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Lectin–glycan interactions have critical functions in mul-
tiple normal and pathological processes, but the binding
partners and functions for many glycans and lectins are
not known. An important step in better understanding
glycan–lectin biology is enabling systematic quantifica-
tion and analysis of the interactions. Glycan arrays can
provide the experimental information for such analyses,
and the thousands of glycan array datasets available
through the Consortium for Functional Glycomics provide
the opportunity to extend the analyses to a broad scale.
We developed software, based on our previously de-
scribed Motif Segregation algorithm, for the automated
analysis of glycan array data, and we analyzed the entire
storehouse of 2883 datasets from the Consortium for
Functional Glycomics. We mined the resulting database to
make comparisons of specificities across multiple lectins
and comparisons between glycans in their lectin recep-
tors. Of the lectins in the database, viral lectins were the
most different from other organism types, with specifici-
ties nearly always restricted to sialic acids, and mamma-
lian lectins had the most diverse range of specificities.
Certain mammalian lectins were unique in their specific-
ities for sulfated glycans. Simple modifications to a lac-
tosamine core structure radically altered the types of lec-
tins that were highly specific for the glycan. Unmodified
lactosamine was specifically recognized by plant, fungal,
viral, and mammalian lectins; sialylation shifted the bind-
ing mainly to viral lectins; and sulfation resulted in mainly
mammalian lectins with the highest specificities. We an-
ticipate that this analysis program and database will be
valuable in fundamental glycobiology studies, detailed
analyses of lectin specificities, and practical applications
in translational research. Molecular & Cellular Proteom-
ics 12: 10.1074/mcp.M112.026641, 1026–1035, 2013.

Glycans exert their functions and influence through specific
interactions with glycan-binding proteins. These interactions
are involved in the immune recognition of pathogens (1–3),

pathogen infection (4–6), immune cell migration (7, 8), protein
processing (9), regulation of cell-surface receptors (10, 11),
sperm–egg binding (12), and other areas of biology. The
abnormal production of certain glycans or glycan-binding
proteins can have damaging consequences. The contribution
of atypical glycan–lectin interactions to disease pathology has
been established for several diseases but is unknown for
others that display abnormal glycans or glycan-binding pro-
teins. A difficulty in making that link often is a lack of infor-
mation about the proteins that bind certain glycans, and about
the glycans that are recognized by certain glycan-binding
proteins. Therefore, an important goal in glycobiology re-
search is to obtain more complete knowledge about the in-
teractions between glycans and glycan-binding proteins.

A breakthrough technology for probing lectin–glycan inter-
actions was the glycan microarray (13–19). Relative to previ-
ous technologies, glycan arrays significantly reduced the time
and reagent costs of experiments and increased the number
of different lectin–glycan interactions that could be practically
probed. Glycan arrays are composed of diverse oligosaccha-
rides, either produced synthetically or purified from natural
sources, immobilized on a solid support. Researchers typi-
cally use the arrays to measure the binding of a glycan-
binding protein, such as a lectin or glycan-binding antibody,
to each glycan on the array. From such data, the researcher
can learn much about the specificity of the glycan-binding
protein.

Most laboratories would be incapable of constructing gly-
can arrays, mainly because of the difficulty of synthesizing or
obtaining pure oligosaccharides. To provide increased access
to this technology, the Consortium for Functional Glycomics
(CFG)1 has since 2004 offered to run glycan microarray ex-
periments using samples provided by individual investigators.
Participating investigators have submitted a multitude of gly-
can-binding reagents to be analyzed by the CFG array, and
the resulting data are freely available. These data have been
extremely valuable to investigators studying the binding prop-
erties of particular lectins.

The huge repository of glycan array data presents another
opportunity beyond the primary purpose of analyzing individ-
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ual lectins. Broader studies of the compiled information from
all the lectins might be possible—for example, to examine
relationships between lectins or to identify lectins that recog-
nize certain types of glycans. Such analyses previously were
not possible because the glycan array data were provided in
an uninterpreted form. To enable comparisons between gly-
cans and lectins, each dataset needs to be interpreted to give
a systematized representation of the specificity of the lectin.
The data can be manually interpreted, but that approach
would be impractical for so many datasets. Furthermore,
manual interpretation is imprecise, particularly for proteins
that bind multiple structures or have varying affinity depend-
ing on the presentation or overall context of a particular struc-
ture. For many proteins, the primary glycan-binding specificity
is known, but details about the fine specificity, such as pre-
ferred presentations of binding determinants or potentially
blocking side chains, are not clear. Objective and automated
analyses are required.

