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Glycan arrays have enabled detailed studies of the speci-
ficities of glycan-binding proteins. A challenge in the inter-
pretation of glycan array data is to determine the specific
features of glycan structures that are critical for binding.
To address this challenge, we have developed a systematic
method to interpret glycan array data using a motif-based
analysis. Each glycan on a glycan array is classified accord-
ing to its component sub-structures, or motifs. We analyze
the binding of a given lectin to each glycan in terms of the
motifs in order to identify the motifs that are selectively
present in the glycans that are bound by the lectin. We com-
pared two different methods to calculate the identification,
termed intensity segregation and motif segregation, for the
analysis of three well-characterized lectins with highly di-
vergent behaviors. Both methods accurately identified the
primary specificities as well as the weaker, secondary speci-
ficities of all three lectins. The complex binding behavior of
wheat germ agglutinin was reduced to its simplified, inde-
pendent specificities. We compiled the motif specificities of
a wide variety of plant lectins, human lectins, and glycan-
binding antibodies to uncover the relationships among the
glycan-binding proteins and to provide a means to search for
lectins with particular binding specificities. This approach
should be valuable for rapidly analyzing and using glycan
array data, for better describing and understanding glycan-
binding specificities, and as a means to systematize and com-
pare data from glycan arrays.

Keywords: glycan arrays/glycan microarrays/glycan-binding
protein/lectin/motif analysis

Introduction

Glycan-binding proteins are important both for their biological
functions and for their use as analytical reagents. Proteins that
specifically recognize and interact with carbohydrates, called
lectins, are found in every type of known organism and play
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major roles in biological processes such as immune recogni-
tion and regulation, inflammatory responses, cytokine signaling,
and cell adhesion (Varki et al. 1999). Lectin interactions with
their carbohydrate ligands also contribute to various patholo-
gies (Dennis et al. 1999; Dube and Bertozzi 2005; Fuster and
Esko 2005; Lau and Dennis 2008) and form the basis of multi-
ple congenital disorders (Freeze 2006; Freeze and Aebi 2005).
As analytical reagents, lectins and glycan-binding antibodies
are extremely valuable for detecting and isolating specific gly-
cans (Hirabayashi 2004; Sharon 2007). They have been used in
diverse experimental formats, such as immunohistochemistry
(Satomura et al. 1991; Osako et al. 1993), affinity electrophore-
sis (Shimizu et al. 1996), immunofluorescence cell staining
(Wearne et al. 2006), lectin arrays (Angeloni et al. 2005; Kuno
et al. 2005; Pilobello et al. 2005), and antibody (Chen et al.
2007; Yue et al. 2009) and protein arrays (Patwa et al. 2006; Li
et al. 2009), to characterize both normal and pathological glyco-
sylation. A critical step in understanding the biology of lectins
and in using them as analytical reagents is to characterize their
glycan-binding specificities. The glycan-binding specificities of
many lectins have been well characterized, but many others
remain for which little is known. Improved methods of system-
atically analyzing and categorizing glycan binding specificities
are needed.

The specificities of glycan-binding proteins are typically de-
termined through measuring the binding levels to a wide variety
of isolated glycan structures, using methods such as frontal affin-
ity chromatography (Hirabayashi et al. 2002, 2003; Hirabayashi
2004; Tateno et al. 2007) and glycan microarrays (Wang 2003;
Culf etal. 2006). An advantage of glycan microarrays over chro-
matography methods is the use of minimal amounts of glycans
to probe numerous interactions, which is significant considering
the time and expense involved in synthesizing glycans. Several
related glycan microarray technologies have been developed,
with diversity in the surface and attachment chemistries, the
types of glycans used on the arrays, and the methods of detect-
ing binding to the glycans on the microarrays (Wang 2003; Culf
et al. 2006). The availability of glycan microarray technology
and its associated data has been greatly increased through the
Consortium for Functional Glycomics (CFG), which provides
microarrays containing over 300 biologically relevant, synthe-
sized glycans (Blixt et al. 2004) to participating researchers
and makes the data publicly available. The data from multiple
plant lectins, animal lectins, and glycan-binding antibodies have
been assembled and made available on the CFG website. This
expanding availability of glycan microarray data presents an
opportunity for increasing the knowledge of the specificities of
glycan-binding proteins.

A current limitation in making full use of glycan microarray
data is the lack of systematic analysis methods for extracting in-
formation. Systematic analysis methods are necessary because
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of the nature of glycan microarray data. Because of the struc-
tural complexity of some oligosaccharides, and because certain
lectins may have multiple, related specificities, the task of sifting
through glycan array data to discern binding specificities can be
difficult and time-consuming. An analytical tool for determining
binding specificities from glycan array data could ease this task
as well as add definable and quantifiable interpretation to the
data. In addition, the ability to automate glycan array analysis
would enable the cataloging and comparisons of many datasets,
which could be used for searching and higher-level analyses.

