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Characterization of lectin binding affinities via
direct LC-MS profiling: implications for
glycopeptide enrichment and separation
strategies†

Feifei Zhu, David E. Clemmer and Jonathan C. Trinidad*

Determining the affinity between a lectin and its target glycans is an important goal, both for understand-

ing the biological functions of a given lectin as well as enabling the use of that lectin for targeted enrich-

ment of glycosylated species from complex samples. While the overall selectivities of many lectins have

been characterized, such studies generally require individually purified lectins and glycans. From these

analyses, it is clear that a given lectin does not bind all of its target glycans with the same affinity. Rather,

lectins display a continuum of affinities for the range of glycan structures they may encounter. Because of

this continuum, it is not straightforward in practice to determine which set of structures will be enriched

using a lectin as an affinity reagent. Here we describe the development of glycan affinity chromatography

coupled directly to electrospray mass spectrometry, which enables direct analysis of interactions of

lectins with both glycans and glycoconjugates from complex mixtures. By observing the elution behavior

of individual species, we are able to determine exactly which set of glycoconjugates would be enriched

for a given lectin. Furthermore, this approach allows for the direct assessment of affinity constants

between an individual lectin and a large number of glycans in a single experiment, which can be con-

ducted using a complex mixture of unpurified glycans of varying concentrations.

Introduction

Glycosylation on membrane and secreted proteins regulates a
range of critical functions in biological systems.1–3 Mapping of
protein glycosylation patterns and determination of glycan
structures are primarily accomplished through the use of mass
spectrometry (MS).4–8 Analysis of protein glycosylation is parti-
cularly challenging because these modifications are frequently
sub-stoichiometric and can display extensive structural micro-
heterogeneity (i.e. a range of distinct glycans can modify
exactly the same site on different versions of the protein).9,10

Additionally, glycopeptides ionize with lower efficiency than
non-glycosylated peptides, which may result in suppression of
glycopeptide signals in MS.11–13 As a consequence, when
complex biological material is to be analyzed, enrichment of
glycopeptides prior to MS analyses is necessary in order to
maximize the number of species that can be characterized.14,15

Multiple strategies exist to enrich glycosylated proteins/
peptides, including lectin-based approaches,16–20 hydrophilic

interaction chromatography (HILIC),21–24 and boronate-based
chromatography.25,26 The use of immobilized lectin, either in
a precipitation-type or chromatographic format, is perhaps the
most widely employed glycan enrichment approach. In lectin
affinity chromatography (LAC), lectins are immobilized onto a
chromatographic matrix such as silica, agarose, or POROS.27

LAC typically employs high ionic strength buffer, and elution
of tightly-bound glycosylated species is accomplished by injec-
tion of a specific saccharide to competitively displace these
species. These procedures require additional washing and
desalting steps before MS analysis, and therefore are typically
accomplished offline. While offline fractionation is widely
used, it can result in potential sample loss.28 In solving this
issue, methods have been reported that allow on-line desalting
and fractionation of glycopeptide mixtures subsequent to
glyco-enrichment.16

We recently published a manuscript describing a WGA-
based glycopeptide enrichment approach that allowed for the
identification of 2500 unique glycopeptides,29 which was a sig-
nificant advance in the number of glycopeptides identified in
a single experiment. Nevertheless, there remains a substantial
need for improved glycopeptide enrichment techniques. In
those experiments, it was necessary to run the peptide digest
over the lectin column three consecutive times to achieve
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sufficient separation from non-modified peptides, and the
final purified fraction still contained approximately 1/3 non-
glycosylated species. A limitation of agarose precipitation or
column-based lectin affinity approaches is the difficulty in
quantitatively determining the effect of varying wash and
elution conditions.30–32 Individual wash or chromatographic
fractions can be analyzed for the ratio of non-modified versus
glycosylated species, but such an approach is laborious and
semi-quantitative at best. This may partially explain the wide-
spread presence of non-glycosylated proteins and peptides that
are identified as background in such analyses.

In many cases, the binding affinities of a lectin for a panel
of sugar structures have been determined. Such studies often
focus on monosaccharides or simple oligosaccharides rather
than the range of more complicated glycan structures pro-
duced by an organism. Many techniques exist for studying
sugar–protein interactions, including surface plasmon
resonance,33,34 titration calorimetry,35 frontal affinity
chromatography,36–38 capillary affinity electrophoresis,39,40 and
lectin microarray techniques.41,42 However, measuring the
glycan–lectin binding interactions can be challenging because
the interaction is often weak, with association constants less
than 105 M−1. In addition, many of the above affinity measure-
ment techniques require determination of precise concen-
trations of individual glycans, which can be difficult to achieve
in a complex mixture.