Previously we introduced the Motif Segregation algorithm
as an approach for systematizing and automating the analysis
of glycan array data (20) and further developed the method
using Outlier Motif analysis (21). We demonstrated the accu-
racy of Motif Segregation for extracting the primary binding
specificities of a wide variety of glycan-binding proteins and
the use of Outlier Motif analysis for a more detailed definition
of binding specificity. More recently, we developed software
that expands upon these algorithms. The new software en-
ables the automated processing of glycan array datasets,
which now makes it practical to interpret all of the datasets in
the CFG repository and assemble the information into a da-
tabase of lectin binding specificities. Such a database gives
one the ability not only to extract the specificities of individual
lectins, but also to perform global analyses and comparisons
of lectin–glycan interactions.

Here we present the use of the software to develop a
database of analyzed glycan array data and an initial explo-
ration of questions that can now be investigated using the
database. We began with broad comparisons of specificities
across multiple lectins and comparisons between glycans in
their lectin receptors. Detailed specificities are known for cer-
tain lectins, but it is less well known how representative those
specificities are of a particular class of lectins. Likewise, al-
terations to glycan structures are known to shift lectin recog-
nition, but experimental data providing details of those shifts
are generally not available. The analyses of these problems
provide insights into glycan–lectin biology and demonstrate
the utility of this new tool.

EXPERIMENTAL PROCEDURES

Software Development and Data Source—The GlycoSearch soft-
ware for analyzing glycan array data is written in Java and runs on
various computer platforms, including Windows, Macintosh, and
Linux platforms. GlycoSearch can directly input and process glycan
array data in the CFG Microsoft Excel format, as well as other formats.
GlycoSearch was initially developed to run one glycan array dataset

at a time. We recently extended the program to process the entire
volume of publicly available CFG glycan array data and store the
results in an SQL database, thereby making it readily available for
instant query. A custom script was used to download and process
each glycan array spreadsheet from the CFG website. The entirety of
the data, including the spreadsheet content, glycan measurement
data, program results, and any additional metadata extracted from
the CFG website, were all incorporated into and stored in an SQL
database.

The CFG data are provided as Microsoft Excel files. Every recog-
nizable spreadsheet was added to the database. The criteria for a
“recognizable spreadsheet” were as follows: (i) the Excel file was
readable; (ii) the spreadsheet contained glycan array measurement
data in the specified CFG format; and (iii) the arrangement, number,
and structure of glycans on the array corresponded to a known CFG
glycan array version. A custom program was used to search and
identify the data location within the content of each spreadsheet,
instead of relying on a fixed data pattern. Datasets were excluded that
contained (i) partial glycan measurement data (listing only a subset of
the glycans on the array), (ii) data from early array version 1.0 (only
data from version 2.0 or higher were used), or (iii) any Excel file that
reported data integrity errors (such as a record data overrun).

Once the processing was complete (which required several days
using a modern, 12-core, high-end server), both the measurement
data and the analysis results were placed in a database for instant
query without having to reprocess the data. The addition of new data
as they become available is straightforward. A generalized query
format was developed to support complex queries into the database
using precise definitions of glycan attributes. GlycoSearch supports
global and constrained queries and gives researchers the ability to
specify which carbon linkage positions to consider, whether taken or
free, and/or to specify the number of specific monosaccharide units
such as fucose or sulfate residues. GlycoSearch further supports
complex queries comprising any series of logical AND/OR/NOT op-
erations on glycan query expressions. This flexible query format al-
lows researchers to effectively search the database for potential
lectins and/or proteins with high affinity to the specific glycan query
pattern of interest.

Data Presentation—The extracted database queries were further
analyzed and processed using Microsoft Excel 2010, MultiExperiment
Viewer, and GraphPad Prism 6. The figures were prepared using
Canvas XII and Canvas XIV from ACD Systems.

