
Journal of Chromatography A, 1053 (2004) 79–88

Approach to the comprehensive analysis of glycoproteins isolated from
human serum using a multi-lectin affinity column
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Abstract

Glycosylation is one the most common post-translational modifications (PTM) and glycoproteins play fundamental roles in a diversity of
biological processes. The development of an analytical approach to the study of variation of glycosylation patterns in serum samples has
been hindered by the structural heterogeneity of this post-translational modification and the complexity of serum proteome. We have used the
ability of different lectins to recognize specific glycosylation motifs to develop a specific affinity system that can achieve a comprehensive
capture of serum glycoproteins. In a preliminary investigation, we evaluated the ability of five commonly used immobilized lectins to capture
glycoproteins from human serum. SDS-PAGE analysis showed each lectin was able to enrich a subset of the serum glycoproteome and overlaps
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n lectin specificity were indeed observed. Based on these results and with the goal of studying the extent of the human serum glyc
e then developed a multi-lectin affinity column containing Concanavalin A (Con A), Wheat germ and Jacalin lectin. The selection
as also based on the known N-linked and O-linked glycan structures that are considered representative of the serum proteom
emonstrated that the capture of glycoproteins was specific, efficient and reproducible with this multi-lectin column. The results
ith this affinity step indicated that about 10% of human serum proteins are glycosylated (weight/weight) and, after removal o
bundance proteins, including albumin, at least 50% of the remaining proteins were glycosylated. We then evaluated the use of
olumn to monitor changes in the pattern of glycosylation in serum samples by a controlled, stepwise release of the captured pr
he multi-lectin affinity column with specific displacers.
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. Introduction

Glycosylation, one of the most common post-translational
odifications (PTM), plays a fundamental role in a diverse

et of biological processes[1], such as the immune response
2] and cellular regulation[3]. Glycosylation is also a good
ndicator of environmental effects on cellular processes[4].
t has been shown that glycosylation is involved in signaling
athways associated with the transformation of a normal cell

o a cancer cell[5], and glycosylation has been intimately
ssociated with cancer, for example, glycosylation can affect

umor antigen interactions with receptors, e.g. CA125 with
alectin[6].
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While serum is the most common diagnostic fluid, th
is currently a lack of global methods for the characteriza
of glycoproteins, the ‘glycoproteome’. Serum can reflect
ease in different organs and tissues with a change in sec
proteins, and it has been recognized that glycoproteins
promise a major part of the serum proteome[7].

In the past individual serum glycoproteins have been
riched using lectins which can recognize and bind to spe
carbohydrate residues[8,9]. In this study, five lectins, Con
canavalin A (Con A), Wheat germ agglutinin (WGA), Jaca
Lentil lectin (LCA), and peanut lectin (PNA), have been
lected to individually capture different glycoproteins fr
human serum. It has been shown that Con A predomin
recognizes alpha-mannose[10], which is very common i
N-linked glycans. WGA recognizesN-acetyl-glucosamin
(GlcNAc) and was also found to have affinity to sialic a
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[11]. The specificity of Jacalin lectin is to galactosyl (�-1,3)
N-acetyl-galactosamine (GalNAc) and has been used to cap-
ture O-linked glycoproteins[12]. LCA has the specificity
similar to Con A but with lower affinity[13], although it
has an useful affinity for branched fucose. The specificity of
PNA is the same as Jacalin lectin, but the affinity is affected
by sialic acid associated with galactose[12]. The results from
this preliminary study have shown that each individual lectin
captured a different subset of glycoproteins from serum, and
Con A, WGA and Jacalin enriched larger amounts of glyco-
proteins than LCA and PNA, although overlaps in specificity
were observed.

In order to capture and study a significant part of the human
serum glycoproteome, a multi-lectin affinity column contain-
ing Con A, WGA, and Jacalin lectin was designed based on
a consideration of common N-linked and O-linked glycan
structures present in serum proteins. The following carbohy-
drate moieties are common to serum proteins: firstly N-linked
glycans have a core structure which includes three mannosyl
residues and two GlcNAc residues. Further biosynthetic pro-
cessing from this core has been shown to result in high man-
nose, hybrid, and complex glycan structures[14]. O-linked
glycans are very heterogeneous and only their core structures
have been classified. In these core structures, galactosyl (�-
1,3) GalNAc is very common, mannose and GlcNAc are fre-
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azide,N-acetyl-glucosamine, galactose, methyl-�-manno-
pyranoside and calcium chloride were purchased from
Sigma–Aldrich (St. Louis, MO). Ultra pure Tris and am-
monium bicarbonate were purchased from ICN Biomed-
icals Inc. (Aurora, OH). Agarose bound Concanavalin A
with protein concentration of 6 mg lectin/mL gel and bind-
ing capacity of more than 4 mg ovalbumin/mL gel, agarose
bound Wheat germ agglutinin with protein concentration of
7 mg lectin/mL gel and binding capacity of 8 mg NGA/mL
gel, agarose bound Jacalin with protein concentration of
4 mg lectin/mL gel and binding capacity of more than 4 mg
monomeric IgA/mL gel, agarose bound peanut agglutinin
(PNA) with protein concentration of 5 mg lectin/mL gel
and binding capacity of more than 4 mg asialo-fetuin/mL
gel and agarose bound lens culinaris agglutinin (LCA)
with protein concentration of 3 mg lectin/ml gel and bind-
ing capacity of more than 3 mg mannosyl glycoprotein
were obtained from Vector Laboratories (Burlingame, CA).
Trypsin (sequence grade) was purchased from Promega
(Madison, WI). Buffers A and B of the multiple affinity
removal system were obtained from Agilent Technologies
(Palo Alto, CA). NuPAGE MOPS SDS running buffer and
molecular mass standards were purchased from Invitrogen
(Carlsbad, CA).
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uently present in the O-linked core structures and mo
he glycans terminate with sialic acid[15].