This work reports the development of affinity chromato-
graphy directly coupled to MS for rapid screening of glyco-
peptides and evaluation of weak affinity glycan–lectin inter-
actions. Determination of peak elution profiles allows for
precise determination of binding affinities. Using this
approach, we have compared a series of glycopeptides varying
in the glycan and/or peptide moiety to investigate their relative
contribution to glycopeptide binding. We evaluated several
types of resin as suitable matrices for the enrichment and
separation, and demonstrated that the methacrylate resin has
fewer non-specific interactions than the polystyrene-based resin.
This profiling approach allows for direct, quantitative optimiz-
ation of parameters for glycopeptide enrichment strategies.

Results and discussion
Glycopeptide enrichment profiles can be directly measured by
LC-MS

Fig. 1A shows the MS spectrum obtained via direct infusion of
a tryptic digest mixture from several glycoproteins. As can be
seen, non-glycosylated peptides dominated the spectrum and
only a few low intensity glycopeptide peaks were observed. We
have previously demonstrated that when WGA was immobi-
lized in an HPLC column, both O-GlcNAcylated as well as
more complex N- and O-linked glycopeptides can be success-
fully enriched and identified from digestions of complex
protein mixtures. These peptides were not generally fully
resolved from the unmodified peptide pool, rather they eluted
at the tail end of that distribution.29,31 We wish to better

define the separation of non-modified from glycosylated pep-
tides by analyzing the eluant from a lectin column directly
using MS with the goal of enhancing the overall enrichment
and relative yield. Lectin based enrichment typically uses tris
(hydroxymethyl)aminomethane (Tris) as a buffer component.
However this salt is poorly compatible with ESI, and in
addition has been shown to cause side reactions with sialic
acids.43 To avoid these issues, we replaced Tris with
ammonium acetate. A series of ammonia acetate concen-
trations was tested (1, 10, 25, 50, 100, and 150 mM), and no
significant effect on glycopeptide retention times was observed
as function of ammonia acetate concentration (data not
shown). However, higher concentrations gave increased salt
adduct peaks that complicated the MS spectra, and at
150 mM, protonated glycopeptide signals were completely sup-
pressed. We therefore chose to use 25 mM ammonium acetate,
since this was the highest buffering capacity for which signi-
ficant salt adduct formation was not observed.

When a column with WGA immobilized on POROS resin
was used to separate the peptides, the bulk of the unbound,
non-modified peptides eluted between 7 and 20 min (Fig. 1B).
In contrast, most glycopeptides had much longer retention
times, ranging from 20 to 40 min (Fig. 1C). Fig. 1D demon-
strates that the lectin affinity chromatography effectively
enriched the glycopeptides in the mixture, leading to signi-
ficant increases in their MS signals, and the majority of the
most intense peaks corresponded to glycopeptides.

Relative binding affinities of glycopeptides: effect of the glycan
moiety

Because the lectin affinity column was coupled directly to the
MS, we could use extracted ion chromatograms (XICs) at the
masses of known peptides and glycopeptides to directly profile
their interaction with WGA. Fig. 2A shows the normalized
elution profiles of a series of non-modified and glycosylated
peptides separated at a flow rate of 0.2 ml min−1. As can be
seen, the peak elution times of the non-modified peptides
ranged from 6.9 to 8.4 minutes, while those of the glyco-
peptides ranged from 9.1 to 15.8 minutes. Using this approach,
a total of 25 unique glycosylated peptides derived from four
standard glycoproteins were profiled, with the results listed in
Table 1. In several instances, sets of glycopeptides were
observed which contained the same peptide sequence, but a
range of glycans. Included in this mixture was the
O-GlcNAcylated protein, alpha crystallin. The GlcNAc-modified
version of the peptide AIPVSREEKPSSAPSS had a retention time
of 10.5 min, while the non-modified version eluted earlier, at
8.0 min, illustrating the notable binding affinity of WGA to
peptides bearing as little as a single saccharide. Comparison of
the glycopeptides 2, 4, 6, and 8, which contain the high-
mannose glycans Man5GlcNAc2, Man6GlcNAc2, Man7GlcNAc2,
and Man8GlcNAc2, respectively, indicates that sequentially
increasing the number of Man residues has very little effect on
the glycopeptide retention times on a WGA column (Table 1).
We did not clearly observe peaks corresponding to the
Man9GlcNAc2-modified version of peptides from RNase B,

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 I
nd

ia
na

 U
ni

ve
rs

ity
 o

n 
08

/1
2/

20
16

 1
3:

52
:0

0.
 

View Article Online

http://dx.doi.org/10.1039/c6an02043g


most likely due to the fact that it is present at very low relative
abundance.

