acetonitrile,
respectively, each containing 0.5% acetic acid and 0.02%
formic acid. The gradient started with 5% B for 15 min and
the amount of B was then increased to 20% for 3 min, 50% for
47 min, and 95% for 2 min; it was held at 95% for 5 min and
then at 5% for 2 min. Before each run, the column was
equilibrated with 5% B for 8 min.

By use of a nano-ESI LTQ-FT mass spectrometer, one
full-scan mass spectrum was acquired in the m/z range
400–2000, and three ion-trap MS–MS spectra were ac-
quired per data-dependent cycle. The mass analysis
method used an ion-spray potential of 2.2 kV, a capillary
temperature of 220 °C, 1 FTMS full micro scan with
200 ms FTMS full max ion time, and three ion-trap MS–
MS micro scans with 50 ms ion-trap MS–MS max ion
time. Dynamic exclusion settings for MS–MS were also
used. The collision-induced dissociation (CID) MS–MS
was conducted with 35% normalized collision energy,
3000 counts minimum signal threshold, an isolation

Fig. 1 Workflow of the lectin-
coupled, MRM-based assay
method for quantitative moni-
toring of target proteins lectin-
captured from human plasma
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width of 2, 0.25 activation Q, and 30 ms activation time
for MS–MS acquisitions.

MS–MS data analysis and target peptide selection

Protein profiling from tandem mass data for lectin-captured
plasma samples was conducted using the Mascot search en-
gine (ver. 2.2.04, Matrix Science, Boston, MA, USA) against
the Swiss-Prot 51.6 database confined to Homo sapiens tax-
onomy, with a decoy database. Raw LTQ-FT tandem mass
spectra were converted into mzXML (.XML) format by use of
Bioworks software (ThermoElectron). A Mascot search was
performed with options of monoisotopic mass, a significance
threshold p<0.05, a peptide mass tolerance of ±0.2 Da, and a
fragment mass tolerance ±0.4 Da. Trypsin was selected as the
enzyme, considering three potentially missed cleavages and a
possible cleavage at the K/R-P amide bond. Oxidized methi-
onine was selected for variable modifications. For selection of
the identified proteins, we considered only the top-scoring
peptides for each peptide query.

Target glycoproteins for MRM mass quantification were
selected among the lectin-captured proteins profiled by the
Mascot search, with an option noted as the N-linked glyco-
protein in the Swiss-Prot 51.6 database. Also, although not
identified in this proteomic profiling experiment, alpha-
fetoprotein, known to be fucosylated in the plasma of HCC
patients, was also included [9, 22–24]. A group of tryptic
target peptides, surrogates of the selected target glycoproteins
for MRM mass quantification, was constructed according to
the following elimination criteria:

1. The peptide should not contain Met, Cys, or modified
residues (noted in the Swiss-Prot 51.6 database), for
example glycosylation, phosphorylation, acetylation,
and natural variants within the peptide sequence. The
mass of a peptide modified at these residues is different
to that of the unmodified peptide. For example, methi-
onine oxidation of a peptide containing the methionine
residue results in a mass increase (+16 Da) for the
peptide oxidized. Therefore the using this peptide as a
target peptide may not reflect correctly the real abun-
dance of the lectin-captured target protein.

2. Peptides containing a peptide bond K/R-P were not con-
sidered, because partial tryptic hydrolysis at the peptide
bond is often observed in tandem mass spectrometry.

The following acceptance criteria were considered:

1. based on the proteomic profiling experiments, peptides
identified with the best signal intensity and symmetrical
chromatographic peak with a mass range greater than
900 Da and less than 2000 Da were selected; and

2. in the absence of a properly identified peptide that fit the
above criteria, frequently detected peptides registered in

the Peptide Atlas Database or the PRIDE database were
selected.