A strategy for discerning lectin specificities is to define the
component parts, or motifs, of oligosaccharides that are respon-
sible for lectin binding. Such a strategy was used in a frontal
affinity chromatography study to characterize the specificities of
two different plant lectins for core al,6-linked fucose (Tateno
et al. 2009). A visual inspection of the binding levels to gly-
cans containing specific features revealed this specificity. We
have expanded on that approach by defining numeric statis-
tics to describe the preference of a lectin for particular motifs.
In this paper, we describe two different analytical approaches
for determining binding specificities of lectins and characterize
their performance on three lectins with greatly divergent behav-
iors. We further show the value of the method for systematizing
and comparing the specificities of multiple plant lectins, animal
lectins, and glycan-binding antibodies. The information from
these analyses can be used through a searchable database that is
now available.

Results

Glycan array data

We obtained publically available glycan array data from the
Consortium for Functional Glycomics (CFG). The experimen-
tal steps in the generation of glycan array data were described in
detail previously (Blixt et al. 2004) and are briefly summarized
in the methods section. Data from four versions of the CFG
array were obtained. Each successive array version contained
an increasing number of glycans, from 266 glycans in version
2.0 to 377 glycans in version 3.1. The experiments and primary
analyses were performed by the CFG, using glycan-binding pro-
teins (lectins and glycan-binding antibodies) that were supplied
by participating investigators. Each glycan-binding protein was
incubated on an array, and the relative binding levels to the
various glycans on the arrays were measured by fluorescence
scanning.

The goal of this work was to develop an automated method to
extract from the glycan array data information about the bind-
ing specificity of each glycan-binding protein. For each glycan
array experiment, the fluorescence signal intensity measured at
each glycan reflects the amount of lectin or antibody binding
to that glycan (Figure 1). By visual inspection of the data from
certain lectins, common features among the bound glycans are
readily discernible. For example, the lectin VVL strongly binds
glycans containing terminal GalNAc and shows very little bind-
ing to others (Figure 1A). The binding of ConA to terminal
mannose-containing structures is clear (Figure 1B), although
weaker-affinity binding to other structures also is apparent. For
other lectins, the visual interpretation of the information can
be difficult, for example if many structures are bound or if
broader specificities exist, as with WGA (Figure 1C). The task
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of discerning common features among multiple, complex glycan
structures becomes very difficult once the specificity involves
non-terminal structures or multiple glycan structures. A sys-
tematic method of analyzing glycan array data would provide
a more objective approach to determining binding specificities
and would enable more rapid and rigorous comparisons of mul-
tiple datasets.

Motif-based analyses of binding specificities

To address this problem, we began by converting the glycan-
binding information from the arrays to motif-based information.
We created a list of 63 motifs that regularly appear in biology
and that represent functionally important sub-structures found
in larger carbohydrate chains—motifs such as lactosamine, ter-
minal «l,4-linked fucose, and terminal mannose. Next, we
recorded the presence or absence of each motif on each of the
complex glycan structures on the glycan array (Figure 2A). A
description of the definitions of the motifs is found in Table I,
and the complete tables of motifs and glycan structures for
each of the four array versions are provided in supplementary
Tables I-IV. Some motifs were present on many glycans (lac-
tosamine was on 93 glycans in array version 2.0), and others
on just a few (Lewis B was on just one glycan in version 2.0).
supplementary Figure 1 shows the broad range of representation
of the motifs on each array version. In terms of the number of
motifs found on each glycan, every glycan was represented by
at least one motif, except for a single glycan found on array
versions 2.1 and higher-alpha-linked rhamnose—for which we
did not define a motif. The glycans containing only one motif
were generally mono- or di-saccharides. Most glycans contained
more than one motif, up to a maximum of 12 motifs found on
two complex glycans. Therefore, the 63 motifs chosen here pro-
vided a useful “vocabulary” to describe the glycans on these
arrays.

The conversion from glycans to motifs allowed us to deter-
mine which motifs could be important for the binding speci-
ficity of a given lectin, based on which motifs were specifically
enriched among glycans that were bound by that lectin. Two
complementary strategies for that determination were tested.
The first approach, which we called the intensity segregation
method (Figure 2B), was to segregate the glycans by fluores-
cence intensity, corresponding to glycans that were bound or
not bound by the lectin, followed by determining which motifs
were largely present in the high-intensity group but not the low-
intensity group. For each motif, we subtracted the percentage
of glycans in the unbound group containing the motif from the
percentage of glycans in the bound group containing the motif.
A high positive value indicates a high enrichment of the motif
in the bound group of glycans, whereas a high negative value in-
dicates the opposite. The second approach, which we called the
motif segregation method (Figure 2C), was to segregate the gly-
cans according to the presence or absence of a given motif, and
then to calculate the statistical difference in fluorescence signal
between the glycans in the two groups (Figure 2C). We used
the Mann—Whitney test for the comparison because the intensi-
ties might not be normally distributed or precisely quantitative.
For graphing and comparison purposes, we log-transformed the
P-value and multiplied it by the sign of the z-score, so that
a high positive value indicates a strong association with high
lectin binding and a high negative value indicates the opposite
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Fig. 1. Glycan array data. The plot represents the fluorescence intensities of individual glycans (ordered along the x-axis) on glycan arrays, after incubation with
either VVL (top), ConA (middle), or WGA (bottom). Next to each graph, the top-ranking glycans are listed along with the numeric value of the corresponding