The elution behavior of peptides bearing hybrid glycans dis-
played a complex behavior. Glycopeptides 10–12, 14, and 15
contain increasing numbers of GlcNAc (Man3GlcNAcx, x = 2,
5, 6, 7, 8, respectively); however, their elution order does not
increase directly with the number of GlcNAc residues
(Table 1). Glycopeptide 11 containing the glycan
Man3GlcNAc5 had the longest retention time of this set, at
18.5 min; either the addition or removal of a GlcNAc residue
shortened this value (Table 1). These observations indicate
that Man3GlcNAc5 (structures shown in Table S1†) has the
highest affinity to WGA among these high-mannose and
hybrid type glycans. Most lectins have carbohydrate-
recognition domains that tend to form a shallow but relatively
well-defined binding pocket to recognize specific glycan

chains. It has previously been suggested that the tetrasaccharide
GlcNAcβ1-4Manβ1-4GlcNAcβ1-4GlcNAc structural moiety can
most efficiently fit into the binding pocket of WGA and
that additional modifications to this structural moiety can
reduce the binding affinity,44 which is consistent with our
current observations. Glycopeptide 10, which contains the
N-linked pentasaccharide core structure, does not have the full
structural moiety due to the absence of the bisecting GlcNAc
(Table S1†), and it possesses a decreased affinity compared to
glycopeptide 11. In contrast, glycopeptides 12, 14, and 15
possess this tetrasaccharide structural moiety, but also contain
additional GlcNAc residues that may sterically hinder this
structure from fitting into the WGA binding pocket, which
resulted in decreased binding affinities. These observations
reinforce the notion that the binding affinity of a glycopeptide
depends on the overall glycan structure that comes into

Fig. 1 MS spectra of a mixture of glycopeptides from a tryptic digest of ovomucoid, RNase B and α-crystallin. (A) shows the m/z distribution of this
sample when directly infused into the mass spectrometer. Minor peaks can be seen for two glycoforms of SIEFGTNISK at m/z = 1299 and 1603. (B)
shows the TIC of an online LAC using a WGA-coated POROS column at 0.1 ml min−1

flow rate. The survey scan was summed from 10–20 minutes
(1C) and 20–40 minutes (1D). Peaks corresponding to glycopeptides listed in Table 1 are colored red, with the specific glycan structures listed for
the most prominent peaks.
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contact with the lectin rather than simply the composition of
the glycan. Experimental data regarding the relative binding
affinities such as we can obtain may prove useful to evaluate
the accuracy of in silico structural modeling of lectin binding
proteins and their corresponding ligands.

The glycopeptides derived from HRP contain xylose (and
fucose) modified versions of the N-linked pentasaccharide
core (Table S1†). These glycopeptides eluted earlier from the
WGA column relative to the other glycopeptides. The most sig-
nificant difference between these and other glycopeptides

Fig. 2 Normalized extracted ion chromatograms (XICs) of non-modified peptides (blue) and glycopeptides (red) obtained from WGA-coated
POROS (A) and Tosoh (B) columns. The XICs have been smoothed by adjacent-averaging 30 points per window and background-subtracted based
on the TIC. The peptide information is listed in Table 1. Recovery rate for non-modified and glycosylated peptides on the two columns were calcu-
lated as a function of fraction start time (C–D). Fold-recovery was also calculated by dividing the relative yield of glycopeptides at that time point by
the non-modified peptide relative yield.

Table 1 Retention times of glycopeptides on the WGA-coated POROS columna

Peptide

z Peptide sequenceb Glycoprotein Glycan type Glycan formc Elution timenumber m/z

0 821.4 2 AIPVSREEKPSSAPSS α-Crystallin NA NA 8.0
1 923.0 2 AIPVS*REEKPSSAPSS α-Crystallin O-Linked GlcNAc1 10.5
2 846.4 2 N*LTK RNAse B High mannose Man5GlcNAc2 10.8
3 967.9 2 SRN*LTK RNAse B High mannose Man5GlcNAc2 10.8
4 927.4 2 N*LTK RNAse B High mannose Man6GlcNAc2 11.1
5 1049.0 2 SRN*LTK RNAse B High mannose Man6GlcNAc2 11.2
6 1008.4 2 N*LTK RNAse B High mannose Man7GlcNAc2 11.0
7 1130.0 2 SRN*LTK RNAse B High mannose Man7GlcNAc2 11.0
8 1089.5 2 N*LTK RNAse B High mannose Man8GlcNAc2 11.5
9 1211.0 2 SRN*LTK RNAse B High mannose Man8GlcNAc2 11.5
10 994.4 2 SIEFGTN*ISK Ovomucoid Core Man3GlcNAc2 14.8
11 1299.1 2 SIEFGTN*ISK Ovomucoid Hybrid Man3GlcNAc5 18.5
12 1400.6 2 SIEFGTN*ISK Ovomucoid Hybrid Man3GlcNAc6 12.2
13 1481.6 2 SIEFGTN*ISK Ovomucoid Hybrid Gal1Man3GlcNAc6 12.4
14 1502.1 2 SIEFGTN*ISK Ovomucoid Hybrid Man3GlcNAc7 13.3
15 1603.7 2 SIEFGTN*ISK Ovomucoid Hybrid Man3GlcNAc8 12.4
16 1684.7 2 SIEFGTN*ISK Ovomucoid Hybrid Gal1Man3GlcNAc8 12.8
17 921.9 2 NVGLN*R HRP Hybrid Xyl1Man3Fuc1GlcNAc2 8.2
18 1306.1 2 MGN*ITPLTGTQGQIR HRP Hybrid Xyl1Man3GlcNAc2 8.8
19 1677.2 2 SFAN*STQTFFNAFVEAMDR HRP Hybrid Xyl1Man3Fuc1GlcNAc2 10.7
20 1698.2 2 QLTPTFYDNSCPN*VSNIVR HRP Hybrid Xyl1Man3Fuc1GlcNAc2 10.4
21 1836.4 2 GLIQSDQELFSSPN*ATDTIPLVR HRP Hybrid Xyl1Man3Fuc1GlcNAc2 8.2
22 1470.1 4 VVHAVEVALATFNAESN*GSYLQLVEISR Fetuin Complex NeuAc3Gal3Man3GlcNAc5 21.4
23 1542.9 4 VVHAVEVALATFNAESN*GSYLQLVEISR Fetuin Complex NeuAc4Gal3Man3GlcNAc5 30.6
24 1633.9 4 RPTGEVYDIEIDTLETTCHVLDPTPLAN*CSVR Fetuin Complex NeuAc3Gal3Man3GlcNAc5 25.1
25 1706.2 4 RPTGEVYDIEIDTLETTCHVLDPTPLAN*CSVR Fetuin Complex NeuAc4Gal3Man3GlcNAc5 35.5

