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Glycan-binding proteins are commonly used as analytical
reagents to detect the levels of specific glycan structures in
biological samples. A detailed knowledge of the specifici-
ties of glycan-binding proteins is required for properly
interpreting their binding data. A powerful technology for
characterizing glycan-binding specificity is the glycan
array. However, the interpretation of glycan-array data
can be difficult due to the complex fine specificities of
certain glycan-binding proteins. We developed a systema-
tic approach, called outlier-motif analysis, for extracting
fine-specificity information from glycan-array data, and
we applied the method to the study of four commonly
used lectins: two mannose binders (concanavalin A and
Lens culinaris) and two galactose binders (Bauhinia pur-
purea and peanut agglutinin). The study confirmed the
known, primary specificity of each lectin and also revealed
new insights into their binding preferences. Lens culinar-
is’s main specificity may be non-terminal, o-linked
mannose with a single linkage at its 2’ carbon, which is
more restricted than previous definitions. We found
broader specificity for bauhinea purpurea (BPL) than pre-
viously reported, showing that BPL can bind terminal N-
acetylgalactosamine (GalNAc) and penultimate p-linked
galactose under certain limitations. Peanut agglutinin may
bind terminal Galp1,3Gal, a glycolipid motif, in addition
to terminal GalB1,3GalNAc, a common O-linked glyco-
protein motif. These results could be used to more accu-
rately interpret data obtained using these well-studied
lectins. Furthermore, this study demonstrates a systematic
and general approach for extracting fine-specificity infor-
mation from glycan-array data.
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Introduction

Glycan detection using lectins and glycan-binding antibodies
is an important complement to other glycobiology analytical
methods involving mass spectrometry, glycosidase digestion
and chromatography. In order to most effectively use glycan-
binding proteins as analytical reagents, it is important to fully
understand their specificities. Knowledge of the specificity of
analytical reagents could help in the selection of reagents to
detect particular glycan targets and in the interpretation of
measurements acquired using those reagents. A valuable tool
for characterizing the nature of interactions between glycans
and proteins is the glycan microarray (Drickamer and Taylor
2002; Blixt et al. 2004; Manimala et al. 2006; Yue and Haab
2009; Bathe et al. 2010; Lee et al. 2010; Lo et al. 2010).
Various glycan-array platforms have been established, which
use either chemically synthesized glycans or glycans purified
from biological material. These data could provide rich
insights into biological processes involving protein—glycan
interactions and also could provide better understanding of
the specificities of glycan-binding reagents. For example, a
glycan-array study revealed significant diversity in the off-
target binding activities of various glycan-binding antibodies
(Manimala et al. 2007).

While glycan-array data provide a valuable resource for
understanding glycan-binding specificity, its interpretation
remains challenging in certain cases. The difficulty is particu-
larly great for proteins that bind multiple structures or that
have varying affinity depending on the presentation or overall
context of a particular structure. For many proteins, the
primary glycan-binding specificity is known, but details about
the fine specificity, such as preferred presentations of binding
determinants or potentially blocking side chains, are not clear.
Previously we introduced motif segregation analysis as an
approach to systematizing and automating the analysis of
glycan-array data (Porter et al. 2010). Motif segregation is
accurate for extracting the primary binding specificities of a
wide variety of glycan-binding proteins. However, in the case
of glycan-binding proteins with complex behaviors, the
results from motif segregation may not capture the details of
the fine specificity of binding. Motif segregation functions by
identifying the motifs (component parts of oligosaccharides)
that are selectively present in the glycans on a glycan array
that are strongly bound by a particular lectin (Figure 1A). In
the case when the stock set of pre-defined motifs does not
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Fig. 1. OMA. (A) Flow chart depicting the motif segregation method used to derive the motif scores. (B) OMA using demonstration data. The process begins
with motif segregation analysis to assign a score to each motif (top). The next step is to sum the significant motif scores (>3.0) in each glycan to give a summed
motif score for each glycan (middle). Next, the summed motif scores are plotted with respect to fluorescence intensity for each glycan. The graphical glycan

notation conforms to the convention used by the CFG.

include the precise determinant of a particular lectin, highly
accurate information will not be extracted from the
glycan-array data. The goal of this work was to enable a sys-
tematic extraction of fine-specificity information from
glycan-array data and to use that approach to describe the
binding of several commonly used lectins.