RESULTS

Constructing a Database of Lectin Specificities from Glycan
Array Data—Our new software program, called GlycoSearch,
uses the Motif Segregation (20) and Outlier Motif (21) algo-
rithms, along with additional developments, to analyze glycan
array data generated on any glycan array platform. In a typical
glycan array experiment, a purified glycan-binding protein
(such as a lectin or glycan-binding antibody, collectively re-
ferred to as lectins hereinafter) is incubated on a microarray of
diverse oligosaccharides. The binding of the lectin to each
glycan on the array is detected and quantified. A biotinylated
lectin is often used, which allows for detection using dye-
conjugated streptavidin followed by scanning for fluores-
cence. The output is a list of the glycans on the array and the
numerical quantification of the fluorescence at each glycan
(shown graphically in Fig. 1A). Such output files can be used
directly by GlycoSearch.
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The Motif Segregation algorithm was described in detail
elsewhere (20) and is briefly reviewed here. Motifs, or com-
ponent substructures of oligosaccharides, are predefined by
the software. Examples include the blood group A antigen,
terminal �-linked galactose, and internal lactosamine. The
current version of GlycoSearch starts with over 200 such
predefined motifs. For every glycan on an array, the software
determines whether each motif is present or absent, and a
matrix of the glycans and motifs (in the rows and columns of
the matrix, respectively) is populated with 1s and 0s indicating
the presence or absence, respectively, of each motif in each
glycan. Glycan array data are provided to the program indi-
cating the signal intensity at each glycan (corresponding to
the amount of binding of a lectin). For each motif, the program
statistically compares the signals of the glycans that contain
the motif to those that do not contain the motif (Fig. 1B). Using
the Mann–Whitney test, a p value is generated for each motif
indicating the likelihood that the observed pattern of signals
could be generated by chance. For ease of comparison be-
tween motifs, the software takes the logarithm (base 10) of the
p value and adds a plus or minus sign, with plus indicating
that motif-containing glycans have a higher average intensity,
and minus indicating the opposite. This signed, logged p
value is referred to as the motif score.

The motif score is a measure of the accuracy with which a
motif describes the observed binding of a lectin. If a lectin
always shows higher binding to glycans that contain the motif
than to those that do not contain the motif, the score is high,
but if exceptions occur (either binding is low when the motif is
present or binding is high with the motif is missing), the score
is lower. For example, when using glycan array data from the
lectin concanavalin A, motifs containing mannose have high
motif scores, and motifs with terminal glucose (a secondary
specificity of concanavalin A) have slightly lower scores (Fig.

1C). The motif score also reflects statistical significance along
with accuracy; that is, a motif that appears in only 10 of 500
glycans will have a lower motif score than one that appears in
20 of 500 glycans, even with perfect accuracy (all glycans with
the motif have higher binding than all glycans without the
motif). As such, the motif score does not provide a direct
quantitative measurement of the affinity of the interaction;
only the statistical significance with which a particular motif is
strongly associated with the observed pattern of measure-
ment data can be obtained.

The automated processing of glycan array datasets en-
abled the development of a database of lectins and their
associated motif scores (Fig. 1D). We retrieved all glycan array
datasets available as of August 2012, amounting to 2883
independent experiments, along with the metadata for each
experiment (the type of lectin, the researcher submitting the
sample, etc.). Each dataset was analyzed to evaluate 220
pre-defined motifs. (The complete list of motifs is in supple-
mental Table S2.) The motifs covered variations on the main
features observed in N-linked and O-linked glycans and in
glycolipids, which are the glycan types most heavily repre-
sented on the glycan arrays. The database of assembled motif
scores makes possible many types of analyses and queries,
such as comparing motif specificities between lectins and
identifying lectins that bind specific motifs. Here we present
initial, global analyses of this new information.

As the motif score reflects the accuracy with which the
lectin binding is represented, we wondered what were the
most accurately described interactions in the database and,
more specifically, whether particular motifs were strongly rep-
resented among the highest scoring interactions. An extrac-
tion of the top-scoring interactions in the database showed an
enrichment of simple monosaccharide motifs (Fig. 2). The top
four motif scores, from 18.4 down to 16.5, were from the

FIG. 1. The development of the database of lectin-motif interactions. Quantified glycan array data (A) are processed using the
GlycoSearch software and the motif segregation algorithm to produce motif scores for each experiment (B). The analysis of a glycan array
experiment of the lectin concanavalin A (ConA) is given as an example, in which the top-scoring motifs contain mannose, followed by motifs
with terminal glucose (C). All glycan array datasets were downloaded from the CFG website, processed, and assembled into a database (D).
A variety of query types can be applied to the database.
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lectins AOL, AAL, RSL, and BambL, all known fucose binders,
interacting with a simple fucose motif. Only three other motifs,
sialic acid, mannose, and galactose, all of which are simple
and common monosaccharides, were represented in the next
26 top scores (the complete information is provided in sup-
plemental Table S1).