The multi-lectin column was then used to enrich gly
roteins from human serum. After tryptic digest, the s
les were analyzed by LC/MS/MS and the proteins w

dentified using the SEQUEST algorithm. The unbound
aptured fractions were compared to indicate the speci
nd efficiency of the multi-lectin affinity column. In ord

o investigate reproducibility of the enrichment proced
he complete experiment was repeated, and the captur
ound to be reproducible. It was found that the multi-le
olumn was highly specific for glycoproteins and exten
he dynamic range of the proteome measurement. In
ion, a depleted serum sample (removal of six high a
ance serum proteins) was tested on the multi-lectin affi
olumn, and better protein identifications were observed
hough the number of proteins sequenced was not impr
urther, glycoproteins captured by the multi-lectin colu
ere fractionated by the sequential use of different disp
rs, and the distribution of glycoproteins among these

ions was found to be related to the glycosylation patte
he glycoproteins.

. Experimental

.1. Materials

Human serum, dithiothreitol (DTT), iodoacetam
IAA), sodium chloride, manganese chloride tetrahydr
agnesium chloride, guanidinium hydrochloride, sod
.2. Preparing lectin affinity columns

Single lectin, Con A, WGA, PNA, Jacalin, and LC
ffinity columns were prepared by adding 1 mL of c
esponding agarose bound lectin to empty PD-10 dis
ble columns (Amersham Biosciences, Piscataway, NJ)
ulti-lectin column was prepared by mixing 0.5 mL
garose bound Con A, 0.5 ml agarose bound WGA,
.5 ml agarose bound Jacalin in an empty PD-10 dis
ble column. The agarose gel was then fixed between

rits. The columns were either immediately used or st
n a buffer (20 mM Tris, pH 7.4, 0.15 M NaCl, 0.08
odium NaN3) at 4◦C. The flow through the column w
ravity driven. The columns were not regenerated

he view of avoiding carryover between different sam
nalyses.

.3. Isolating glycoproteins using a single-lectin affinity
olumn

100�L human serum was diluted 10 times with the eq
ibration buffer for that lectin (seeTable 1) and loaded on th
ffinity column. After 15 min reaction, the unretained p

eins were eluted with 8 mL of equilibration buffer, and
ow-through was collected. The captured glycoproteins w
hen released with 8 mL of the elution buffer specific for
ectin (Table 1), and the eluted fraction was collected. T
ow-through and eluted fractions were concentrated u
10 kD Amicon filter (4 mL, Millipore, Billerica, MA) an

tored at−70◦C until further use.
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Table 1
The binding buffers and elution solutions used for single-lectin affinity columns

Lectina Binding bufferb (pH 7.4) Sugars contained in elution bufferc (pH 7.4)

Con A 20 mM Tris, 0.15 NaCl, 1 mM Ca2+, 1 mM Mn2+ 0.5 M methyl-�-d-mannopyranoside
WGA 20 mM Tris, 0.15 NaCl, 0.5 MN-acetyl-glucosamine
JAC 20 mM Tris, 0.15 NaCl, 0.8 M galactose
PNA 20 mM Tris, 0.15 NaCl, 1 mM Ca2+, 1 mM Mg2+ 0.5 M lactose
LCA 20 mM Tris, 0.15 NaCl, 1 mM Ca2+, 1 mM Mn2+ 0.5 M methyl-�-d-mannopyranoside

a The lectin immobilized in a single-lectin column.
b Binding buffer was used to prepare samples and remove non-specifically bound proteins.
c Elution buffer contained 20 mM Tris and 0.5 M NaCl.

2.4. Isolating glycoproteins using a multi-lectin affinity
column

A depleted serum sample (see Section2.5) or 200�L of
undepleted serum (containing about 6.7 mg of protein) was
diluted with multi-lectin column equilibration buffer (20 mM
Tris, 0.15 M NaCl, 1 mM Mn2+ and 1 mM Ca2+, pH 7.4) to a
volume of 2 mL, and was loaded on a multi-lectin affinity col-
umn. After 15 min reaction, the unbound proteins were eluted
with 10 mL of equilibration buffer, and the captured proteins
were released with 12 mL of elution solution (20 mM Tris,
0.5 M NaCl, 0.17 M methyl-�-d-mannopyranoside, 0.17 M
N-acetyl-glucosamine and 0.27 M galactose, pH 7.4). The
flow-through and eluted fractions were both collected and
concentrated with 10 kD Amicon filters (15 mL, Millipore,
Billerica, MA). The total amount of protein loaded on the
column, the amount of protein collected in the flow through
and the amount of protein collected in eluted fraction were
measured using the Bradford assay. The recovery from the
multi-lectin column was calculated using the equation:

Recovery%=
(

flow through+ eluted protein

total amount of protein loaded

)
× 100

The collected samples were stored at−70◦C until further
testing. The same procedure was repeated using undepleted
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1090 LC system (Hewlett-Packard, Palo Alto, CA). Briefly,
human serum was diluted five times with Buffer A of the
multiple affinity removal system and injected on the deple-
tion column with an injection volume of 100�L. Then the
unbound serum proteins were eluted with Buffer A at a flow
rate at 0.25 mL/min, and the flow through was collected. The
column was then regenerated with Buffer B of the multiple
affinity removal system before the next injection. The flow
through was concentrated with a 10 kD amicon filter (15 mL
capacity). A sample with approximately 1.3 mg of depleted
serum proteins (compared with approximately 6.5 mg of un-
depleted human serum protein) was diluted to a volume of
2 mL with the multi-lectin binding buffer, and was further
fractionated using the multi-lectin affinity column with the
procedure described in Section2.4.

2.6. SDS-PAGE

The glycoprotein fractions isolated from the fractionation
of serum on the single-lectin affinity columns and the corre-
sponding human serum sample were analysed on a NuPAGE
4-12% Bis–Tris gel (1.0 mm× 10 well) (Invitrogen, Carls-
bad, CA) with loading amount of 15�g of protein for each
fraction (Fig. 1). The two glycoprotein fractions isolated from
the single step elution of the multi-lectin affinity columns, the
fl set
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o
t ing
b ts
( pro-
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t nt,
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p turer.
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m on
uman serum including packing a multi-lectin affin
olumn.

To fractionate the proteins captured by the multi-le
olumn, proteins bound to Jacalin lectin were first rele
ith 4 mL of 0.8 M galactose in 20 mM Tris buffer pH 7
ontaining 0.15 M NaCl. Then Con A selected proteins w
eleased with 4 mL of 0.5 M methyl-�-d-mannopyranoside
20 mM Tris buffer, pH 7.4 containing 0.15 M NaCl. Fina

he WGA selected proteins were released with 4 mL of 0
-acetyl-glucosamine in 20 mM Tris buffer, pH 7.4 conta

ng 0.15 M NaCl. The three fractions were concentrated
10 kD Amicon filter (4 mL, capacity). The collected sa

les were stored at−70◦C until further testing.

.5. Human serum depletion

A multiple affinity column (4.6 mm× 100 mm) (Agilen
echnologies, Palo Alto, CA) was used to remove albu
gG, antitrypsin, IgA, transferrin and haptoglobin from
an serum. The depletion procedure was performed on
ow-through fraction from one multi-lectin column and a
f three glycoprotein fractions from the use of different
lacers on the multi-lectin affinity column were also analy
n the NuPAGE system (15�g in each case,Fig. 2). The pro-

eins were resolved with the NuPAGE MOPS SDS runn
uffer in a NovexMini-Cell system (Invitrogen) at 200 vol
Powerpac power supply, Bio-Rad, Hercules, CA). The
eins were visualized by staining with a glycoprotein de
ion kit (Sigma, St. Louis, MO) containing Schiff’s reage
hich is a specific stain for glycoproteins. The staining
erformed using the protocol suggested by the manufac
o ensure the specificity of the staining, horseradish pe
ase, a glycoprotein, was analyzed on the same gel as po
ontrol and a series of non-glycosylated molecular mass
ards were used as negative control for the staining proce

.7. Tryptic digestion

The glycoprotein fractions (100�g) from single- and
ulti-lectin affinity columns and the flow-through fracti



82 Z. Yang, W.S. Hancock / J. Chromatogr. A 1053 (2004) 79–88

Fig. 1. SDS-PAGE of single-lectin binding proteins in human serum stained
with Schiff’s reagent. (1) Horseradish peroxidase used as positive control. (2)
Con A bound proteins. (3) WGA bound proteins. (4) Jacalin lectin bound pro-
teins. (5) LCA bound proteins. (6) PNA bound proteins. (7) Human serum.
(8) Molecular mass standards used as negative control. The positive con-
trol developed color, while the negative control did not stain indicating the
specificity of Schiff’s reagent to glycoproteins.

Fig. 2. SDS-PAGE of proteins captured from human serum by the multi-
lectin column, stained with Schiff’s reagent. (1) A series of molecular weight
standards as a negative control. (2) WGA selected proteins captured by the
multi-lectin column. (3) Con A selected proteins captured by the multi-lectin
column. (4) Jacalin selected proteins captured by the multi-lectin column.
(5) The elution sample from the replicate experiment, which had similar
profiles to lane 6. (6) First elution sample. (7) Flow through. (8) Horseradish
peroxidase as positive control.

from a multi-lectin column were digested with trypsin, using
a procedure described previously[16]. Proteins were dena-
tured with 6 M guanidine chloride in 0.1 M ammonium bi-
carbonate buffer, pH 8 and reduced by incubating with 5 mM
DTT at 75◦C for 1 h, then alkylated for 2 h with 0.02 M
iodoacetamide. The samples were solvent exchanged with
a 10 kD Amicon filter (0.5 ml capacity, Millipore, Billerica,
MA). The samples were then adjusted with 0.1 M ammonium
bicarbonate buffer to a protein concentration of 0.5 mg/mL.
Then 1�g trypsin was added to each sample and incubated
at ambient temperature overnight. For complete digestion,
another aliquot of 1�g trypsin was added, and the digestion
was continued for a total of 24 h.