a A total of 24 glycopeptides and one non-modified peptide were analyzed at a 0.2 ml min−1 flow rate. b For each sequence, the site of glycosyla-
tion is indicated by an asterisk. The Uniprot IDs are as follows: α-crystallin (P02489); ovomucoid (P01005); RNase B (P61823); HRP (P00433);
fetuin (P12763). c The observed glycans were annotated as follows: N-acetylglucosamine (GlcNAc); mannose (Man); galactose (Gal);
N-acetylneuraminic acid (NeuAc); xylose (Xyl); fucose (Fuc).
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tested is the presence of both fucose and xylose. Our previous
manuscript analyzing glycopeptides from complex samples
resulted in the identification of many glycopeptides which
appeared to have fucose-modified core pentasaccharides.29 It
is therefore most likely that the addition of xylose prevents the
optimal binding between the pentasaccharide and WGA,
thereby significantly reducing the glycan binding affinity.

The glycopeptides from fetuin, which contain complex-type
glycans, show much higher retention times than the other
glycopeptides (Table 1). These glycopeptides all contain
terminal NeuAc residues, which, in addition to GlcNAc, have
been demonstrated to interact relatively strongly with
WGA.45,46 The better retention of these NeuAc-containing
peptides relative to peptide 11 confirms that WGA can interact
with multiple glycan structural elements.

Peptide sequence has a limited effect on lectin–glycopeptide
interactions

While a lectin can bind to a glycopeptide containing specific
sugar residues, non-specific interactions, such as peptide–
lectin interactions, can sometimes impede the isolation and
purification processes.47–49 Such non-specific interactions can
become dominant in the case of intact glycoproteins,50 which
may lead to unsuccessful or inefficient enrichment.51 To
characterize possible non-specific interactions during the
glycopeptide–lectin binding, the retention times of the glyco-
peptides bearing the same glycan but different peptide
sequences were compared (Table 1). The set of glycopeptides
3, 5, 7, and 9 and glycopeptides 2, 4, 6, and 8 from RNase B
differ slightly in the peptide sequence, but essentially the
same retention profiles were obtained for pairs of glyco-
peptides with the same glycan.

Glycopeptides 19 and 20 were also shown to have greater
retention times than glycopeptide 21 despite the fact that they
have the same glycan and have amino acid sequences of
similar length. Comparison of the retention profiles for glyco-
peptides 22–25 from fetuin also suggests some degree of non-
specific interactions. A close examination reveals that peptides
containing aromatic residues, i.e., F, Y, and W, have longer
retention times on the POROS resin material. The POROS resin
is made of cross-linked polystyrene–divinylbenzene, which
contains large arrays of aromatic rings that can interact with
aromatic amino acid residues. We suspect that peptides con-
taining aromatic residues show increased retention times,
with multiple aromatic residues resulting in longer retention
time shifts. Thus, it is important to consider these non-
specific interactions when using POROS as the immobilization
matrix.