This result suggests that a small set of motifs accounts for
the best described interactions in the glycan array data and
that those motifs tend to be simple monosaccharides. Lectins
with complex binding preferences can have fine specificities
that make an accurate definition of the motif difficult (21), so
this result concurs with the concept that simple specificities
are easier to accurately describe. Furthermore, we previously
showed that the definition of higher complexity motifs to
account for outliers in the glycan array data can result in
higher motif scores (21), so this result also might indicate
that the pre-defined motifs do not always accurately de-
scribe the lectin specificities. However, in the current anal-
yses, precise comparisons of scores between motifs are not
possible because of limitations of the Mann–Whitney test
(see Discussion section).

We asked whether particular organism types tend to have
the highest scoring interactions. No clear order was observed
in the highest scoring lectins (Fig. 2), although plant, bacterial,
and fungal lectins had most of the top scores. Only one
mammalian and one viral lectin were among the top 30,
suggesting that simple, well-described interactions are pos-
sible in mammal and viral lectins but are less common than
among other organism types. This analysis is limited by the
datasets available and the glycans on the array, and
therefore it is not an unbiased survey of lectins in biology. A

more systematic study will be required in order to address
these observations.

Consistent Differences Exist between Types of Organisms
in Lectin Specificity—We next asked whether consistent dif-
ferences exist between the organism types in the motifs that
they bind—for example, whether bacterial lectins in general
bind different glycans than mammalian lectins. Such an anal-
ysis could provide insights into the nature of interactions
between and within organisms. For this initial analysis, we
relied on the category designations input by the researchers
who submitted the lectins to the CFG. The designations were
provided for 1191 of the 2883 (57%) datasets, comprising 477
plant, 55 bacterial, 344 human, 6 pig, 4 chicken, 163 mouse,
91 viral, 35 fungal, 1 antibody, and 2 toxin lectins. Future
versions of the database will contain more complete informa-
tion obtained through manual research and annotation.

The scores for each motif were averaged over all the lectins
within each category type (fungi, plants, bacteria, viruses, and
mammals) and clustered to allow visual comparison (Fig. 3A).
Viral lectins had the narrowest specificities, confined primarily
to sialylated motifs. Fungal and bacterial lectins showed high
overall similarity, sharing high average scores for fucose mo-
tifs (as in Fig. 2) and for mannose-containing motifs. Mamma-
lian lectins had the lower average scores for all motifs except
sulfated glycans.

To obtain a view of the relative preferences within each
category, we normalized the motif scores within each cate-
gory to a common maximum value (Fig. 3B). This view again
shows the narrow specificity of viral lectins and the similarities
among fungal, bacterial, and plant lectins. The mammalian
lectins share with those categories a relative preference for
mannose-containing motifs and a higher relative preference
for galactose and lactosamine motifs. Mammalian lectins
share with viral lectins some relative preference for sialylated
motifs, but they are unlike all the other categories in their
strong relative preference for sulfated motifs.

Individual lectins might have specificities that are different
from the averages within each category. To examine this
possibility, we extracted the best motif score from each cat-
egory for each motif (Fig. 3C). As observed above (Fig. 2),
individual plant, fungal, and bacterial lectins had the highest
scores for fucose motifs. The top individual mammalian lec-
tins had scores similar to those of the other categories for
most motifs, in contrast to the lower scores observed using
averages over all mammalian lectins (Fig. 3A), suggesting that
simple and well-described specificities are possible but not
common in mammalian lectins. The top sialic-acid-binding
lectins are fungal and viral, and certain mammalian lectins
bind almost as well to sialic acid. Several differences between
the categories are apparent that could give insights into the
nature of interactions between the organisms.