MRM mass analysis

UsingMS–MS spectra of the synthetic target peptides and their
stable isotope-coded counterparts (Anygene, Korea), three tran-
sition channels for each of the target peptides were set for
MRM mass quantification. The prepared tryptic digests were
analyzed with a nano ultra performance liquid chromatography
(nano UPLC) system (Waters, UK) coupled to a TSQQuantum
Ultra (Thermo Finnigan) mass spectrometer equipped with a
nano-ESI source. The tryptic digests were loaded on to a trap
column (5 μm symmetry C18, 180 μm i.d. × 20 mm; Waters,
UK) by use of an autosampler and washed with water for 5 min
at 10 μL min−1. Peptides were transferred on-line to an

a) From the total plasma proteome 

run 1
run 2

run 3

9

3
15

24

33

3

run 1 run 2 run 3 total

39 45 33 60

b) From the AAL-captured subproteome of plasma 

2nur1nur

run 3

12
4 11

45
9

3

17

run 1 run 2 run 3 total

64 69 75 101

Fig. 2 Venn diagrams for peptides identified by 1D LC–ESI–MS–MS
analysis of tryptic digests obtained from the total and AAL-captured
plasma proteome. Each 1 μg of tryptic digest was injected in triplicate
for tandem mass analysis. From the total plasma samples, 33 peptides
of 60 identified peptides were repeatedly identified at least twice, and
from AAL-captured samples, 61 peptides of 101 identified peptides
were identified at least twice
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Table 1 Glycoproteins identified at least twice by each triplicate tandem mass analysis for the total and AAL-captured plasma proteome

no. Swiss-Prot
accession no.

protein name total AAL-captured glycosylation

no. of ID
(spectrum sum)

no. of ID
(peptide sum)

no. of ID
(spectrum sum)

no. of ID
(peptide sum)

1 P02763 Alpha-1-acid glycoprotein 1 16 14 28 24 N

2 P19652 Alpha-1-acid glycoprotein 2 3 3 17 14 N

3 P01011 Alpha-1-antichymotrypsin 7 7 19 19 N

4 P01009 Alpha-1-antitrypsin 27 26 32 29 N

5 P02765 Alpha-2-HS-glycoprotein 3 3 3 3 N

6 P01023 Alpha-2-macroglobulin 38 37 23 23 N

7 P02656 Apolipoprotein C-III 2 2 O

8 P02649 Apolipoprotein E 4 4 O

9 P04003 C4b-binding protein alpha chain 1 1 3 3 N

10 P00450 Ceruloplasmin 5 5 9 9 N

11 P10909 Clusterin 17 15 N

12 P02746 Complement C1q subcomponent subunit B 5 5 O

13 P02747 Complement C1q subcomponent subunit C 7 7 O

14 P00736 Complement C1r subcomponent 5 5 N

15 P09871 Complement C1s subcomponent 2 2 N

16 P01024 Complement C3 20 19 N

17 P0C0L4 Complement C4-A 31 31 4 4 N

18 P0C0L5 Complement C4-B 4 4 10 10 N

19 P08603 Complement factor H 1 1 N

20 P02671 Fibrinogen alpha chain 5 5 53 41 N

21 P02675 Fibrinogen beta chain 31 30 38 36 N

22 P02679 Fibrinogen gamma chain 32 30 45 37 N

23 P23142 Fibulin-1 21 21 N

24 O75636 Ficolin-3 10 10 N

25 Q08380 Galectin-3-binding protein 2 2 N

26 P00738 Haptoglobin 43 39 51 37 N

27 P02790 Hemopexin 12 11 25 22 N

28 P04196 Histidine-rich glycoprotein 2 2 N

29 P01876 Ig alpha-1 chain C region 26 22 46 32 N

30 P01877 Ig alpha-2 chain C region 7 6 36 24 N

31 P01857 Ig gamma-1 chain C region 45 37 16 15 N

32 P01859 Ig gamma-2 chain C region 25 25 2 2 N

33 P01861 Ig gamma-4 chain C region 26 23 N

34 P01871 Ig mu chain C region 10 10 36 29 N

35 P04220 Ig mu heavy chain disease protein 16 14 N

36 P01591 Immunoglobulin J chain 2 2 N

37 P01042 Kininogen-1 2 2 30 27 N

38 P18428 Lipopolysaccharide-binding protein 3 3 N

39 P05155 Plasma protease C1 inhibitor 1 1 15 15 N

40 P02760 Protein AMBP 2 2 N

41 P02787 Serotransferrin 36 36 N

42 Q6ZU11 Uncharacterized protein FLJ44066 3 3 N

43 P04004 Vitronectin 2 2 3 3 N

44 P04275 von Willebrand factor 7 7 N

number of identified glycoprotein 28 28 40 40
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analytical column (1.7 μmBEH130 C18 UPLC column, 75 μm
i.d. × 150 mm; Waters, UK), eluted under a gradient, and