Glycopeptides display better retention to WGA immobilized on
methacrylic polymer beads compared to
polystyrenedivinylbenzene beads

In addition to the POROS polystyrenedivinylbenzene-based
resin, WGA was immobilized on two other matrices. The first
was a Tosoh Toyopearl resin, which is composed of
methacrylic polymer beads. The second was activated silica

beads. Fig. 2B shows the elution profile of peptides run over
the WGA-Tosoh resin using XICs from the same set of peptides
as shown in Fig. 2A for the POROS resin. The results from the
silica resin were very poor (data not shown), with almost all
peptides eluting broadly, with low recovery, or not at all. We
suspect that the complex behavior of the peptides and glyco-
peptides on the resin may be due to hydrophilic interactions
with the silica. The use of organic solvents in the mobile
phase may minimize this effect, but high levels of organic
buffer may denature the lectin or interfere with its glycan-
binding activity. As such, the silica resin was not investigated
further.

Overall, the Tosoh resin provided the best separation
between non-modified peptides and glycosylated peptides.
Non-glycosylated peptides had peak elution times between 6.6
and 9.7 minutes. Glycosylated peptides had peak elution times
between 10.2 and 21.7 minutes. To estimate the relative
enrichment capabilities of the POROS and Tosoh resins, we
calculated the overall recoveries that would be obtained, from
having collected the remaining column eluant at various start
times (Fig. 2C and D). We estimated overall non-modified and
glycosylated peptide recoveries by averaging the respective
XICs in Fig. 2A and B. To estimate the fold-recovery at any time
point, we divided the relative yield of glycopeptides at that
time point by the non-modified peptide relative yield. These
estimates will depend partly on the set of peptide elution pro-
files chosen, but using a range of distinct peptides and glyco-
peptides should give a relative approximation of the enrich-
ment efficiency.

For the POROS resin, achieving a 95% yield of the 13 glyco-
peptides would require collecting the eluant starting at
9.1 minutes. This would also capture 22% of the non-modified
peptides, corresponding to 4.3-fold enrichment. For the Tosoh
resin, achieving a 95% glycopeptide yield would require collect-
ing starting at 10.6 minutes, which would also capture 9.4% of
the non-glycopeptides, corresponding to a 10-fold enrichment.
The estimated recovery rates of these peptides in different reten-
tion time windows (to mimic offline fractionation) are shown in
Table S2.† The Tosoh resin provided better overall separation
between the non-modified and glycosylated peptides, which is a
key factor to consider in offline fractionations. Despite the
lower overall enrichment, the POROS resin was judged better
for on-line LAC-MS because the narrow elution profiles gave
more intense MS signals, and the samples being analyzed were
not of high enough complexity such that the glycopeptides
suffered significant ion suppression.

Isolated glycans display similar elution behaviors relative to
glycopeptides and association constant is proportional to the
adjusted retention time

While the above results indicate that the peptide structure
plays a fairly small role in the affinity between lectins and
glycopeptides, to directly measure the affinity of glycans, we
isolated glycans by enzymatic hydrolysis using PNGase F. Fig. 3
shows the retention time profiles of a mixture of isolated
glycans from ovomucoid and GlcNAc monosaccharide on a
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WGA-coated POROS column. The observed free glycans show a
similar elution order as their corresponding glycopeptides
(Table 1), confirming that the glycan moiety has the dominant
contribution to the binding affinity. The two peaks observed
for GlcNAc resulted from its α and β anomers. The α anomer
was observed to have higher binding affinity than the
β anomer by a factor of ∼1.7, which was close to the previously
reported factor of 2.1.52,53

Our LAC-MS approach can also be used to calculate associ-
ation constants, without the requirement that other
approaches have to obtain individual glycans in their purified
forms and/or at known concentrations. For lectin–glycan
binding, the Ka value can be expressed as Ka = (tR − t0)/(t0C[L]).
In this equation, tR and t0 refer to the analyte retention time
and void volume time, respectively; C is a constant reflecting
the physical characteristics of the matrix including the poro-
sity; and [L] is the effective lectin concentration. The product C
[L] can be empirically determined for a given lectin column
using a reference standard with a known Ka. The Ka value for
WGA interacting with β-GlcNAc is 2 × 102 M−1.52,53 For species
measured on the same lectin column, Ka is proportional to the
adjusted retention time (tR − t0)/t0. This allows us to calculate
Ka values for the isolated glycan and demonstrate them to be
in the range from 1 × 102 to 6 × 102 M−1 (Table 2). It is worth-

while to note that the equation is valid provided that the
analyte has a concentration c0 (at injection) such that
c0Ka ≪ 1.54 This condition is satisfied for our experiments
since the Ka value for the glycan–lectin binding is usually on
the order of 102–104 M−1,35,38,39 and the glycans used in this
study were estimated to be on the µM range. While the
Ka values for complex glycans reported in Table 2 have not
been reported using alternative methods to calculate affinities,
our observation that the Ka of α GlcNAc is approximately twice
that of β GlcNAc is consistent with previously reported
literature,52,53 thereby providing independent support for the
accuracy of our calculations.