Several approaches could be pursued to address the goal
of extracting detailed binding information from glycan-array
data. One approach would be to greatly increase the number
of pre-defined motifs in motif segregation analysis.
However, given the numerous ways in which binding deter-
minants could possibly arise, some of which may be unfore-
seen, the pre-definition of motifs likely always will be
subject to human bias. Another approach may be to divide
the glycans according to whether they are bound or not
bound by a given lectin [referred to as “Intensity
Segregation” in our previous work (Porter et al. 2010)] and
then seek to identify component glycans (or motifs) that are

present in one group but not the other. Several glycan-
pattern  recognition algorithms are in development
(Aoki-Kinoshita and Kanehisa 2006). This approach has
promise and is worthy of pursuit but still is unproven for
the identification of fine specificities.

In this work, we developed an alternate approach to this
problem. Our approach is to use the pre-defined motifs as
“seeds” in order to identify primary specificities using our
previous motif segregation analysis and then to build on that
information to further define the binding determinants. This
process is enabled by the identification of “outlier” glycans
for which the binding of a lectin is not accurately described
by the stock set of motifs. The outlier glycans are examined
to identify new motifs that potentially define the true
binding determinant, and the process is repeated using the
new motifs. The entire process is repeated until motifs are
defined that accurately describe the binding patterns of a
given lectin.
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We used this method to describe the fine specificity of four
different lectins that are commonly used as analytical
reagents. It is important to have an accurate understanding of
such reagents, since they are used to measure glycan levels in
a wide range of applications (Hirabayashi 2004; Sharon
2007), including various microarray platforms (Angeloni et al.
2005; Kuno et al. 2005; Pilobello et al. 2005; Patwa et al.
2006; Chen et al. 2007; Li et al. 2009; Yue et al. 2009; Yue
and Haab 2009). We analyzed two lectins with primary speci-
ficity to mannose (concanavalin A and Lens culinaris) and
two lectins with primary specificity to galactose (Bauhinia
purpurea and peanut agglutinin). The use of two different
lectins for each primary specificity allowed us to compare
within a category, and the use of two different primary specifi-
cities allowed us to test the method over a variety of lectin
types. Since these lectins are widely used to detect the pres-
ence of their target glycans in biological samples, a more
detailed understanding of their specificities would be valu-
able. Here, we present insights into the fine specificities of
these lectins and also demonstrate that outlier-motif analysis
(OMA) is effective for refining and precisely defining the
binding specificities of glycan-binding proteins.

Results

Outlier-motif analysis

To enable the systematic extraction of detailed binding specifi-
cities from glycan-array data, we extended motif segregation
analysis (Porter et al. 2010; Figure 1A) with a method called
OMA (Figure 1B). We begin with the pre-defined motifs as a
starting point to get an idea of the primary binding specificity
and then work from those structures to refine the definition of
the binding determinant based on the data. The first step is to
characterize how well the pre-defined motifs describe the
binding intensities in the glycan-array data. If a particular
glycan contains the motifs that represent the binding determi-
nant, then the fluorescence signal at that glycan should be
high. Likewise, if the motifs representing the binding determi-
nant are not present in a particular glycan, the signal should
be low. To look at this relationship, the following steps are
taken (Figure 1B). We first compute the motif segregation
scores for each pre-defined motif, according to our previously
described method. Next, we sum the significant motif scores
for each glycan. (Each individual motif score was thresholded
to convert values <3.0 to zero, which removed contributions
from insignificant scores and improved the interpretation of
the data.) The summed motif score provides a summary of the
number and strength of the motifs present in each glycan.
Glycans containing several motifs with good scores will have
high summed scores, and those with few or no high-scoring
motifs will have low summed scores. The collection of indi-
vidual motif scores and summed motif scores for each glycan
are available in the Supplementary data. We then look at the
correlation between the signal intensities and the summed
motif scores for all glycans on the array.