directly electrosprayed into a TSQ Quantum ultra mass spec-
trometer. Mobile phases A and B were 100% water and 100%
acetonitrile, respectively, each containing 0.1% formic acid.
The gradient started at 3% B for 0.33 min and was then
increased to 35% B for 40 min, 50% B for 50 min, and 95%
B for 50.5 min; it was held at 95% B for 60 min and then
reduced to 3% B for 60.5 min. The column was equilibrated
with 3% B for 14.5 min between each run. MRM analysis was
conducted at an ion-spray potential of 1.7 kV, a capillary
temperature of 270 °C, and an inclusion window of ±1 Da for
each precursor ion and for the fragment ions. MRM analyses
were conducted in triplicate for each sample.

Results and discussion

Proteomic profiling for the AAL-fractionated and the total
plasma sample

AAL was used to capture fucosylated glycoforms of plasma
glycoproteins from human plasma from an HCC patient.
AAL has binding affinity for fucose moieties linked to
GlcNAc on asparagine residues of proteins. Fucosylated
glycoproteins captured by magnetic bead (MB)-immobi-
lized AAL were denatured, alkylated, and digested in-
solution with trypsin (Fig. 1). To immobilize biotinylated

Table 2 Target glycoproteins selected from the AAL-captured protein list obtained by the proteomic profiling experiment to quantify fucosylated
glycoforms

Swiss-Prot
accession no.

gene name protein name peptide sequencea monoisotopic
mass

Q1
(2+, m/z)

C.Eb Q3c

(m/z)
Q3c

(m/z)
Q3c

(m/z)
LOQd

(fmol)

PO2763 ORM1 Alpha-acid glycoprotein 1 TEDTIFLR 993.5 497.7 19.0 548.4 649.4 764.4 3
TEDTIFL*R 1000.5 501.2 19.0 555.4 656.4 771.4

PO1011 SERPINA3 Alpha-1-antichymotrypsin NLAVSQVVHK 1093.6 547.8 21.0 697.4 796.5 867.5 3
NLAVSQVV*HK 1099.6 550.8 21.0 703.4 802.5 873.5

P01009 SERPINA1 Alpha-1-antitrypsin SVLGQLGITK 1014.6 508.3 17.0 531.4 716.5 829.5 30
SVLGQL*GITK 1021.6 511.8 17.0 538.4 723.5 836.5

P10909 CLU Clusterin ELDESLQVAER 1287.6 644.8 22.0 715.4 802.4 1046.5 30
ELDESLQV*AER 1293.6 647.8 22.0 721.4 808.4 1052.5

P00738 HP Haptoglobin VGYVSGWGR 979.5 490.8 18.0 661.3 824.4 881.4 3
VGYV*SGWGR 985.5 493.8 18.0 667.3 830.4 887.4

P01876 1GHA1 Ig alpha-1 chain C region TPLTATLSK 930.5 466.3 19.0 519.3 620.4 733.5 3
TPLTATL*SK 937.5 469.8 19.0 526.3 627.4 740.5

P01871 IGHM Ig mu chain C region NVPLPVIAELPPK 1385.8 693.9 22.0 767.5 963.6 1173.7 30
NVPLPVIAEL*PPK 1392.8 697.4 22.0 774.5 970.6 1180.7

P02771 AFP Alpha-fetoproteine) DFNQFSSGEK 1157.5 579.7 20.0 654.3 782.4 896.4 30
DFNQF*SSGEK 1167.5 584.8 20.0 664.3 792.4 906.4

a Asterisk indicates stable isotope-coded sites
b CE, collision energy
c Bold letters show a transition selected for quantifying each target peptide
d Based on concentrations measured with<CV 15% for triplicate MRM quantification
e Alpha-fetoprotein (AFP), known to be fucosylated in plasma of HCC patients, was also included, although not identified in this proteomic
profiling experiment