fluorescence intensities.

association. These two approaches represent the two broad cat-
egories of making associations between binding levels and mo-
tifs; other statistical tests could be applied within this framework
once the glycans or motifs are segregated.

We compared the performance of these two strategies for the
three lectins highlighted above (Figure 3). These three lectins

represent distinct types of binding patterns on the arrays, and
so provide a broad test and basis for comparing the two ap-
proaches. For VVL, both methods ranked terminal beta-linked
GalNAc far above the rest, which agrees with the known speci-
ficity of VVL, but only the intensity segregation method scored
terminal alpha-linked GalNAc high. For ConA, both methods
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Fig. 2. Motif-based analysis of glycan-binding specificities. (A) Classifying glycans by their component motifs. For each glycan, the presence or absence of each
of 63 possible motifs was recorded with a “1” or “0”, respectively. (B) The intensity segregation method for identifying motif specificities. For each set of glycan
array data, a threshold is set which segregates the glycans with high intensity from those with low intensity. The thresholds were based on the distributions of the
fluorescence intensities in order to maximize segregation between low-intensity and high-intensity spots. For each motif, the percent presence is calculated in both
the high-intensity glycans and the low-intensity glycans, and the difference between the two fractions is calculated. The example here shows the analysis of
glycan-array data from the lectin VVL for three different motifs. (C) The motif segregation method. For each motif, the glycans are segregated according to the
presence or absence of that motif. A statistical test compares the intensities or ranks of the glycans containing the motif to the glycans not containing the motif. The
example here shows data from VVL, and P-values and z-scores based on the Mann—Whitney test.
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Table I. The motifs and their definitions.

A motif-based analysis of glycan array data to determine the specificities of glycan-binding proteins

Motif

number  Motif Definition

1 Terminal Galp1,3 Terminal Galactose with a $1,3 linkage to the proximal glycan

2 Terminal GalB1,4 Terminal Galactose with a $1,4 linkage to the proximal glycan

3 Terminal Fucal,2 Terminal fucose with an a1,2 linkage to the proximal glycan; can include coming off of a branch that extends further

4 Terminal Fucal,3 Terminal fucose with an a1,3 linkage to the proximal glycan; can include coming off of a branch that extends further

5 Terminal Fucal,4 Terminal fucose with an a1,4 linkage to the proximal glycan; can include coming off of a branch that extends further

6 Terminal Fucal,6 Terminal fucose with an a1,6 linkage to the proximal glycan; can include coming off of a branch that extends further

7 Terminal Fuc Terminal fucose of any type, including o and B, including a fucose that comes off of a branch that extends further

8 Terminal Sial 02,3 Terminal sialic acid with an a2,3 linkage to the proximal glycan; can include NeuS5Ac, Neu5Gc, and KDN

9 Terminal Sial a2,6 Terminal sialic acid with an a2,6 linkage to the proximal glycan; can include Neu5Ac, Neu5Gc, and KDN

10 Terminal Sial $2,6 Terminal sialic acid with an 2,6 linkage to the proximal glycan; can include Neu5Ac, Neu5Gc, and KDN

11 Terminal Sial a2,8 Terminal sialic acid with an o2,8 linkage to the proximal glycan; can include Neu5Ac, Neu5Gc, and KDN

12 Terminal Sialic Acid Terminal sialic acid with an o or § linkage to the proximal glycan; can include NeuSAc, Neu5Gc, and KDN

13 Neu5Ge Terminal Neu5Gc with an a or f linkage to the proximal glycan

14 Sialylated Tn A sialic acid (NeuSAc, Neu5Ge, or KDN) bound to a GalNAc in any way, no distinction between a, §, or the
numeration of the bond; multiple sialic acids may be bound to the GalNAc, but Gal may not be bound to GalNAc

15 Sialylated T-antigen A sialic acid (Neu5Ac, Neu5Ge, or KDN) bound to a GalNAc with either an o or p linkage, and a galactose $1,3
linked to the GalNAc; the Gal branch may have glycans following it