2.8. LC/MS/MS

The trypsin digested peptides were separated on a C18
capillary column (Biobasic C-18, Thermo, 180�m× 10 cm)
using a ProteomeX system (ThermoFinnigan, San Jose, CA).
The flow rate was maintained at 2�L/min. The gradient was
started at 5% acetonitrile (ACN) with 0.1% formic acid and
a linear gradient to 40% ACN was achieved in 120 min, then
ramped to 80% ACN in 5 min and kept at 80% ACN for
20 min to wash the column. Then 15�L of each sample con-
taining 3.5�g of protein was injected on the column from a
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ng the no-waste injection mode. The resolved peptides
nalyzed on an LCQ DECA XP ion trap mass spectrom
ThermoFinnigan, San Jose, CA) with an ESI ion source
emperature of the ion transfer tube was controlled at 18◦C
nd the spray voltage was 3.3 kV. The normalized colli
nergy was set at 35% for MS/MS. Data dependent io

ection was monitored to select the most abundant four
rom a MS scan for MS/MS analysis. Dynamic exclusion
ontinued for duration of 5 min.

.9. Bioinformatics

Peptide sequences were identified using SEQUEST
ithm (Version C1) incorporated in BioWorks software (V
ion 3.1) (ThermoFinnigan). Only peptides resulting fr
ryptic cleavages were searched. The SEQUEST results
ltered by Xcorr versus charge state. Xcorr was used
atch with 1.5 for singly charged ions, 2.0 for doubly char

ons, and 2.5 for triply charged ions. The protein identifica
as made based on the corresponding peptide identific

n this research, proteins with two or more peptide iden
ations were considered as positive identifications.

. Results

.1. Proteins captured by a single-lectin affinity column

To overcome the inability of a single lectin to complet
apture a glycoprotein sample, five commonly used lec
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Con A, WGA, Jacalin, LCA and PNA, were examined sep-
arately for the capture of glycoproteins from human serum.
Each lectin immobilized on agarose was separately packed in
columns in which flow was driven by gravity. An equivalent
sample of human serum was loaded on each of these single-
lectin affinity columns, and the captured proteins were eluted
with the elution buffer (Table 1) specific for the corresponding
lectin. After being concentrated, the captured protein samples
were analyzed on SDS-PAGE and visualized using a Schiff’s
reagent which specifically stains glycoproteins (lanes 2–6 in
Fig. 1). On the same gel, a positive control (lane 1 inFig. 1),
horseradish peroxidase (glycoprotein), and a negative control
(lane 8 inFig. 1) containing non-glycosylated protein molec-
ular weight standards, were stained with the Schiff’s reagent.
In this case the glycoprotein standard developed color while
the negative control did not stain, which confirmed the speci-
ficity of the Schiff’s reagent for glycoproteins.

The proteins captured by the different lectins showed
different SDS-PAGE profiles, although they were captured
from the same human serum sample (Fig. 1). Some gel
bands were only shown in one sample, such as band “a”
in the lane of Con A bound proteins and band “c” in the
lane of WGA bound proteins. Meanwhile, some bands from
different samples had different staining intensity although
they migrated with the same approximate molecular weight,
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clude PNA and LCA in the multi-lectin column because their
specificities are similar to Jacalin and Con A, respectively.

Human serum was loaded on the multi-lectin col-
umn. After washing out any unbound proteins (termed the
‘flow-through’ fraction), the captured glycoproteins (termed
‘bound’) were eluted with a specific displacer (see Section
2.4). The collected fractions were then digested with trypsin
and analyzed with capillary reversed phase LC with MS/MS
detection. The proteins were identified from the LC/MS/MS
data by using the SEQUEST algorithm. In addition, the SE-
QUEST rank of each identified protein was used as an indi-
cation of the relative quantities of a given set of proteins. The
specificity of this multi-lectin column was examined by an
analysis of the glycosylation patterns of proteins identified
in the bound (captured proteins) fraction (Table 2). Of the 51
proteins identified (with two or more peptide identifications)
from the captured protein fraction, 50 were glycoproteins
(including subunits of glycoproteins, such as light chains
of immunoglobulins), according to the Swissprot database
(http://us.expasy.org/sprot/). Albumin, the exception, is not
glycosylated but was found at low levels in the bound frac-
tion (307 versus 22 hits in the flow through versus bound
fraction) indicating that albumin is largely removed by the
multi-lectin column. The presence of small amounts of albu-
min could either be due to a low level of non-specific binding
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uch as band “b” in the lane of Con A bound proteins
and “d” in the lane of Jacalin bound proteins. Based

he staining intensity, peanut agglutinin did not captur
uch glycoprotein from serum as the other four lectins
ddition, the corresponding gels that were visualized
Coomaissie stain (data not shown) suggested that
as more non-specific binding with both the PNA and L
olumns than other three lectins (Con A, WGA, and Jaca
n unfractionated serum sample was also analyzed o
el (lane 7 inFig. 1) and showed that the serum prote
ere not as strongly stained by the Schiff’s reagent rel

o the lectin fractions. This is due to the presence of l
mounts of non-glycosylated proteins such as albumin i
erum sample, therefore the glycosylated proteins were
small fraction of the loaded sample. These SDS-PAG

ults indicated that each lectin can enrich specific se
lycoproteins with some of overlap glycoprotein speci

ies. Also, as expected, none of the individual lectins c
chieve a complete capture of glycoproteins from hu
erum, and this lead to the concept of a multi-lectin affi
nrichment.