Fig. 3 Linear concentration ranges and limits of quantification
obtained by MRM mass analysis of the target peptides. Each MRM
analysis was conducted with an equal amount of stable isotope-coded
internal standard (heavy, 300 fmol) and a different amount of synthetic
target peptide (light, from 1.0 fmol to 3,000 fmol). Analyses at con-
centrations with CV <15% in triplicate MRM mass measurements for
each target peptide are displayed. Each spot represents the average
value obtained by triplicate MRM mass analysis. The dotted line is a
theoretical line
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AAL on beads we used streptavidin-conjugated MB. Thus,
MB-immobilized AAL–biotin–streptavidin conjugates were
used to capture fucosylated glycoproteins from plasma sam-
ples. Profiling patterns of a proteome sample obtained by ESI–
MS–MS analysis can be affected by several analytical process-
es, for example sample preparation, tryptic digestion, chro-
matographic separation, and mass acquisition. Furthermore, a
wide dynamic range in the abundance of plasma proteins can
lead to substantial variability in the proteomic profiling results.
Thus, tryptic digests (1 μg) of the total plasma proteome and
the AAL-captured subproteome of an HCC patient were ana-
lyzed in triplicate (Electronic Supplementary Material Table
S1). Among the proteins identified, proteins that were not
annotated in the Swiss-Prot database to undergo N or O-
glycosylation were also identified; these might have originated
from proteins not yet included in the Swiss-Prot database, non-
specific binding to the lectin, or protein–protein interactions
with a lectin-binding protein. Non-specific binding or non-
glycoprotein capture via protein–protein interactions during
lectin-affinity enrichment have been reported by several groups
[21, 38, 39]. Nonetheless, as shown in Electronic Supplemen-
taryMaterial Table S1, the proteomic profiling for each sample,
the total plasma proteome, and the lectin-captured subproteome
were highly reproducible in triplicate MS–MS runs. Thus the
variation between the AAL-captured and the total proteome
sample in the identified protein list is much more dramatic than
that between each MS–MS run of each sample. Figure 2 (sum-
marized from the profiling results of Electronic Supplementary
Material Table S1) shows the number of peptides identified in
each run for the total plasma proteome samples and subpro-
teome samples that were lectin-captured. More than half of all
peptides identified from triplicate runs (61% for the lectin-
captured plasma and 54% for total plasma) were repeatedly
identified at least twice in both samples. Because AAL-capture
from the plasma proteome has been conducted without

depleting highly abundant serological proteins, it is assumed
that the lectin-captured sample still has a wide dynamic range
for the abundance of captured proteins. Additionally, because
we analyzed the tryptic digests by one-dimensional (1D) LC–
MS–MS analysis, the number of profiled proteins was low.
Nonetheless, the number of glycoproteins (101 proteins) iden-
tified from triplicate profiling experiments of the lectin-
captured subproteome was greater than that (61 proteins) of
the total proteome. The masking effect of highly abundant
plasma proteins in 1D LC–MS–MS analysis was removed by
lectin-capture; thus, many peptides from less abundant pro-
teins were identified.

Also, the benefits of lectin-capture were obvious because
of the difference in the profiled protein lists between the two
samples (Table 1). Among the proteins identified by the
Mascot search for raw mass data obtained by the 1D LC–
MS–MS analysis, glycoproteins noted on the Swiss-Prot DB
with N or O-glycosylation sites and identified at least twice
through the tandem mass analysis are summarized in Table 1.
Among the 40 glycoproteins identified in the AAL-captured
sample, 16 glycoproteins (40%) were newly identified after
lectin-capture, whereas 24 glycoproteins (60%) were identi-
fied in both samples. In contrast, four glycoproteins observed
in the total plasma sample, including Ig gamma-4 and sero-
transferrin, were not identified in the lectin-captured sample.
This dramatic change in the lists of profiled glycoproteins
after lectin-capture indicates that lectin-capture worked effi-
ciently and is a powerful tool for extracting a subproteome
with a specific glycan moiety from a total proteome sample.

Target peptide selection for quantitative analysis
and calibration

Target glycoproteins used to quantify AAL-captured protein
glycoforms were selected from the protein list obtained from

Table 3 Reproducibility of MRM-based quantification of target proteins AAL-captured from a pooled liver-disease human plasma

protein name day1, 3 tubes day 2, 3 tubes day 3, 3 tubes inter-day overall

averagea)

fmol
CVb) (%) averagea)

fmol
CVb) (%) averagea)