Glycopeptide binding affinities are evaluated against different
lectins

While the binding properties of a few lectins, such as WGA
and Con A, have been extensively studied, many lectins remain
only partially characterized with respect to their glycan-
binding specificities.15 We therefore evaluated online LAC as
an efficient approach to evaluate lectin binding specificities.
In addition to WGA, Con A, LCA, APA and SBA lectins were
also immobilized on individual POROS columns and their
abilities to retain a range of glycopeptides were evaluated.
Fig. 4 shows the adjusted retention times of glycopeptides on
these five different columns. WGA, which has been discussed
above, shows a relatively wide range of specificity towards
different types of glycopeptides. As a lectin known to be
specific to GlcNAc and NeuAc residues,45,46,55,56 our data indi-
cate that its affinity to glycans decreases in the following
order: the NeuAc-terminated complex type, the GlcNAc-rich
hybrid type, and the high-mannose type. It appears that some
of the HRP glycopeptides are retained slightly; however, most
of the additional retention is likely caused by the non-specific
interaction between the POROS resin and the peptide moiety
as described above. It seems that the poor affinity of these
glycopeptides is due to the xylose residue modifying the core
pentasaccharide.

Fig. 3 Retention time profiles of glycans and GlcNAc on the WGA-coated POROS column at a flow rate of 0.2 ml min−1. Glycans were released
from ovomucoid by PNGase F and analyzed by LC-MS. GlcNAc elutes as a doublet, corresponding to its β and α anomers (at retention times of 15
and 20.8 minutes, respectively). See text for details.

Table 2 Association constants calculated for the WGA binding to
specific glycans

Glycan tR tR − t0 Ka (M
−1)

β-GlcNAc 15.1 8.9 2 × 102 a

α-GlcNAc 21.2 15.0 3 × 102

Man3GlcNAc2 23.0 16.8 4 × 102

Man3GlcNAc5 31.3 25.1 6 × 102

Gal1Man3GlcNAc6 15.6 9.4 2 × 102

Man3GlcNAc8 11.5 5.3 1 × 102

Gal1Man3GlcNAc8 12.6 6.4 1 × 102

a A Ka value of 2 × 102 M−1 was used for the interaction between WGA
and β-GlcNAc.52,53
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Con A and LCA are known to capture mannose-rich carbo-
hydrates.57,58 The high-mannose glycopeptides from RNase B
were well retained by the LCA lectins (Fig. 4). In fact, the
RNase B high-mannose glycopeptides were not eluted off the
Con A column during the one hour gradient due to their tight
binding affinities, with Ka values around 105 M−1.59,60 These
glycopeptides were subsequently recovered by injection of
methyl-α-mannose. The relative affinities of the different types
of glycopeptides to the Con A lectin are in agreement with pre-
viously published values.34,47,61,62 LCA was found to bind
complex type glycopeptides, in addition to its reported speci-
ficity for the chitobiose core structure.63,64 The xylose-modified
core glycopeptides from HRP were well retained by both Con A
and LCA, with slight variation in the relative affinities for indi-
vidual species, suggesting the existence of somewhat minor
lectin–peptide interactions. Neither lectin shows significant
affinity for the hybrid-type glycopeptides from ovomucoid.

SBA and APA lectins show very similar binding specificities.
As galactose-specific lectins, they have been shown to bind
Gal1Man3GlcNAc6 and Gal1Man3GlcNAc8, respectively.65–67

We demonstrate that these lectins bind galactose-containing
complex glycans from fetuin. In fact, these fetuin glycopeptides
are more strongly retained than either Gal1Man3GlcNAc6 or
Gal1Man3GlcNAc8.

Experimental
Materials and chemicals

POROS AL resin and Toyopearl AF-formyl-650M resin were
obtained from Applied Biosystems (Foster City, CA, USA) and

Tosoh Bioscience (King of Prussia, PA, USA), respectively. Luna
5μ silica (2) resin and stainless steel columns (2 × 250 mm)
were obtained from Phenomenex (Torrance, CA, USA). Wheat
germ agglutinin (WGA), concanavalin A (Con A), lens culinaris
agglutinin (LCA), and soybean agglutinin (SBA) were from
Vector Labs (Burlingame, CA, USA). PNGase F, 2-mercaptoetha-
nol, abrus precatorius agglutinin (APA), ovomucoid,
α-crystallin (from bovine eye), ribonuclease B (RNase B), horse-
radish peroxidase (HRP), bovine fetuin, trypsin (TPCK-treated),
dithiothreitol (DTT), iodoacetamide, trizma base, HEPES
sodium salt, methyl-α-mannose, N-acetylglucosamine
(GlcNAc), galactose (Gal), manganese acetate and sodium
cyanoborohydride (NaCNBH3) were all purchased from Sigma-
Aldrich (St Louis, MO, USA). Urea, ammonium bicarbonate,
sodium chloride, and calcium chloride were all obtained from
Mallinckrodt Pharmaceuticals (St Louis, MO, USA). C18 Sep-
Pak cartridges were from Waters (Milford, MA, USA).
Trifluoroacetic acid (TFA), water and acetonitrile were obtained
from EMD Chemicals (Darmstadt, Germany). Formic acid was
from Alfa Aesar (Ward Mill, MA, USA) and ethanol (200 proof,
absolute, anhydrous) was from Pharmco-AAPER (Brookfield,
CT, USA).