.2. Isolation of glycoproteins using the multi-lectin
ffinity column

A multi-lectin affinity column was prepared from a phy
al mixture of immobilized Con A, WGA and Jacalin lect
nd the column was used to enrich glycoproteins from hu
erum. These lectins were selected because their affi
over most of the common sugar residues present in O
-linked glycans contained in serum proteins. We did no
r due to the formation of complexes with glycoproteins, s
s IgA and IgG[17].

The efficiency of this multi-lectin affinity column was fu
her shown by the absence of a majority of the captured
oproteins (41/51) in the flow-through fraction. In the c
f three abundant glycoproteins (serotransferrin, alph
ntitrypsin, Ig alpha-1-chain c region) there was a signifi
nrichment in the bound fraction relative to the flow-thro

raction based on the number of peptide identifications
ach protein (Table 2). The incomplete removal of these p

eins could be due to the presence of non-glycosylated
orms in these proteins and will be the subject of future in
igations. In addition, the 1D-gel of the bound (lane 6 inFig. 2)
nd the flow-through (lane 7 inFig. 2) fractions showed tha

he bound fraction had a more intense and discrete ba
attern of glycoproteins relative to the flow-through fract

To demonstrate reproducibility of the multi-lectin affin
hromatography procedure for glycoprotein enrichment
rocedure was repeated (including packing of another m

ectin column). The bound sample (glycoproteins capt
y the second column) was analyzed by SDS-PAGE (la

n Fig. 2). The replicate showed a similar separation pro
o that obtained with the first multi-lectin column (lane
n Fig. 2). The LC/MS/MS analysis identified 50 prote
n the captured fraction and included 49 glycoproteins
hese 50 proteins, 47 were in common with the glycopro
raction in the first experiment (46 out of these 47 prot
ere glycoproteins, seeTable 3) with albumin again as th
nly outlier.

The rank of identified proteins as determined by the
UEST algorithm can represent an approximate rel

http://us.expasy.org/sprot/
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Table 2
Proteins captured from human serum by the multi-lectin affinity column

Ranka ID Reference Hits (EL)b Hits (FL)c Glycoproteind

1 A2MG Alpha-2-macroglobulin 86 0 Yes
2 TRFE Serotransferrin 61 14 Yes
3 HPT2 Haptoglobin-2 60 0 Yes
4 HPTR Haptoglobin-related protein 60 0 Yes
5 A1AT Alpha-1-antitrypsin 53 7 Yes
6 HEMO Hemopexin (beta-1B-glycoprotein) 51 0 Yes
7 ALC1 IG alpha-1 chain C region 42 1 Yes
8 CO3 complement C3 34 0 Yes
9 KAC IG kappa chain C region 34 14 Yes

10 APA1 Apolipoprotein A-I 24 17 Yes
11 ALBU Serum albumin 22 307 No
12 AACT Alpha-1-antichymotrypsin 19 0 Yes
13 A2HS Alpha-2-HS-glycoprotein 18 0 Yes
14 MUC IG MU chain C region 16 0 Yes
15 ITH1 Inter-alpha-trypsin inhibitor heavy chain 14 0 Yes
16 PZP Pregnancy zone protein 14 0 Yes
17 CERU Ceruloplasmin 13 0 Yes
18 CFAH Complement factor H 13 0 Yes
19 CO4 Complement C4 12 0 Yes
20 HRG Histidine-rich glycoprotein 12 0 Yes
21 GC1 IG gamma-1 chain C region 12 19 Yes
22 GC4 IG gamma-4 chain C region 11 12 Yes
23 A1AG Alpha-1-acid glycoprotein 1 11 0 Yes
24 ITH2 Inter-alpha-trypsin inhibitor heavy chain H2 11 0 Yes
25 VTNC Vitronectin 9 0 Yes
26 A1AH Alpha-1-acid glycoprotein 2 8 0 Yes
27 APA2 Apolipoprotein A-II 7 6 Yes
28 LAC IG lambda chain C regions 7 11 Yes
29 CLUS Clusterin 7 0 Yes
30 A1BG Alpha-1B-glycoprotein 6 0 Yes
31 CFAB Complement factor B 6 0 Yes
32 APOH Beta-2-glycoprotein-I 6 0 Yes
33 PLMN Plasminogen 6 0 Yes
34 APD Apolipoprotein D 6 0 Yes
35 HBB Hemoglobin beta chain 5 0 Yes
36 KNG Kininogen 5 0 Yes
37 ANT3 Antithrombin-III 5 0 Yes
38 ITH4 Inter-alpha-trypsin inhibitor heavy chain H4 4 0 Yes
39 IC1 Plasma protease C1 inhibitor 4 0 Yes
40 AMBP AMBP protein 3 0 Yes
41 C4BP C4B-binding protein alpha chain 3 0 Yes
42 SAMP Serum amyloid P-component 3 0 Yes
43 HBA Hemoglobin alpha chain 3 0 Yes
44 C1QA Complement C1Q subcomponent 3 0 Yes
45 KV3G IG kappa chain V-III region 2 0 Yes
46 HV3P IG heavy chain V-III region 2 0 Yes
47 HV1F IG heavy chain V-I region 2 0 Yes
48 THRB Prothrombin 2 0 Yes
49 LV3B IG lambda chain V-III region 2 0 Yes
50 APC3 Apolipoprotein C-III 1 0 Yes
51 APB Apolipoprotein B-100 1 0 Yes
a The rank is related to the probability of the MS assignment.
b The number of peptides identified for a given protein captured by multi-lectin column.
c The number of peptides identified in the protein in the flow-through fraction from multi-lectin column; 0 stands for not detected.
d Whether the protein is or is not a glycoprotein or a subunit of a glycoprotein is derived from the Swissprot database.