Ideally, the summed motif scores and signal intensities cor-
relate over all the glycans. Perfect correlation may not occur
in some cases; for example, if the summed score includes
contributions from motifs that are subsets of a broader motif.
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The correlation plot allows the identification of “outlier”
glycans for which the summed motif scores have a significant
deviation from correlating with binding intensity. The two
types of outliers are: (i) glycans that have low motif scores
(they do not contain the motifs predicted to represent the
binding determinant) yet have high binding; and (ii) glycans
that have high motif scores (they contain the motifs predicted
to be the binding determinant) yet have low binding. The first
type of outlier indicates that for certain glycans, the binding
determinant is not represented in the pre-defined motifs, and
the second type of outlier indicates that for other glycans,
binding does not occur even though a high-scoring motif is
present. In order to determine which glycans are considered
outliers, we set thresholds along the x- and the y-axes
(Supplementary data, Figures S1-S4). Thresholds were set by
examining the distributions of the fluorescence values and
summed motif scores. Bimodal distributions containing dis-
tinct high and low groups were apparent for each lectin,
which allowed us to set a lower threshold that captured all
slightly elevated glycans and an upper threshold that captured
highly elevated glycans. Glycans above the upper threshold in
one axis but below the lower threshold in the other axis were
considered clear outliers, and glycans above the upper
threshold in one axis but between the upper and lower
threshold in the other axis were potential outliers. This latter
group of outliers was bound by the lectin, as indicated by
their moderate to high levels of fluorescence [~1000 to
~30,000 relative fluorescence units (RFUs)]. However, due to
potential non-specific interactions related to the spacers, and
in order to maintain a clear interpretation of specific inter-
actions, these glycans were not included in the determination
of the lectins’ primary binding specificity.

After the identification of outlier glycans based on these
thresholds, the next step is to compare the outlier glycans to
the non-outlier glycans to identify potential new motifs or
modifications to motifs that could more accurately describe
the binding determinant. The process is then repeated with the
inclusion of the new motifs. The reduction in outlier glycans
in the repeated analysis is an indication that the new motifs
more accurately describe the binding determinant. We applied
this process to the study of two lectins each from two classes
of binding specificities: mannose binders (concanavalin A and
L. culinaris) and galactose binders (B. purpurea and peanut
agglutinin).

Binding specificities of the mannose binders ConA and LCA

OMA was performed starting with the list of 63 motifs that
were defined in our previous development of motif segre-
gation (Porter et al. 2010). The analysis was applied to
glycan-array data for concanavalin A (ConA) and lens culi-
naris (LCA) from the Consortium for Functional Glycomics
(CFG) array version 2.0, which contained 264 uniquely
printed targets (258 glycans and 6 glycoproteins). For ConA,
the top significant motifs generated by motif segregation were
“terminal Mano” (score =8.5), “N-glycan, high mannose”
(score =4.6), “N-glycan, complex” (score =3.4) and “terminal
Glca” (score =3.2). “N-glycan, hybrid” is not represented on
the version 2.0 array so could not be scored. The glycans con-
taining these motifs clearly had higher binding intensities
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Fig. 2. OMA of the mannose binders ConA and LCA. The summed motif scores for each glycan, after analysis with either the original or the updated motifs, are
plotted with respect to fluorescence intensity after detection with ConA or LCA. (A) ConA using the original stock set of 63 motifs. (B) ConA after the inclusion
of the “unphosphorylated Mano” motif. (C) LCA using the original motifs. (D) LCA after the inclusion of the new motifs. The dashed lines represent thresholds
for defining outliers, based on the distributions from all the glycans (Supplementary data, Figures S1-S4). Symbols in the upper right sectors are the glycans in
expected regions, symbols in the upper left and lower right indicate the outliers, and intermediate symbols indicate the bound glycans that may not represent the

primary specificity of the lectin. Sp, spacer.

than the other glycans (Figure 2A), indicating that these
motifs accurately describe the binding determinant of ConA.
However, one outlier was identified with a high summed
motif score but low fluorescence signal, 6-H,PO;Mano-Sp8.
This glycan had been classified as containing the “terminal
Mano” motif and for that reason had a high summed motif
score. Although firm conclusions cannot be made from one
glycan (no other phosphorylated mannose structures were on
the array), the phosphate group likely blocks ConA binding.