fmol
CVb) (%) average,

(fmol)
CV,% replicate,n CV,%

Alpha-1-acid glycoprotein 1 194.4 3.3 145.2 6.4 169.7 6.1 169.8 14.5 9 13.3

Alpha-1-antichymotrypsin 21.6 14.2 24.0 11.5 17.7 9.7 21.1 15.1 9 16.8

Alpha-1-antitrypsin 22.5 9.5 21.8 14.3 15.6 7.0 20.0 19.0 9 19.1

Clusterin 192.7 9.3 287.6 3.5 225.9 11.4 235.4 20.5 9 19.1

Haptoglobin 188.3 2.3 197.7 12.8 221.4 9.7 202.4 8.4 9 11.0

Ig alpha-1 chain C region 421.3 5.1 572.1 1.5 430.7 12.4 474.7 17.8 9 16.6

Ig mu chain C region 156.7 2.3 163.2 5.3 190.7 10.8 170.2 10.6 9 11.3

average CV, % 6.6 7.9 9.6

a Represents averaged value calculated from three quantification values obtained in three batch experiments, independently conducted from sample
preparation by lectin to MRM-based analysis in a day
b Calculated on the basis of three quantification values obtained from three batch experiments in a day
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the proteomic profiling experiment, with an option noted as
theN-linked glycoprotein in the Swiss-Prot database (Table 2).
On the other hand, AFP has been reported to be fucosylated in
the plasma of HCC patients and to be captured by AAL
[22–24]. Unfortunately AFP was not identified in our proteo-
mic profiling by 1D LC–MS–MS analysis, possibly because
the abundance of the protein was too low and because of the
high complexity of the AAL-captured fraction. Nonetheless,
AFP was also selected as a target protein to evaluate the
sensitivity of the lectin-coupled, MRM-based method of
quantification. For MRM-based quantification of the selected
target proteins, a mixture of tryptic target peptides, surrogates
for the selected target proteins, was constructed by following
the restricted criteria discussed in the “Experimental” section.
Linear concentration ranges for the selected target peptides
were investigated for five concentrations from 1.0 fmol to 3
pmol, prepared by adding the target peptides (light) at differ-
ent concentrations to tryptic peptide matrix solutions with
internal standards (heavy) of each target peptide, each at a
concentration of 300 fmol. The peptide matrix solution was
prepared by tryptic digestion of a standard protein mixture
containing serum albumin (bovine), α-casein (bovine), β-
casein (bovine), and ovalbumin (chicken). Concentrations of
each target peptide with a signal intensity 10 times greater
than the noise in the chromatograms extracted for selected
transitions and with acceptable CV values (CV ≤15%) during
triplicate MRM quantifications were accepted tentatively as
limits of quantification (LOQ) for the target peptides (Table 2).
The extracted chromatograms for each target peptide at the
LOQ concentration are summarized in Electronic Supplemen-
tary Material Fig. S1. For most target peptides good concen-
tration linearity was obtained in the concentration range above
the LOQ level (Fig. 3).

Reproducibility in the lectin-coupled, MRM-based analysis

The objectives of the study were to develop an analytical
method for reproducibly quantifying lectin-captured protein
glycoforms with a specific glycan structure and for reliably
distinguishing differences in the abundance of the lectin-
captured glycoforms between individuals. For this, we pre-
pared a pooled liver-disease plasma sample by mixing 10
plasma samples from each of HCC, cholangiocarcinoma,
and hepatitis-B patients, to obtain the amount of control
human plasma sample necessary to optimize the MRM-
based method for quantification of lectin-captured target pro-
teins and to achieve a consistent result without a bias for each
plasma sample of individuals during this optimizing study. By
MRM-based analysis for the selected target proteins using the
AAL-captured subproteome of the pooled liver-disease hu-
man plasma, reproducibility of the developed lectin-coupled,
MRM-based method was investigated. Because it is impossi-
ble practically to obtain standard protein glycoforms withT
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fucosylated glycan microheterogeneity and structural confor-
mations identical with those of the proteins in plasma, we
evaluated the developed method by investigating the overall
reproducibility throughout lectin-capture, enzymatic diges-
tion, and MRM-based quantification.