Consistent differences between the categories also could
be identified through statistical comparison of the lectin
motif scores of different categories. For each motif, the

FIG. 2. The top 30 motif scores. The motif score is indicated along
the y-axis, the labels on the x-axis give the lectin name, and the color
gives the organism category of each lectin. The motif type is indicated
by the yellow squares below the lectin names. Only four motif types,
all simple monosaccharides, are represented in the top 30.
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FIG. 3. Differences in lectin specificities between organism categories. A, for each motif, the motif scores were averaged across all
lectins within each category. Motifs with an average score below 0.88 in all organism categories were removed for clarity, and the remaining
data were clustered. The categories are indicated by the column labels, and the motifs by the row labels. B, the average motif scores within
each category were normalized to a maximum value of 10 (the average motif scores within a category all were divided by the maximum average
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motif scores from all lectins in a category were compared
(via t test) to the motif scores from all lectins in another
category (supplemental Fig. S1). This analysis confirmed the
significance of the differences observed above. Virus lectins
were the most different from the other categories, always
showing higher scores for sialic acids and lower scores for
the other motifs. Bacterial, plant, and fungal were the most
similar to one another, and mammalian lectins had signifi-
cant differences with each group.

Terminal Modifications to a Core Glycan Shift the Type of
Lectin Recognition—Another type of analysis begins with the
glycans rather than the lectins. N-linked and O-linked glycans
typically undergo alterations as cells respond to stimuli or
change differentiation states. Common modifications include
fucosylation, sialylation, and sulfation of outer-arm lac-
tosamine. In some cases the modifications create high-affinity
ligands for cell-surface receptors, and in other cases the
modifications block interactions with receptors. We hypothe-
sized that changes in terminal modifications to lactosamine
would significantly alter the types of lectins that recognized
the structure.

To test that hypothesis, we defined a series of related
structures beginning with lactosamine and differing by the
addition of one or two monosaccharides. These structures
were lactosamine, fucosylated lactosamine, sialylated lac-
tosamine, sulfated lactosamine, and combinations of these
modifications (for example, fucosylated and sialylated). The
database was queried to return the lectins with the highest
scores for each of these motifs. This query selected from all
lectins in the database, not just those with annotation indicat-
ing the organism type, and the resulting selections were man-
ually annotated to specify the organism type.

Among the top 20 lectins for each motif, we tallied the
number of lectins represented from each type of organism.
This analysis revealed a major shift in the types of lectins
binding the lactosamine variants (Fig. 4A). The unmodified
lactosamine was best recognized by plant lectins, followed by
representatives from the other types, excluding bacteria. The
addition of sialic acid shifted the type almost exclusively to
viral lectins, along with a small representation of bacterial
lectins, whereas the addition of fucose shifted the dominant
type to bacterial lectins and excluded viral lectins. (The man-
ual annotation of the search results identified many viral lec-
tins that previously were unspecified, in contrast to the anal-
ysis of Fig. 3, which relied on the available annotation.) Using
lactosamine that was sialylated and fucosylated, only viral and
bacterial lectins were represented in the top 20. A completely
different result was obtained when the lactosamine was sul-
fated. Sulfation resulted in primarily mammalian lectins

achieving the top scores, with some representation from the
other types, except viruses. This result corresponds with the
above analysis of lectin preferences within each category
(Fig. 3).

Within each lactosamine class, considerable overlap in the
range of scores was observed between the organism types
(Fig. 4B), indicating that no single organism type completely
dominates binding to a class of structures. The motif score
ranges were very different between the lactosamine classes,
with fucosylated lactosamine giving the highest scores (sim-
ilar to above) and sulfated giving the lowest. This change is
likely due to a change in motif representation on the arrays
(see “Discussion”) and a change in selectivities for the defined
motifs. For example, lectins binding sulfated motifs likely are
not purely selective for sulfated glycans, whereas fucose-
binding lectins tend to be more selective.

in that category and multiplied by 10) to show the relative motif ranks within each category. C, for each motif, the maximum individual motif
score was extracted from each category. For example, for the motif “Terminal Gal�1,4-” the program found the best score among all fungal
lectins, then among all viral lectins, etc. Motifs with no scores above 7.4 in any category were removed for clarity.

FIG. 4. Differences between lactosamine classes in lectin rec-
ognition. For each motif defining a modification of lactosamine, the
lectins with the top 20 motif scores for that motif were extracted
from the database. Replicate experiments of the same lectin were
removed. Within each list of 20 lectins, the number of representa-
tives from each organism type was tallied, as indicated in panel A.
The range of motif scores is indicated for each group of lectins in
panel B.
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To examine whether the lectins returned from the searches
of the motifs defining each lactosamine class were indeed
specific for those motifs, we examined the individual lectins
with the top scores for each class (Table I; complete informa-
tion is presented in supplementary Table S2). In each case,
the top-scoring lectins from each lactosamine class had
specificities corresponding to their lactosamine class. For

example, the lectins that were extracted from the search using
sialylated lactosamine had highest scores for the motif
“Neu5Ac anywhere,” and lectins pulled out from the sulfated
lactosamine search had highest scores for the “Sulfated gly-
cans” motif. These motifs correspond to the previously deter-
mined specificities of the lectins, if available. This analysis
confirms the accuracy of the searches and furthermore dem-