Activation of silica resin

One ml of silica resin was suspended in two ml of ethanol.
While stirring the mixture, 30 μl of triethoxysilane was added
and the reaction was allowed to proceed for ∼14 hours under
anhydrous conditions. The resulting silica product was filtered
and washed with 10 ml of hexane, 10 ml of water and 10 ml of
hexane before drying under vacuum.

Fig. 4 The adjusted retention times of the glycopeptides on different lectin-coated POROS columns at the flow rate of 0.2 ml min−1. These glyco-
peptides are from four proteins that contain distinct types of glycan structures: high-mannose glycans from RNase B, xylose (and fucose) modified
core pentasaccharide from HRP, hybrid glycans from ovomucoid, and complex glycans from fetuin (Table 1). Glycopeptides are shown with m/z
labels and associated glycan structures. The * symbols for the high-mannose glycopeptides from RNase B indicate that the retention times of these
glycopeptides on the Con A-coated column exceeded the time course of the experiment.

Analyst Paper

This journal is © The Royal Society of Chemistry 2016 Analyst

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 I
nd

ia
na

 U
ni

ve
rs

ity
 o

n 
08

/1
2/

20
16

 1
3:

52
:0

0.
 

View Article Online

http://dx.doi.org/10.1039/c6an02043g


Lectin immobilization

Lectins were attached to the aldehyde-activated resin using
reductive amination. Briefly, 25 mg of lectin was dissolved in
2.5 ml of 10 mM HEPES buffer containing 150 mM NaCl, 1 mM
CaCl2 and 1 mM Mn(CH3COO)2. The solution was transferred to
a 5 ml tube containing 1 ml of the aldehyde-activated resin, fol-
lowed by the addition of 12.5 mg NaCNBH3. To shield the lectin
carbohydrate-binding region from reacting with aldehyde groups
on the resin, a monosaccharide (i.e., methyl-α-mannose for Con
A and LCA, GlcNAc for WGA, and Gal for SBA and APA) was
added to the reaction mixture at a final concentration of 5 mM.
The reaction mixture was rotated at 4 °C for 48 hours, spun
down and the supernatant was removed. To quench the remain-
ing aldehyde groups, 1 ml of quenching solution (200 mM Tris,
150 mM NaCl, 1 mM CaCl2, and 1 mM Mn(CH3COOH)2) and
5 mg NaCNBH3 were added to the resin. The reaction mixture
was rotated at room temperature for three hours. The super-
natant was removed and the resin was washed with the quench-
ing buffer and packed into a 2 × 250 mm stainless steel column.

Tryptic digestion

Individual glycoproteins (∼2 mg) were dissolved in 100 μl of
100 mM ammonium acetate containing 8 M urea. After the
addition of 5 μl of 20 mM DTT, the solution was incubated at
56 °C for 1 hour. The solution was then mixed with 5 μl of
25 mM ammonium acetate solution containing 84 mM iodo-
acetamide and incubated in dark at room temperature for
45 min. The reaction mixture was diluted with 100 mM
ammonium acetate to a final volume of 400 μl. Trypsin was
added at a 50 : 1 (w : w) protein : trypsin ratio and incubated at
37 °C for 14 hours. The tryptic digest was desalted using a C18
Sep-Pak cartridge and dried under vacuum.

Isolation of glycans

The glycans from ovomucoid were enzymatically cleaved using
PNGase F. The glycoprotein (∼2 mg) was dissolved in 50 mM
phosphate buffer containing 0.1% 2-mercaptoethanol (pH =
7.5) at a concentration 2 mg ml−1. The solution was heated at
100 °C for 10 min and allowed to cool to room temperature
before the addition of 2 μl of 500 unit per ml PNGase F. The
mixture was then incubated at 37 °C for 14 hours. The glycans
were cleaned by removing the peptides using a C18 Sep-Pak
cartridge. The cartridge was pre-conditioned with 5 ml of 85%
ACN and 0.1% TFA solution followed by 5 ml of 5% ACN and
0.1% TFA solution. The tryptic digest was diluted with 1 ml of
5% ACN and 0.1% TFA solution and loaded three times onto
the cartridge. The resulting solution containing unbound
glycans was collected and dried under vacuum.