abundance of the protein in the sample (seeTable 4for a
comparison of relative abundances of the proteins). Among
the proteins identified in both elution samples, 38 out of 50
proteins (75%) were ranked in a consistent manner (differ-
ence of <5) and 46 proteins (90%) were found with a rank

difference less or equal to 10. Finally all of the 50 proteins
were identified with rank difference less than 20. Here, we
used conservative protein identifications, namely two or more
tryptic peptide hits with a conservative MS filter (see Section
2). Our experience has suggested that the reproducibility of
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Table 3
The number of proteins identified in two elution samples captured from
replicate multi-lectin affinity columnsa

Elution sampleb Protein ID (>2 hits)c Glycoproteinsd

1 51 50
2 50 49
Proteins in commone 47 46

a The proteins captured by the multi-lectin column were trypsin digested
and analyzed by LC/MS/MS. The proteins were identified by using SE-
QUEST database search.

b The glycoprotein isolation experiment was repeated including packing a
replicate multi-lectin column. Therefore two elution samples were collected.

c Number of proteins identified with two or more than two peptide iden-
tification.

d Number of glycoproteins in the identified proteins with two or more
peptide identification.

e Number of proteins found in both elution samples.

the ranking is improved by the use of these conservative fil-
ters.

Meanwhile, the amount of proteins loaded on the multi-
lectin column and the amount of proteins recovered (flow
through and bound) were measured using the Bradford as-
say. A study of the recovery achieved with the multi-lectin
affinity column showed that about 0.6 mg of glycoproteins
were enriched in the bound fraction from a total of approxi-
mately 6.7 mg of serum protein and about 5.0 mg of protein
was collected in the flow-through fraction. Therefore, the re-
covery of this multi-lectin enrichment procedure was about
84%. The sample loss was primarily due to the 10 kD MWCO
filtration step used to concentrate the fractions (see Section
2). From these data we concluded that at least 10% of human
serum proteins were glycosylated, considering potential sam-
ple losses during the process, while most of the large amount
of non-glycosylated material was due to albumin.

3.3. Isolating glycoproteins from depleted serum

In order to improve dynamic range of glycoprotein iden-
tifications on a multi-lectin column, human serum was first
depleted with a multiple affinity removal column that specif-
ically removes albumin, IgG, IgA, antitrypsin, transferrin,
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and haptoglobin. This depletion step indeed removed ap-
proximately 80% of serum proteins and yielded a sample
with about 1.3 mg of depleted serum proteins (from 6.5 mg
of serum protein). Thus sample was then loaded onto the
multi-lectin column and a 0.6 mg glycoprotein fraction was
captured (50% of the total protein present in the depleted
serum sample). In the LC/MS/MS results, 42 proteins were
identified in this captured fraction and the six high abundance
proteins that were expected to be removed were indeed not
observed. The 42 proteins observed in the depleted sample
were also observed in the analysis of the original serum sam-
ple. Despite the lack of increase in identifications on deple-
tion of the six most abundant proteins, the glycoproteins were
observed with greater sequence coverage in the latter exper-
iment. The lack of increase in dynamic range may be due to
the fact that the lectin column itself represents a significant
depletion step. Another factor is that there are many more
abundant proteins than the few depleted in this study, for ex-
ample alpha-2-macroglobulin was present in large amounts
in the purified glycoprotein sample.

3.4. Fractionation of proteins captured by the
multi-lectin column with a sequential use of the three
displacers specific for each lectin
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ank differenceb ≤5c ≤10d ≤0e

umber of proteinsf 38 46 50
otal proteins (%)g 75 90 100

a The rank of the protein can represent the approximate relative abun
f the protein in the sample.