16 9NAcNeuSAc Terminal 9NAcNeuSAc linked to any other unit

17 Terminal Lactosamine A terminal lactosamine unit, consisting of a terminal GalB1,4GlcNAcf, with no distinction of the numeration of the
B-linkage from the GIcNAc to the proximal glycan

18 Internal Lactosamine An interminal lactosamine unit, consisting of a Galp1,4GlcNAcp, with no distinction of the numeration of the
p-linkage from the GlcNAc to the proximal glycan or what follows the galactose

19 Branching A GIcNAcpB1,6 branch from GalNAc or GlcNAc; all branches can have more glycans following the initial glycans

20 Typel Chain A neolactosamine unit, present anywhere in the chain, consisting of terminal or internal Galp1,3GlcNAcp, with no
distinction of the numeration of the B-linkage from the GIcNAc to the proximal glycan

21 Lactosamine A lactosamine unit, present anywhere in the chain, consisting of terminal or internal GalB1,4GlcNAcf, with no
distinction of the numeration of the B-linkage from the GIcNAc to the proximal glycan

22 I-blood group antigen A GIcNACcp1,6 linked to a galactose anywhere in the chain; other glycans may be attached to the galactose also and

(GIcNAcB1,6Gal) the chain may continue past GIcNAc

23 Polylactosamine A chain of lactosamine units, consisting of a two or more consecutive GalB1,4GlcNAcf 1,3 units

24 Neo-polylactosamine A chain of neolactosamine units, consisting of a two or more consecutive Galp1,3GlcNAcf1,3 units

25 Lewis X A unit of Galp1,4(Fucal,3)GIcNAc present in the chain, either in a terminal or internal position, except in the cases
of being the base structure for Lewis y, sialyl Lewis x, 3 sulfo Lewis x, or 6 sulfo-sialyl Lewis x

26 Lewis Y A unit of Fuca1,2GalB1,4(Fucal,3)GIcNAc present in the chain, either in a terminal or internal position

27 Sialyl Lewis X A unit of Sialic Acida2,3Galp1,4(Fucal,3)GIcNAc present in the chain, either in a terminal or internal position,
with the sialic acid being either Neu5SAc, Neu5Gc, or KDN

28 3’Sulfo Lewis X A unit of [30S03]GalB1,4(Fucal,3)GIcNAcP present in the chain, either in a terminal or internal position, note the
3’sulfate is on galactose, not GlcNAc

29 6'Sulfo-sialyl Lewis X A unit of sialic acida2,3Galp1,4(Fucal,3)(60SO3)GIcNAcp present in the chain, either in a terminal or internal
position, with the sialic acid being either Neu5Ac, Neu5Gce, or KDN; note the 6'sulfate is on galactose, not
GIcNAc

30 Lewis A A unit of Galp1,3(Fucal,4)GIcNAc present in the chain, either in a terminal or internal position, except in the cases
of being the base structure for Lewis b, sialyl Lewis a, or 3'sulfo Lewis a

31 Lewis B A unit of Fucal,2Galp1,3(Fucal,4)GIcNAc present in the chain, either in a terminal or internal position

32 Sialyl Lewis A A unit of Sialic Acida2,3GalB1,3(Fucal,4)GIcNAc present in the chain, either in a terminal or internal position,
with the sialic acid being either NeuSAc, Neu5Gc, or KDN

33 3/Sulfo Lewis A A unit of [30S03]GalB1,3(Fucal,4)GIcNAcp present in the chain, either in a terminal or internal position, note the
3’sulfate is on galactose, not GlcNAc

34 SO4 A sulfate group is present at least once on any glycan, in any position

35 O-Glycan Core 1 A Galp1,3GalNAc unit is present either as a base structure or in a terminal position; noted still when a sialylated
T-antigen is present and when the base has other glycan additions except in the cases of being core 2, 3, or 4

36 O-Glycan Core 2 A Galf1,3(GlcNAcB1,6)GalNAc unit is present either as a base structure or in a terminal position; includes the
structure when other glycans are added to this base

37 O-Glycan Core 3 A GIcNACcB1,3GalNAc unit is present either as a base structure or in a terminal position; noted still when the base
has other glycan additions except in the case of being core 4

38 O-Glycan Core 4 A GIcNACcB1,3(GIcNAcB1,6)GalNAc unit is present either as a base structure or in a terminal position; includes the
structure when other glycans are added to this base

39 N-Glycan high-mannose A glycan chain with a Mana1-3(Mana1-6(Mana1-3)Mana1-6)ManB 1-4GlcNAcf 1-4GlcNAcp base; other mannose
glycans may be added to this base, but no other glycans can be added

40 N-Glycan hybrid A glycan chain with a Manal-3(Manal-6)Manb1-4GlcNAcb1-4GlcNAcb base with GIcNAcb1-2 linked to only
one of the two terminal mannose glycans (Manal,3 or Manal,6); the branch with the GIcNAcb1,2 can continue
to grow with any glycan, but only mannose may be present on the other mannose