The overall process from lectin-capture to MRM quanti-
fication was run with intra-day triplicate replication and
with inter-day triplicate replication. Table 3 shows that all
selected target proteins except AFP were quantified at con-
centrations from tens of fmol to hundreds of fmol. As
expected, AFP, known to be fucosylated in HCC patients
and present in low abundance in plasma samples, was not
quantified, although a dramatic reduction in sample com-
plexity was achieved by the lectin-fractionation step by
removing major serological proteins, non-glycosylated pro-
teins, and proteins with no binding affinity for AAL. For
detection of a low-abundance target protein, for example
AFP, an additional enrichment technique using an anti-
peptide antibody may be useful, as exemplified in our pre-
vious paper [16]. Table 3 shows that the variation of mea-
sured values in intra-day triplicate replication was calculated
within a CVof 14.3%. The variation in inter-day replication
reached a CVof 20.5%, which was larger than the intra-day
replication, indicating that some unwanted biases might
have been present in the overall process of lectin-capture,
trypsin digestion, internal standard spiking, and MRM quan-
tification. Nonetheless, the variation of each target protein in
the inter-day analysis was comparable with that for the
overall analyses calculated for nine replicate assays (CV
11.0–19.1%). Thus it was confirmed that this MRM-based
analytical method enabled highly reproducible quantitative
analysis of lectin-captured glycoforms of target proteins.
This analysis strategy was further applied to measurement

of the abundance of AAL-captured glycoforms of target
proteins in each individual plasma sample.

Precision of the lectin-coupled, MRM-based analysis

To validate this method of quantification and confirm that its
precision was sufficient to distinguish differences between
the abundance of protein glycoforms of target proteins in
individuals, we used the method to analyze eight individual
plasma samples. From a plasma sample group consisting of
four healthy individuals and four HCC patients, each indi-
vidual plasma sample was picked up randomly and analyzed
by use of the developed lectin-coupled, MRM-based method.
Table 4 shows that each of the lectin-captured target proteins
was quantified with a very wide range of concentrations for
each plasma sample. Also, variation of each target protein
among the eight individual cases was always larger than that
of triplicate MRM measurements for a plasma sample. For
example, the variation of alpha-1-acid glycoprotein 1 (AGP)
among the eight individual cases was CV 66.1%, which is
dramatically larger than those of the triplicate MRMmeasure-
ments for each plasma sample, for which CVs were within
10.5%. These results showed that it was possible to distin-
guish differences in the abundance of the target proteins
between plasma samples by using the quantification method
developed. The ability of the quantification method to distin-
guish individual samples was also evaluated by comparing
variations observed between individual samples with varia-
tions in the nine replicate measurements for the pooled liver-
disease plasma sample used for the reproducibility validation.
Figure 4 compares the variations in the measurements for
eight individual cases with the variations in the nine replicate
measurements for a pooled liver-disease plasma sample. For

Fig. 4 Comparison between
variations (diamonds) in the
measured values for eight
individual plasma cases,
variations (squares) in the nine
replicate analysis for the pooled
liver-disease plasma sample,
and the variation value (CV
13.8%, dotted line) of AAL re-
leased from the immobilized
lectin conjugates measured to-
gether during MRM analysis of
the eight individual cases
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all target proteins, the variations between individual cases
were significantly larger than those between the replicated
measurements of the pooled liver-disease control plasma.

The reproducibility and precision of the quantification
method was further evaluated by observing the abundance
of each AAL partially released from the AAL–streptavidin–
magnetic bead conjugates during the analysis for the eight
individual cases. The biotinylated AAL was used in an
identical amount for lectin-captured sample preparation for
all individual plasma samples and linked to magnetic beads
by biotin–streptavidin binding. Although the biotin–strepta-
vidin binding was assumed to be much stronger than the
binding between AAL and AAL-active glycoforms of the
target proteins, a small amount of AAL was continuously
released from the conjugates during the elution of AAL-
captured glycoproteins and quantified by this method of
analysis, using the target peptide PTEFLYTSK as a surro-
gate for AAL and its stable isotope-coded counterpart, PTE-
FL*YTSK (L*, isotope-labeled site) as an internal standard.
The measured values were calculated using the chromato-
graphic peak-area ratios of the transition pair, the m/z
543.3→887.5 transition of the endogenous target peptide
(light), the m/z 546.8→894.5 transition of the internal stan-
dard (heavy), and the molecular weight, 34 kDa, of AAL.
As each MRM analysis of the eight individual plasma cases
was conducted, measurements of the released AAL were
conducted together. The amounts of AAL quantified in each
analysis of eight individual samples corresponded to ap-
proximately 1% of the AAL used for lectin-fractionation
in each analysis; the variation (CV 13.8%) in the quantified
amounts of lectin is shown in Fig. 4 with a dotted line. This
quantification of the released AAL can be used as control
data to evaluate the reproducibility of the analytical method
for the steps elution of the lectin-bound glycoprotein, tryptic
digestion, and MRM quantification. Figure 4 shows that the
variation of the eluted AAL was comparable with that of
nine replicate measurements of each lectin-captured target
protein using the pooled liver-disease control sample,
whereas the variation of each lectin-captured target protein
among eight individual plasmas was notably greater than
those of the eluted AAL and of nine replicate measurements
using the pooled control sample. This indicates that the
abundance of each AAL-captured target protein in each
individual case could be monitored quantitatively by use
of the lectin-coupled, MRM-based method.