Lectin affinity chromatography-mass spectrometry (LAC-MS)

The LAC-MS experiments were performed on a Waters Acquity
UPLC coupled to a Synapt G2S HDMS instrument (Milford,
MA, USA). The tryptic digests or isolated glycans were dis-
solved in buffer A (25 mM ammonium acetate and 0.2 mM
metal acetate, depending on which metals are required for the

glycan–lectin binding) at a concentration of 10 mg ml−1 glyco-
protein, and 4 μl of the sample was injected on to the column.
Buffer B, containing 99% ACN and 1% formic acid, was
infused post-column using a static three-way union. An iso-
cratic flow composed of 50% buffer A and 50% buffer B was
used, and four different flow rates (0.05, 0.1, 0.2, and 0.3 ml
min−1) were tested. The lectin column was kept in an ice bath
during all experiments. Preliminary experiments running the
lectin column at room temperature showed poor retention
and/or peak shape for both free GlcNAc and glycopeptides and
we did not examine the effect of temperature in more detail.
The electrospray ionization (ESI) voltage of the source capillary
was set at 3.0 kV, and the source and desolvation temperature
were maintained at 140 and 500 °C, respectively. When not in
use, columns should be stored at 4 °C with 0.1% sodium azide
and 10 mM GlcNAc. We have successfully used individual
columns for over 100 runs over 12 months when stored in this
fashion. To monitor possible lectin degradation, retention
times of a standard glycoprotein digest can be measured over
time using online-LWAC. Alternatively, the column could be
connected to a UV detector, and the binding capacity/retention
can be determined by injecting increasing amounts of GlcNAc.

Conclusions

An online LAC-MS platform has been developed that can be used
to characterize biomolecular bindings of weak affinity. It allows
characterization of glycan–lectin binding affinities and helps
effectively capture species of interest in a glycome. By using a
reference standard, association constants for glycan–lectin inter-
actions can be calculated from complex mixtures containing
multiple glycans of unknown concentrations. This platform can
be easily adapted from regular LC-MS systems, and does not
require a series of conditioning, washing, and elution steps used
in conventional LAC. Several chromatographic matrices have
been compared based on their separation efficiencies and non-
specific interactions with the glycopeptides. While non-specific
interactions cannot be completely eliminated, this approach can
measure their contribution to glycopeptide retention.

Immobilization of WGA on Tosoh resin allowed better sep-
aration between glycosylated and non-glycosylated peptides.
This could be due to higher overall protein binding and/or a
higher percentage of bound WGA remaining functional with
respect to glycopeptide binding. Initial lectin immobilization
was performed in the presence of the respective target glycan
in an attempt to limit covalent modification of the substrate
recognition region. Over the course of these and previous
glycopeptide experiments, we have constructed four different
columns using WGA immobilized on POROS. We have assayed
the binding ability of these columns by measuring their reten-
tion of GlcNAc as measured by UV and seen vary little column-
to-column variability in binding ability.52 While equivalent
binding conditions were used for both resins, it is possible
that a higher effective WGA surface concentration was immo-
bilized on the Tosoh resin or that effects such as resin particle
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size and pore size allow more interaction events between the
glycopeptides and immobilized WGA. For both the Tosoh and
POROS columns, the elution peaks for peptides and glycopep-
tides are significantly broader than would be obtained by
reverse phase LC-MS. Therefore, for deep glycopeptide profil-
ing from complex mixtures, offline LAC (using conditions
determined by online LAC) followed by orthogonal LC-MS of
enriched fractions would likely provide much higher depth of
coverage compared to online LAC. For analysis of single pro-
teins or simple mixtures, online LAC may be a more straight-
forward approach that allows determination of a protein’s
glycoforms as well as providing information regarding the
glycan–substrate interaction.

Multidimensional lectin chromatography or serial lectin
chromatography is often used in order to cover a broad range of
glycomic features. However, the choice of the lectin combination
in these approaches is mainly qualitative and empirical. Using
online LAC-MS, the global affinities of the lectin combination
towards different glycan structures can be measured in a sys-
tematic manner. Importantly, these measurements can be
obtained in a multiplexed fashion, with a single LAC-MS analysis
capable of providing affinity data on many individual glycans in
a complex mixture. In addition to plant-derived lectins, our
approach can characterize binding specificities for other lectins
or glycan-binding proteins in general. We also envision its
general utility for characterizing interactions between pairs of
proteins or between proteins and small molecules.

Our comparison of the glycan-binding affinities of five
different lectins was particularly informative. A key step in
most glycoproteomic experiments is the initial enrichment of
a broad pool of glycopeptides. To account for the fact that indi-
vidual lectins are relatively specific for specific saccharides,
multi-lectin enrichment approaches have been adopted.19,20

Here we provide direct evidence that WGA is able to enrich a
wide range of glycan structures, including complex, hybrid
and high-mannose N-glycans. This is likely due to that fact
that not only can WGA bind GlcNAc and NeuAc, but it can
interact with the core pentasaccharide which is common to all
N-glycans. However, the presence of xylose appears to inhibit
recognition of WGA for the core pentasaccharide. As such,
while WGA has the broadest glycan affinity of the five lectins
tested, it cannot be used as a universal affinity reagent for any
type of glycopeptide. For those peptides, a mannose or galac-
tose-specific lectin would be more appropriate.
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