41 N-Glycan complex A glycan chain with a GIcNAcb1-2Manal-3(GlcNAcb1-2Manal-6)Manb1-4GlcNAcb1-4GIcNAcb base; further
additions of any glycans may be made at the mannose (Manb1,4) and beyond, fucose may be added to the first
GlcNAc

42 Truncated N-glycan/precursors A glycan chain that at least contains GIcNAcb1-4GIcNAcb at the base; frequently includes two mannose units

43 Terminal Gala Terminal galactose alpha-linked to any other group

(Continued)
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Table I. (Continued)

Motif

number  Motif Definition

44 Terminal Galf Terminal galactose beta-linked to any other group

45 Terminal GalNAca Terminal N-acetylgalactosamine alpha-linked to any other group

46 Terminal GalNAcf Terminal N-acetylgalactosamine beta-linked to any other group

47 Terminal Mana Terminal mannose alpha-linked to any other group

48 Terminal Manf Terminal mannose beta-linked to any other group

49 Terminal Glco Terminal glucose alpha-linked to any other group

50 Terminal Glcf Terminal glucose beta-linked to any other group

51 Terminal GlcNAca Terminal N-acetylglucosamine alpha-linked to any other group

52 Terminal GIcNAcf Terminal N-acetylglucosamine beta-linked to any other group

53 Terminal GlcA Glucuronic acid ~ Terminal glucoronic acid linked to any other group

54 Blood A antigen A glycan chain with a GalNAcal-3(Fucal-2)Galb1-3 unit, including both as a terminal unit and internal with
further extensions

55 Blood B antigen A glycan chain with a Galal-3(Fucal-2)Galb1-3 unit, including both as a terminal unit and internal with further
extensions

56 Blood H antigen A glycan chain with a Fucal-2Galb1-3 unit, including both as a terminal unit and internal with further extensions

57 Pk antigen A glycan chain with Galal-4Galb1-4Glcb without the addition of any glycan extensions

58 P antigen A glycan chain with GalNAcb1-3Galal-4Galb1-4Glcb as a base

59 P1 antigen A glycan chain with Galal-4Galb1-4GlcNAcb1-3Galb1-4Glcb as a base; anything could be extended from it

60 Terminal Neu5Aca2,3Gal Terminal Neu5Aca2,3Gal linked to any other unit

61 Terminal Neu5Aco2,6Gal Terminal NeuSAca2,6Gal linked to any other unit

62 Terminal Neu5Aca2,3GalNAc Terminal NeuSAca2,3GalNAc linked to any other unit

63 Terminal Neu5Aca2,6GalNAc Terminal Neu5Aca2,6GalNAc linked to any other unit

correctly predicted high specificity for terminal alpha-linked
mannose and weaker specificity for terminal glucose, and the
motif segregation method predicted very weak significance for
al,3-linked fucose. For WGA, both methods gave high scores
for its known specificities of internal lactosamine, terminal Glc-
NAc, and Neu5SAca?2,3Gal, with some differences between the
methods in the weaker specificities.

These results show that both methods accurately score the
primary specificities of these lectins. This accuracy likely ex-
tends to other lectins, since these three lectins span a variety
of behaviors, including strong specificity for a small number of
elements, as with VVL, or broader specificities, such as ConA
and especially WGA. However, the two methods showed differ-
ences in their scoring of the weaker specificities. The differences
may be due to susceptibilities to inaccuracies in the weaker as-
sociations inherent to each method. For example, the rank-based
Mann—Whitney test used in the motif segregation method could
pick up weakly significant associations that might not be truly
meaningful based on signal intensities, such as the weakly sig-
nificant sialyl Lewis X motif found for VVL (Figure 3A) and
the fucose a1,3 motif found for ConA (Figure 3B). The use of
another statistical comparison such as the r-test with the mo-
tif segregation method could provide more information about
the nature of differences in the signal intensities between the
groups of glycans. Therefore, the intensity segregation method
may have an advantage in clearly defining motif enrichment
in a high-binding group, without respect to the quantitation
of the signal intensities, which can be highly variable in gly-
can array data. However, the results of the intensity segrega-
tion method depend highly on the threshold used to define the
high and low signals, which can be difficult to define in cer-
tain situations. Since the two methods agree and are accurate
for the primary specificities, we chose the motif segregation
method for subsequent analyses because of its relatively cer-
tainty and ease of automation, while recognizing that the use of
two or three different statistical comparisons may be necessary
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to gain a more complete picture of what associations are truly
meaningful.