Quantitative monitoring of AAL-captured glycoproteins

The results from analysis of AAL-captured glycoforms of
some target proteins, obtained from eight plasma samples
consisting of four healthy individuals and four HCC
patients, are presented in Fig. 5. The biological variation
in the abundance of each lectin-captured target protein

between individual cases was quite remarkable for some
target proteins. For example, the abundance of AGP was
measured with wide ranges, from 5 fmol to 438 fmol, for the
eight individual cases, with precision in the MRM quantifi-
cation sufficient to distinguish the abundance of each indi-
vidual case. The abundance of haptoglobin was also
measured similarly with wide ranges, from 5 fmol to 989
fmol, for the eight individual cases. In contrast, variation in
the abundance of the Ig alpha-1 chain C region over the
eight individual cases was relatively small; the difference in
the measured values was only a factor of two at most. In this
study, we focused on measuring the abundance of AAL-
captured glycoforms of the selected target proteins rather
than on measuring the abundance of total target proteins,

Fig. 5 Plot of results from analysis of AAL-captured glycoforms of
some target proteins obtained from eight individual plasma samples
from four healthy individuals and four HCC patients. Each individual
plasma sample was selected randomly, irrespective of its sample infor-
mation, and analyzed sequentially by use of the developed lectin-
coupled, MRM-based quantification method. Normal and cancer
patients are denoted N and C, respectively. Each point is an individual
measurement of MRM-based analysis
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and confirmed that the precision and reproducibility of the
lectin-coupled, MRM-based analytical method was suffi-
cient for measurement of the abundance of AAL-captured
target proteins.

Different strategies using lectin have been introduced for
discovery of serum glycoprotein biomarkers [10, 12, 14–17].
Proteome samples active with a variety of lectins have been
prepared by gel-based technology or immunoaffinity-based
technology before subsequent mass analytical process for
identification of target glycoproteins. This lectin-coupled
MS-based strategy for identification of biomarker candidates
has further evolved into immunoassay technology, for exam-
ple antibody–lectin sandwich array, for identification and
verification of biomarker candidates [15, 25, 26, 37]. In this
study, as an alternative to the immunoassay method inevitably
requiring use of antibody against biomarker candidates to be
verified, we focused on developing an MRM-based mass
spectrometric method for verification of the biomarker candi-
date to be identified by lectin fractionation. Finally it was
confirmed that the lectin-coupled, MRM-based method could
be used to monitor differences between individuals by mea-
suring the abundance of lectin-captured glycoforms of target
proteins.

Conclusions

A quantitative method for measurement of protein glyco-
forms with a specific glycan structure, rather than quantify-
ing total glycoforms, from the human plasma proteome was
developed and evaluated to confirm that its reproducibility
and precision were sufficient to distinguish differences be-
tween the abundance of protein glycoforms in individuals.
In this study, we focused on quantitative analysis of AAL-
captured glycoforms of some target proteins selected from
profiling experiments using a subproteome fractionated by
AAL with specific affinity for fucose on N-linked glycans.
The lectin-coupled, MRM-based method for substoichio-
metrically fucosylated glycoforms of the target proteins
was developed without highly abundant protein depletion
or affinity enrichment of the target protein. The precision
and reproducibility of the method were sufficient to distin-
guish differences between individuals by measuring the
abundance of AAL-captured target proteins. This method
can be extended to analysis of a glycan-specific subpro-
teome captured by a variety of lectins with binding affinity
for a specific glycan structure. Progression of some diseases
may involve aberrant glycosylation in a glycoprotein; thus,
the ability to analyze quantitatively aberrant glycoforms of
glycoproteins provides a tool for monitoring differences
between individual cases in the abundance of aberrant gly-
coforms of target proteins related to the diseases. Thus the
lectin-coupled, MRM-based method is expected to be

further applied to differentiation of diseased patients from
healthy individuals and to validate biomarker candidates
involved in aberrant protein glycosylation.
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