TABLE I
The top three lectins for each lactosamine class

Class
Score of
searched

motifa

Primscreen
IDb Lectin

Organism
type

Top motifs
Motif
score

Not sialylated
or sulfated

7.76 4661 Ricinus communis agglutinin
(RCA I-10)

Plant Terminal Galb1-4 9.59
N-Glycan Complex 9.34
Type 2 Chain (Galb1-4GlcNAcb) 8.85

7.53 3775 Macrolepiota procera lectin
(MPL-2)

Fungal Terminal Galb 10.57
Terminal Galactose AnyLinkage 9.98
Poly LacNAc OR Neo Poly

LacNAc Terminal
8.98

7.22 4714 Solanum tuberosum lectin
(STL-10)

Plant Type 2 Chain (Galb1-4GlcNAcb) 13.00
Poly LacNAc (Galb1-

4GlcNAcb1–3Galb . . . )
8.48

Internal Poly LacNAc 7.71
Sialylated 7.15 5211 A/OK/5386/2010 H3N2 Viral Neu5Aca Anywhere 15.73

Neu5Ac Anywhere 15.35
Sialic Acids AnyLinkage 14.98

6.60 5235 A/OK/5342/2010 H3N2 Viral Neu5Aca Anywhere 14.37
Neu5Ac Anywhere 13.81
Sialic Acids AnyLinkage 13.29

6.54 5218 A/Shorebird/DE/300/2009 Viral Neu5Aca Anywhere 16.42
Neu5Ac Anywhere 15.86
Sialic Acids AnyLinkage 15.65

Sulfated 4.16 1704 Surfactant protein A Mammalian Sulfated Glycans 10.09
6� Sulfo 8.43
3� Sulfo 6.84

3.99 1640 Chemotaxis inhibitory protein
of Staphylococcus aureus

Bacterial Sulfated Glycans 8.72
6� Sulfo 7.39
3� Sulfo 6.14

3.85 1667 Mouse E selectin Mammalian Sulfated Glycans 9.40
6� Sulfo 7.90
Neu5Aca Anywhere 6.44

Fucosylated 11.68 3363 Ralstonia solanacearum
lectin (RSL)

Bacterial Fucose Anywhere 16.80
Fuca Anywhere 16.67
Fuca1-2 11.94

11.14 3340 BambL lectin Bacterial Fucose Anywhere 16.48
Fuca Anywhere 16.34
Fuca1-2 11.58

10.40 4217 Aspergillus oryzae lectin
(AOL)

Fungal Fucose Anywhere 18.33
Fuca Anywhere 18.24
Fuca1-2 10.16

Sialylated and
fucosylated

4.68 5109 Staphylococcal
superantigen-like protein
(SSL0)

Bacterial Sialic Acids AnyLinkage 12.57
Neu5Aca Anywhere 12.08
Neu5Ac Anywhere 11.74

4.58 1773 PR8 E158K: mutation in the
HA gene

Viral Neu5Aca Anywhere 10.83
Neu5Ac Anywhere 10.70
Sialic Acids AnyLinkage 10.25

4.56 2491 HN protein from
paramyxovirus

Viral Sialic Acids AnyLinkage 5.58
Terminal Neu5Aca2-3 5.39
Neu5Aca2-3 Anywhere 5.39

a Score of the motif used in the search, corresponding to the indicated lactosamine class.
b The unique identifier of the dataset in the CFG website, where more information about the sample and the experiment can be found.
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onstrates the use of the tool for identifying lectins with defined
specificities.

DISCUSSION

Systematic comparisons of specificity between multiple
lectins or comparisons between glycans and their lectin part-
ners previously were not possible because of the lack of the
necessary experimental analyses. The producers and users of
glycan array data have long recognized the latent potential of
the data for such bioinformatics studies but did not have the
data in an interpretable and readily usable format. A new
software program for the automated analysis of glycan array
data was used to process the entire repository of CFG glycan
array data, resulting in a database of lectin-motif interactions.
The database enabled several types of analyses that provided
provocative insights into glycan–lectin biology. For example,
we observed that sulfate recognition is primarily found in
mammalian lectins and that modifications to a core glycan
result in shifts in the type of organism recognizing the glycan.
These observations provide routes for further investigation,
and they demonstrate the utility of the database and analysis
program. We anticipate that these resources will be highly
valuable to the glycobiology research community.