In finding motifs that are associated with a stronger signal, itis
useful to determine whether particular motifs are independently
meaningful or rather are highly correlated with other motifs.
This question relates to whether a motif truly is the binding
determinant or is simply structurally correlated with the bind-
ing determinant. An examination of how the top-scoring motifs
correlate with each other and with the signal intensities of the
glycans on which they are found provides insights into this
question (Figure 4). For VVL (Figure 4A), the two top motifs,
GalNAca and GalNAcp, do not correlate with each other or with
any other motif, but they are separately found on all the glycans
with high signal intensity. This finding indicates that these two
motifs are independent and are the only binding determinants on
the array. For ConA (Figure 4B), the mannosea motif indepen-
dently is present on a large group of the high-intensity glycans,
while the complex N-glycan motif is independently found on
another group, indicating that ConA has specificity for both. A
group of weaker-intensity glycans independently contain alpha-
linked glucose, a known weak ligand of ConA, but no other
motif shows independent associations.

WGA gives a more complex picture (Figure 4C). A number of
motifs are found in the high-intensity glycans, and it is difficult
by visual inspection to determine which are independent. It is ap-
parent that terminal GlcNAc and lactosamine are not correlated
with each other, but the relationship among the other motifs is
not clear. A method to gain insight into the relationships among
the motifs and glycans is to cluster both the motifs and glycans
by similarity (Figure 4D). This cluster reveals that WGA binds
independent groups of glycans that are defined by certain dom-
inant motifs. Lactosamine (Galp1,4GIlcNAc) is a major group,
including the internal, terminal, or sialylated versions. Termi-
nal GlcNAc forms another independent group. GlcNAc in gen-
eral is not a binding determinant, since other motifs containing
GIcNAc, such as the Lewis antigens and the type-1 chain
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associated with lectin binding.

(Galp1,3GlcNAc), did not have significant scores. Some mo-
tifs are subsets of the lactosamine motifs, such as polylac-
tosamine, branching, and O-glycan Core 2, and so are likely
themselves not the actual binding determinants. However, other
motifs are present in groups independent from terminal Glc-
NAc and lactosamine, such as alpha2,3-linked sialic acid and
alpha- and beta-linked terminal GalNAc, so these motifs repre-
sent additional specificities of WGA. Therefore, WGA has the
dominant specificities of GIcNAc and lactosamine with some
additional specificities. This analysis shows the value of the
motif-based method for bringing order to complex glycan-
binding behaviors.

Comparative motif specificities of sets of glycan-binding
proteins

Once an automated method is in place for scoring the binding
specificities of lectins using glycan array data, the data from
multiple experiments can be rapidly analyzed and probed as a
group. We examined the relationships between the motif speci-

ficities of a group of 84 plant lectins (Figure 5). The lectins
clustered in distinct groups that in most cases were identifi-
able by a corresponding group of motifs with high-significance
scores. The clearest groups of lectins were defined by the ter-
minal Gal p1,3, terminal Gal $1,4 terminal GIcNAc, sialic acid
02,6, fucose, mannose, and internal lactosamine motifs. Most
of the lectins with well-characterized specificities fall within
their expected groupings. For example, the lectins PNA and
BPL are binders of terminal o1,3-linked Gal and terminal Gal,
respectively; AAL binds multiple linkages of terminal fucose;
and ConA binds high-mannose and complex N-glycans. The
areas of highly negative scores that indicate the certain mo-
tifs are almost never bound by particular lectins. Most notably,
02,3-linked and «2,6-linked sialic acid each have associated
groups of lectins with strong negative scores, probably because
the negatively charged capping group can prevent binding to
the underlying saccharides. Therefore, in addition to the motif
preferences of lectins, the motifs that are not preferred or are
inhibitory also can be found using this tool. The combined anal-
ysis of multiple motifs and lectins may provide a useful means
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of classifying the binding behavior of glycan-binding proteins
for which little is known.

We also applied this method to the analysis of animal lectins
and glycan-binding antibodies. The animal lectins show many
of the same groupings of specificities, such as lactosamine, ter-
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minal galactose, but with some differences, such as more lectins
that bind «2,3-linked sialic acid and fewer that bind terminal
mannose (supplementary Figure 2). The organization of this in-
formation is the first step in the probing and further study of
these specificities. The motif specificities of the glycan-binding
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antibodies showed that some antibodies are highly specific for
their intended target, while others have either low specificity
for any motif or discernable cross reactivity with related mo-
tifs (supplementary Figure 3). This conclusion about glycan-
binding antibodies also was determined in a previous study of
glycan array data (Manimala et al. 2007).