b The difference in rank of the same protein in the two elution samp
c The rank difference was equal or less than 5.
d The rank difference was equal or less than 10.
e The rank difference was equal or less than 20.
f The number of proteins identified with two or more peptide identi

ions.
g The percentage of the number of proteins in each rank relative

otal number of proteins identified with two or more peptide identificati
The proteins captured by the multi-lectin column fr
on-depleted human serum were fractionated by sequ
se of displacers specific for each lectin. The sequen
pecific displacers was as follows: Jacalin, Con A, and fin
GA lectin. The three fractions containing the eluted gly

roteins were analyzed by SDS-PAGE (lanes 2–4 inFig. 2)
hich showed that each of the three fractions had a si

cantly different 1D-gel profile (lane 2–4 inFig. 1). These
hree fractions were also analyzed by LC/MS/MS andTable 5
ives the distribution of the proteins in the three displa
ent fractions with approximate abundance (as measur
C/MS) of each protein (+ to ++++) observed in a giv

raction. These results show that many glycoproteins
oncentrated in a specific displacer fraction and this dist
ion could be correlated with known glycosylation structu
listed in the Swissprot database). Some proteins were e
n all displacer fractions and by inference were selecte
ll the three lectins, such as IgA and haptoglobin. IgA
ve O-linked glycosylation sites and two N-linked glyc
ylation sites. With the extensive O-glycosylation and h
bundance in human serum, it is not surprising that IgA
ne of the most abundant proteins in the Jacalin displace

raction (ranked at position 1). Haptoglobin was highly
iched in WGA displacement fraction, which may be rela
o a high abundance of GlcNAc or sialic acid residues in
ligosaccharides of this protein. Some proteins were fo

o be highly abundant in only one or two displacement f
ions. Alpha-1-antitrypsin, which is normally N-glycosyla
t three asparagine residues (46, 83, 247), was, howeve
iched in the Jacalin fraction as well as the Con A fract
hich may suggest the existence of O-linked glycosylatio
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Table 5
Significant proteins eluted by each displacer specific for a given lectin in the multi-lectin column

ID Reference Abundancea (Jacalin)b Abundance (ConA)c Abundance (WGA)d

A1AT Alpha-1-antitrypsin + +
A1BG Alpha-1B-glycoprotein +++
A2HS Alpha-2-HS-glycoprotein ++ +++
A2MG Alpha-2-macroglobulin + +
AACT Alpha-1-antichymotrypsin ++++
ALBU Serum albumin + + ++++
ALC1 IG alpha-1 chain C region + ++ +
APA1 Apolipoprotein A-I +++
APC3 Apolipoprotein C-III ++
APE Apolipoprotein E +++
CBP8 Carboxypeptidase N 83 KDA chain ++
CERU Ceruloplasmin ++++
CFAB Complement factor B ++++
CFAH Complement factor H ++
CO3 Complement C3 +
GC1 IG gamma-1 chain C region +++
GC3 IG gamma-3 chain C region ++++
HEMO Hemopexin +++ +
HPT2 Haptoglobin-2 +++ ++ +
HPTR Haptoglobin-related protein ++ ++ +
IC1 Plasma protease C1 inhibitor ++++
ITH1 Inter-alpha-trypsin inhibitor heavy chain H1 ++ +++
ITH2 Inter-alpha-trypsin inhibitor heavy chain H2 ++++
MUC IG MU chain C region ++++ ++
PZP Pregnancy zone protein ++++ ++
TRFE Serotransferrin ++++ +
VTNC Vitronectin ++

a The relative abundance was defined by grouping the SEQUEST ranking (five rankings per group). Proteins ranked 1–5 have an abundance of +, ranked
6–10 have an abundance of ++, ranked 11–15 have an abundance +++, and ranked 16–20 have an abundance of ++++. The empty boxes denote protein rankings
that were not in the top 20.

b The abundance score of proteins identified in the Jacalin displacement fraction.
c The abundance score of proteins identified in the Con A displacement fraction.
d The abundance score of proteins identified in the WGA displacement fraction.

galactosyl (�-1,3) GalNAc residues in its carbohydrate moi-
eties. In contrast, alpha-2-macroglobulin, which has eight N-
linked glycosylation sites, was found to be highly abundant
in both the Con A and WGA displacement fractions. The
absence of this protein in the Jacalin fraction might suggest
the lack of O-linked glycosylation on this protein, particu-
larly as it is a relatively high abundance protein in human
plasma (2000 mg/L). Pregnancy zone protein was highly en-
riched in the WGA displacement fraction although it is a
relatively low abundance plasma protein (8 mg/L[18]) and
the result demonstrated the ability of the multi-lectin affin-
ity column to enrich specific glycoproteins. Apolipoprotein
E has only an O-linked glycosylation site (Thr 212) and was
only found in the Jacalin fraction which further indicated that
the expected lectin specificity was indeed observed in the
fractionation process. These results indicated that the dis-
tribution of a glycoprotein into each of the three fractions
is determined to a large extent by the glycosylation pattern
of the glycoprotein. In addition, albumin was found in all
three displacer fractions, but with the abundance sequentially
decreased, which may suggest that the capture of albumin
by the multi-lectin column was indeed due to non-specific
binding.

The reproducibility of the fractionation procedure was fur-
ther established by observation of a similar distribution of the
glycoproteins in the three displacement fractions with other
plasma and serum samples, and these results will be the sub-
ject of a future report.