Because the metadata were available for many of the
lectins, we could examine questions relating to differences
and similarities between organism types in terms of their
lectin specificities. Viral lectins had the least diversity in
specificity, showing nearly exclusive preference for sialic
acids. Lectins from the other categories also can have high
specificity for sialic acids (Fig. 3), but they have more diversity
in specificities. The competition for sialic acid motifs among
lectins of various organism types might play a major role in
microorganism–host biology. Both viral and bacterial patho-
gens can use sialic acids for attachment to host epithelial
surfaces (22), and the binding to sialic acids might be in
competition with host sialic-acid-binding lectins such as the
siglecs (1). The interplay among host recognition of self-as-
sociated molecular patterns, sialic acids on invaders, and
potential mimics of sialic acid on host antigens (23) might
work to determine the outcome of microbial colonization (24).

Mammalian lectins were different from the other lectins in a
few respects. Although the average motif scores were lowest
for most motifs (Fig. 3A), individual mammalian lectins had
scores comparable to those of other organism types for most
motifs (Fig. 3C). This result might indicate a greater diversity of
specificities among mammalian lectins. For example, be-
cause most viral lectins have good specificity for sialic acids,
the average score for the sialic acid motif is high among viral
lectins, whereas because mammalian lectins bind many dif-
ferent motifs, the average is not high for any motif. The nor-
malized averages, reflecting relative scores within each cate-
gory, also showed a broader diversity of specificities for
mammalian lectins than for any other category (Fig. 3B). This
greater diversity might reflect the greater general complexity

of the mammalian species and the need for a greater number
of functions for the lectins. Each function of the mammalian
lectins carries unique requirements in terms of glycan speci-
ficity. Mammalian lectins involved in innate immune recogni-
tion, immune regulation, protein quality control and clearance,
lymphocyte homing, receptor regulation, and others have
specificities covering most of the major motif types. In con-
trast, the more limited functions of the lectins of the other
organism types might require fewer specificities.

The motif for which mammalian lectins had the highest
average and individual scores was sulfated glycans. Although
individual examples of plant and bacterial lectins appear to
bind sulfated glycans (Fig. 4), the requirements of sulfation for
binding are not as well characterized as for certain mamma-
lian lectins such as L-selectin (25) and siglec-8 (26). The
sulfation of glycans could restrict binding uniquely to lectins of
the host, thereby restricting the glycan–lectin signaling to
internal routes. Given that some pathogens display sialylated
glycans that mimic those of the host (23), sulfation might
prevent the development of autoimmunity based on the
cross-over of immunity from foreign antigens to self-antigens.

Plant, bacterial, and fungal lectins showed many similarities
but also had distinctions. They shared, on average, prefer-
ences for motifs based on fucose, mannose, and lactosamine
(Figs. 3A and 3B). These similarities in specificities might
reflect general, shared functional features among these spe-
cies. Plants had a greater number of lectins with high selec-
tivity for lactosamine (Fig. 4), perhaps owing to a great need
for broad immune protection against foreign invaders (27).

The evaluation of a series of lactosamine modifications
showed a significant change in the type of lectin that binds the
structures. Unmodified lactosamine had the broadest parity of
lectin binding among the organism types (Figs. 4A and 3B),
suggesting that lactosamine interactions are broadly used in
biology. Multiple beneficial plant and bacterial species use
such interactions in the human gut, and some plants use
lactosamine interactions in immune defense (27). As noted
above, sulfation shifted binding primarily to mammalian lec-
tins, and fucosylation shifted to mainly bacterial lectins, as the
most specific binders. The results are restricted by the lectins
that are present in the database, so a more comprehensive
and unbiased look at lectin binding would be required in order
to pursue these findings. However, the results show the sig-
nificant effects on lectin binding of glycan modifications and
demonstrate a useful approach to this type of question.

These observations raise the possibility of characterizing
whether certain lectin–glycan interactions are endogenous,
occurring primarily within the organism, or exogenous, occur-
ring between organisms. In order to thoroughly investigate
that topic, we would need detailed information on the gly-
comes of each organism; this is available for certain tissue
types but is still is being generated for most. The question of
interactions between bacteria and their hosts is particularly
interesting, because they live in either a symbiotic or an
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antagonistic relationship with each other. Having detailed in-
formation on both the lectin specificities and the glycomes of
the various bacteria and hosts could lead to insights into
those relationships.