This analysis also provides a tool to search for lectins with
particular specificities. Once the data are assembled in a system-
atic way such as this, one may probe the data to identify a lectin
that specifically binds certain motifs without binding others. For
example, the lectin ConA is widely used as an analytical reagent
because of its high affinity, but its specificity is quite broad, since
it binds both high-mannose and complex N-glycans as well as
glucose (Figures 3 and 5). Using the data represented in Fig-
ure 5, one may search for lectins that bind particular types of
N-glycans, such as high-mannose N-glycans, without detecting
complex-type N-glycans or any other motif. Among the lectins
in the mannose-binding cluster of Figure 5, some bind high-
mannose N-glycans and terminal mannose but do not strongly
bind anything else, such as HFR-1 (Hessian fly response 1). We
have developed an online searchable database that can be used
to mine these analyses, available through the external links page
at the CFG website (www.functionalglycomics.org).

Discussion

The characterization of the specificities of glycan-binding pro-
teins is of primary importance in understanding the biologi-
cal roles of protein—glycan interactions and for using glycan-
binding proteins as analytical reagents. The glycan array has
been an important tool for such investigations, but the full use
of glycan array data has not yet been realized due to the lack of
automated and systematized methods for extracting information.
We demonstrate here the development of a motif-based analysis
of glycan-array data to address that need. We tested two different
approaches to calculating the contribution of motifs to binding,
intensity segregation and motif segregation, and we showed that
both methods can accurately identify the primary specificities
of lectins with a variety of binding behaviors. The application
of the method to multiple lectins and glycan-binding antibodies
allowed an analysis of the relationships among glycan-binding
proteins and a means of searching for proteins with specific
binding properties. This tool should facilitate the rapid analysis
and use of glycan microarray data and will enable comparative
analyses and searches of the existing data.

The testing of the intensity segregation and the motif segrega-
tion methods on lectins with highly divergent behaviors (VVL,
ConA, and WGA) provided useful information about the perfor-
mance, limitations, and possible improvements of the method.
Both methods performed well in picking up the primary, known
specificities of each lectin, showing the inherent reliability of the
general approach. An area for improvement was revealed by the
fact that the motif segregation method did not perform as well as
the intensity segregation method in picking up the known speci-
ficity of VVL for GalNAca. The intensity segregation method
found the enrichment of the three out of 10 GalNAca-containing
glycan in the nine total glycans above the threshold (Fig-
ure 2B). Since the other seven GalNAca-containing glycans
had low ranks among the glycans on the array, the motif seg-
regation method found no overall contribution of this motif to
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VVL binding. An examination of the GalNAca-containing gly-
cans revealed that all the low-intensity glycans contained fucose
al,2-linked to the proximal Gal, which is characteristic of the
blood group A/B/O antigens. At least in this setting, the proxi-
mal fucose a1,2 motif appears to be detrimental to VVL binding.
More experimentation would be required to make conclusions,
but this analysis shows the potential of the method to pull out
contributions from previously unidentified structural features.

The above observation also highlights the fact that some bind-
ing determinants may be more complex than the relatively sim-
ple motifs defined here, especially if they span larger structures
with physically separated contact points. An example of this
type of behavior is the lectin Pisum sativum, which shows pri-
mary specificity for core fucose (fucose that is al,6-linked to
the base on an N-glycan) but also is affected by the branching
structures of the associated N-glycan (Tateno et al. 2009). One
approach to handle that complexity is to define additional, more
detailed motifs. Alternatively, combinations of the existing mo-
tifs might reveal more complex binding specificities. Methods
could be used that have been developed for the classification of
patient samples using combinations of gene expression profiles
from DNA microarray data, such as a class prediction method
(Golub et al. 1999). Further analyses will be required to deter-
mine which approaches most accurately reveal complex binding
determinants.

Other analytic methods may be valuable within this general
approach. Modifications to the motif segregation method that
are more selective in the glycans that are compared may be use-
ful. For example, instead of comparing all glycans containing a
motif to all glycans not containing the motif, it may be better
to just compare structurally similar glycans that either contain
or do not contain the motif. An example would be to compare
glycans containing Neu5Aca2,3GalB 1,4 only to glycan contain-
ing terminal Galf 1,4 (instead of comparing to all other glycans)
in order to test the NeuSAca2,3 motif. Such a strategy would
minimize the potential skewing of results by greatly unbalanced
representations of certain motifs on the arrays and would more
directly test the importance of specific motifs. We are currently
exploring approaches built on that concept.