4. Discussion

4.1. Enrichment of glycoproteins in human serum

With the goal of investigating the serum glycoproteome,
we used a multi-lectin affinity column containing Con A,
WGA and Jacalin lectin to capture glycoproteins from hu-
man serum, and the results showed that the enrichment pro-
cedure was specific, efficient, and reproducible. By using this
multi-lectin affinity column, 10% of human serum proteins
were found to be glycosylated (w/w basis). We also depleted
serum of the six most abundant proteins, which together count
for 80% of serum proteins (albumin, IgG, IgA, antitrypsin,
transferrin, and haptoglobin), with a commercially available
affinity column. The multi-lectin column was then used to
capture the glycoprotein fraction of this depleted sample and
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analysis of this fraction found that 50% of the remaining
serum proteins were glycosylated (w/w). Since it is likely
that the combined lectin column does not capture 100% of
the glycoprotein fraction, the actual percentage is probably
greater than 50%. We have also shown that this column gave
a high degree of capture of the glycoprotein fraction, as de-
termined by the lack of known glycoproteins in the unbound
fraction and the absence of reaction of this fraction with spe-
cific carbohydrate stains.

The presence of high abundance proteins, such as albumin,
can affect the identification of low abundance proteins, and it
has been shown that depletion of high abundance proteins can
improve the dynamic range of protein identification[19]. In
this study, the multi-lectin column was shown to successfully
remove a large portion of the serum albumin fraction (esti-
mated at greater than 80% of the total) and resulted in more
reproducible protein identifications (more peptides charac-
terized per protein and increased consistency between serum
proteomic analyses, data not shown). Therefore, the use of
lectin based affinity columns can be used to extend the dy-
namic range of plasma/serum proteomic studies as well as be
used for the specific capture of glycoproteins.

4.2. The reproducibility of the affinity enrichment
procedure
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(lanes 2–4 inFig. 2) from that of the proteins captured by the
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the lectins immobilized in the multi-lectin column. For ex-
ample, IgA, alpha-1-antitrypsin, and alpha-2-macroglobulin
are observed in more than one displacer fraction (Table 5)
and can be related to the presence of more than one type of
sugar residue in a typical glycan structure. Such an overlap in
specificity among the three lectins can result in a competition
between the immobilized lectins to capture a given glyco-
protein, provided the column capacity is significantly greater
than the sample loading. One could expect that the distribu-
tion of a given glycoprotein in the three lectin displacement
fractions would be determined by the glycosylation pattern
(composition and structure of glycan) of that glycoprotein. If
the glycosylation pattern of a given protein is changed due
to biological changes, as some glycoprotein biomarkers in
cancer or other diseases[23,24], the affinity of this protein
for each lectin in the multi-lectin column may change, and
the ratio captured by each lectin will be different. Thus one
could expect that the relative abundance of the protein in each
displacement fraction will change, and can be measured by
LC/MS/MS analysis of the tryptic digest. Therefore, with the
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affinity column, with overlaps in lectin specificity for specific
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anked list of glycoproteins was achieved (seeTables 3 and 4).
uch reproducibility of a method is necessary for a com
tive proteome study, such as the search for disease sp
iomarkers, where one is looking for differential regula
f a biomarker between normal and disease samples[20–22].

sotope labeling has been used to explore possible ch
n protein regulation, but is not useful in most cases to c
cterize differences in PTMs such as glycosylation. With
evelopment of the multi-lectin column, however, one
btain a preliminary estimate of differential expression a
lycoprotein level by comparing the LC/MS data (see ab
nd then use different displacers on the multi-lectin col

o give information about glycosylation changes (see bel

.3. Fractionation of the proteins captured by a
ulti-lectin column by sequential use of three displacer
pecific for each lectin

In this study we optimized the multi-lectin column
he analysis of serum glycoproteins by the selection of t
ifferent lectins containing complementary specificity
arbohydrate motifs known to be present in serum. T
hree lectins need different displacers to elute the affi
aptured glycoproteins, which allows the sequential us
hese displacers to elute different fractions. An advanta
his method is that it is not limited to a single elution s
a common shortcoming of affinity columns). The differe
n 1D-gel results of the three lectin displacement fract
lycosylation motifs, will be useful to monitor changes in
attern of glycosylation in a biological sample.

The fractionation of glycoproteins in a given sample
e further optimized by consideration of known carbohyd
tructures and the appropriate selection of lectins for im
ilization. Another step in the optimization is the sequen
se of displacers specific for each lectin to generate frac
uitable for the analysis of changes in protein glycosyla
atterns in a comparative proteomic study. Such an analy
articularly important in the case where the regulation o
rotein amount is unchanged, a so-called ‘silent change’

hermore, such a differential analysis is not readily achi
y use of a single ligand affinity column with a single elut
tep, unless the change in glycosylation pattern results
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tudy we used a semiquantitive method, namely SEQU
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ds of differential quantification, such as isotope labeling
roteins with O16/O18 exchange before or after the sequen
isplacement steps or direct quantitation by FTMS[25].

. Conclusions

In this study, a multi-lectin affinity column, which com
ines the affinity of Con A, WGA, and Jacalin, has b
hown to capture the majority of glycoproteins present in
an serum. Our results demonstrated that the multi-l

olumn gives a more complete capture of the glycopro
han a single-lectin column. By using this specific, effici
nd reproducible enrichment procedure, 10% of the tota
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man serum proteins were found to be glycosylated (w/w)
and after depletion of six highly abundant proteins, 50% of
the remaining proteins were found to be glycosylated (w/w).
The use of a multi-lectin column may allow for the detection
and perhaps quantitation of “silent” changes in which a dis-
ease is associated not with a change in the amount of a given
biomarker but rather in the structure of a given PTM, such as
glycosylation.
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