The present study has some limitations in the comparisons
between motif scores. A relatively small set of monosaccha-
rides accounted for the top scores (Fig. 2), probably because
simple specificities are easier to accurately describe and
therefore result in higher motif scores. Lectins with more
complex specificities would be harder to describe and thus
would not be accurately described by the pre-defined motifs.
In addition, complex lectins might more frequently require
other factors for optimal binding, such as certain multivalent
presentations of the glycans (28, 29), particular peptide back-
bones, or other protein cofactors. Complex glycan motifs
recognized by certain lectins might not be present on the
arrays, as the arrays contain only a fraction of the glycome
(30). These limitations could be addressed in future develop-
ments, such as new glycan array data with expanded glycan
repertoires or varying densities (25, 29) and the continued
definition of motifs that account for complex specificities (21).
In addition, we will continue to develop the analysis algo-
rithms, for example, by building in additional statistical anal-
yses or other, recently described approaches for analyzing
glycan array data (31, 32). The incorporation of new motifs,
enhanced analysis methods, and new data from more com-
plex glycan arrays should allow more accurate information to
be obtained from the searches.

We foresee this program and database being useful not just
for global searches and analyses, but also for deep analyses
of individual datasets. GlycoSearch reports all the significant
motifs and motif combinations, including weaker secondary
motifs and binding inhibitors, from among the pre-defined set
of 220 motifs. The program also provides a list of outlier
glycans—those with signals that do not fit the predicted bind-
ing of the lectin (21). This initial analysis might provide direc-
tions for further investigations of the data allowing us to better
understand the lectin specificity. GlycoSearch enables such
investigations by supporting the addition of new, user-defined
motifs of any complexity. GlycoSearch can parse and inter-
pret any additional user-defined motifs, automatically deter-
mine which glycans on the array have the motifs, and accu-
rately compute the resulting motif scores for the newly
defined (not previously seen) user motifs. Completely flexible
motif definitions and search parameters will allow the pursuit
of very specific questions relating to complex, fine specifici-
ties of lectins. This capability should be increasingly useful as
glycan arrays become available with more and more glycans,
and as lectins are analyzed with specificities not correspond-
ing to the pre-defined motifs. An intriguing option is to define
motifs based on structural characteristics, rather than simple
nomenclature. Such motifs could reveal structural features
that influence the binding of certain lectins and that are not
identifiable from the simple nomenclature.

Another topic that can be investigated using the flexible
analysis of GlycoSearch is the independence of motifs. A
lectin potentially could bind two distinct motifs, as in wheat-
germ agglutinin binding of motif GlcNAc and sialic acid. In
order to discern whether each motif independently contrib-
utes to lectin binding, special analyses are required. For ex-
ample, we could constrain a comparison to only glycans that
do not contain the first motif and either do or do not contain
the second motif, thereby removing the variable of the first
motif. The flexibility of the motif definitions and comparisons
in GlycoSearch enable this type of analysis. Furthermore, the
current version of GlycoSearch includes a new development
in which pairwise combinations of motifs and exclusions of
motifs are each tested for potential improvements to the motif
score. If the motif score is improved using such combinations,
the two motifs are inferred to be independent contributors to
the lectin binding. The results from these analyses have been
incorporated into the database.

This database and analysis program promises to be a use-
ful resource for the glycobiology community. The database
enables analyses and comparisons of glycan–lectin interac-
tions across unrelated experiments, and the GlycoSearch
program enables detailed studies of individual datasets. Data
from other glycan array platforms could be incorporated into
the database, such as arrays composed of natural glycans
(33) or designed to probe virus specificities (34–36), as
the motif score output of GlycoSearch is independent of the
platform. With further refinement of the annotation in the
database, development of the analysis algorithms and motif
definitions, and incorporation of new data, we expect increas-
ing usefulness in glycobiology studies. Future studies in sys-
tems biology also could benefit from broader, accessible
information on protein–glycan interactions. Furthermore, we
foresee practical uses of these tools, such as identifying lec-
tins with defined specificities that could be used as analytical
reagents, or modeling the effects of drugs targeting particular
glycan–lectin interactions (37).
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