The accuracy of the analysis naturally depends on the inherent
accuracy of the glycan array data. Glycan arrays may be sus-
ceptible to nonspecific binding, and certain binding interactions
may be missed due to valency or orientation requirements that
are only present when glycans are supported on the appropriate
protein background. Therefore, some of the motif specificities
derived from the analyses presented here may not be accurate,
depending on the experimental conditions. The purpose of this
work was not to study particular lectin specificities, but rather
to develop and validate a method for the rapid and unbiased
extraction of the information that exists in glycan array data.
This method provides a means for researchers to systematically
compare the effects of experimental conditions such as lectin
concentration, lectin labeling method, glycan density, and wash
conditions, in order to define optimal conditions and better dis-
tinguish specific from nonspecific interactions. The valency and
orientation questions need to be addressed through new glycan
array technologies, but the systematic analysis and compari-
son of the results should be greatly facilitated by motif-based
analysis. A new development in glycan array technology that
addresses some current limitations is fluidic glycan microarrays
(Zhu et al. 2009).
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This analysis permits not only the rapid and systematic anal-
ysis of lectin specificities, but also global comparisons and
searches among lectins and motifs (Figure 5). Such a cataloging
of information will be valuable to identify lectins that might
bind particular glycan structures or to classify lectins according
to similarities in specificities. With the continued use and opti-
mization of glycan arrays, these analyses will further support the
integration of glycome-wide and proteome-wide information in
biological studies. The database we developed containing the
results of these analyses (available through the external links
page at www.functionalglycomics.org) is a first step toward that
goal.

In conclusion, we demonstrate here the development of a
new method for the systematic analysis of glycan array data to
identify and define lectin specificities. The method should be
broadly useful for the analysis of any type of glycan array for-
mat and glycan-binding protein. The rapid, automated analysis
of glycan array data could increase the value of the experiments
by providing more efficient optimization of experimental condi-
tions, the ability to objectively classify both simple and complex
binding specificities, and a means for comparing and searching
among multiple experiments. These developments have impli-
cations for the more effective use of glycan-binding proteins as
analytical reagents and for the improved understanding of the
roles of lectins in biology.

Material and methods

Data source

The glycan array data were obtained from the Con-
sortium  for  Functional Glycomics (CFG) website
(www.functionalglycomics.org). Data available as of August
2008 were obtained. Glycan arrays with no fluorescence
values above an intensity of 3000 were excluded. The list of
plant lectins, animal lectins, and glycan-binding antibodies
represented, along with the identifier of the glycan array experi-
ment used for each, is provided in supplementary Tables V-VII,
respectively.

Generation of glycan array data

The glycan array experiments were performed by Core D of
the Consortium for Functional Glycomics, as described previ-
ously (Blixt et al. 2004). A brief description of the experimental
process is give here. Synthetic glycans functionalized with a
spacer and a terminating NH, group were spotted onto NHS-
activated microscope slides (Slide H, Schott Nexterion) using
a robotic microarrayer. Lectins and glycan-binding antibodies
at a concentration of 5-50 pg/mL in a buffer of PBS contain-
ing 0.005%-0.5% Tween-20 were incubated on the arrays for
30-60 min. The lectins and antibodies were either tagged with
a fluorophore (Alexa Fluor 488, Molecular Probes) or biotin, or
they were used unlabeled. If fluorophore-labeled analytes were
used, the arrays were washed and immediately scanned for fluo-
rescence using a microarray scanner. Biotinylated analytes were
detected with an incubation of streptavidin-FITC, and unlabeled
analytes were detected with an appropriate FITC-labeled anti-
body, followed by washing and scanning. Image analysis soft-
ware was used to quantify the fluorescence intensities at each
glycan spot. The data from six replicate spots were averaged to
achieve a final value.

Data analysis

The primary data analysis and calculations were performed with
Microsoft Office Excel 2007. The clusters were created using
the programs Cluster/Treeview and MultiExperiment Viewer,
and the figures were created in Deneba Canvas X.

The intensity segregation method used a calculation of the
difference in the fractional representation of each motif between
the high-intensity glycans and the low-intensity glycans. That
calculation used the formula: (Gyp/Gy) — (Gmu/Gy), where Gy
is the number of glycans in the bound group that have the motif,
Gy, is the total number of glycans in the bound group, Gy, is the
number of glycans in the unbound group that have the motif,
and G, is the total number of glycans in the unbound group.

The motif segregation method used a calculation of the statis-
tical difference between the intensities of the glycans containing
a particular motif and intensities of the glycans not containing
the motif. We used the P-value from the Mann—Whitney non-
parametric test for that purpose. For the purpose of graphically
representing the scores, we log transformed (base 10) the P-
values. To indicate whether the motif-containing or the non-
motif-containing glycans had the higher values, we multiplied
the transformed P-values by the sign of the z-score.

A relational database was created using PostgreSQL to fa-
cilitate interrogation of the experimental results. Data were
imported into the relational schema as tables that capture the
relationships between the motifs, the glycan-binding proteins,
and the logged P-values calculated from the data. The database
was encapsulated by a web-based interface developed using
J2EE technologies running on a JBoss application server. This
dynamic, database-driven web page allows filtering of the ex-
perimental results by glycan motif/lectin combination, lectin
category (animal, plant, or antibody), glycan array version, and
logged P-values within a user-defined specification.

Supplementary data

Supplementary data for this article is available online at
http://glycob.oxfordjournals.org/.
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