We accounted for this outlier by defining a new motif,
“unphosphorylated Mano—terminal or sub-terminal”. This
new motif gave the strongest motif score of 11, and adding
this motif into the outlier analysis enhanced the division
between strong ConA binders (glycans containing Mano) and
weaker ones (glycans containing terminal Glco) (Figure 2B).
The single glycan containing phosphorylated mannose is no
longer an outlier based on the upper threshold. Therefore, this
analysis confirmed the known specificity of ConA for both
sub-terminal and terminal mannose, a weaker affinity for
terminal glucose, and also suggested a requirement for a lack
of phosphate on the mannose.

Several glycans had weak but measurable binding above the
lower threshold, yet a zero summed motif score. We did not
further characterize motifs for this latter group of structures

due to evidence of non-glycan mediated binding. For example,
the fluorescence of GalB1,4GIcNAcB-Sp8 was much greater
than the same disaccharide attached to “-Sp0” (6219 vs 323
RFUs, respectively; Supplementary data, Table SI), suggesting
the longer spacer induced ConA binding.

For LCA, the top significant motifs contained mannose, but
the OMA graph showed many outlier glycans that had high
summed motif scores but low fluorescence (Figure 2C).
Comparing these low-binding outlier glycans to the high-
binding glycans, we observed an enrichment in X-1,2-Mana-
Man sequences among the high-binding group, where X could
be the single addition of a Mana or GIcNAcB, and the 2’ sub-
stituted Mano could be in any linkage with either a Mana or
Manp. Further chain extension was associated with low LCA
binding. This motif represents a single-saccharide extension
off the core pentasaccharide of N-linked glycans.

Previous studies using frontal affinity chromatography have
found core fucosylation (fucose in 1,6 linkage to the redu-
cing GIcNAc of the N-glycan chitobiose core) to be the main
binding determinant of LCA (Kinoshita et al. 1991;
Matsumura et al. 2007; Tateno et al. 2009). The glycan array
used in this analysis lacked glycans containing core fucose,
yet several glycans displayed strong-binding signals from
LCA interacting with both N-glycans and short mannose
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Fig. 3. OMA of the galactose binders BPL and PNA. The summed motif scores for each glycan, after analysis with either the original or the updated motifs, are
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upper left and lower right indicate the outliers, and intermediate symbols indicate the bound glycans that may not represent the primary specificity of the lectin.

Sp, spacer.

oligosaccharides. This finding suggests that the main binding
determinant of LCA is in the mannose branches of N-glycans
and that core fucosylation may serve to enhance this inter-
action. This secondary affinity for core fucosylation is sup-
ported by the original analysis of LCA specificity, which
found that while core-fucosylated, N-glycan containing pep-
tides were more strongly retained on an LCA-Sepharose
column, these peptides could not be eluted by free fucose
(Kornfeld et al. 1981).

Another low-binding outlier was Mano-Sp, indicating that,
unlike ConA, LCA’s structural preference may be sub-terminal
and not terminal mannose. Based on these observations, we
defined the new motifs “sub-terminal Mano” (score = 10),
“mannose” (score=10) and “X-1,2-Mano-Man” (defined
above, score=7.2). The third motif seems to accurately
describe the primary binding determinant of LCA, since an
outlier plot using the new motifs clearly segregates binding
glycans from non-binding and low-binding glycans based on
the presence or the absence of that motif (Figure 2D). A few
mannose-containing glycans show lower scores and fluor-
escence, indicating that weak binding to mannose may be
possible in other configurations. Four glycans were outliers
with very low fluorescence but elevated summed motif scores.
These glycans contained mannose in a configuration that did
not allow LCA binding. Because the broad motif of
“mannose” had a good score for LCA, glycans containing

164

that motif also had a somewhat high summed motif score.
However, the scores are not as high as the glycans containing
the primary determinant, which shows the good separation
achieved through the summed motif score. Additional exper-
imental work will be required to validate this information
about the specificity of LCA, but this analysis shows the
value of OMA for describing glycan-array data to provide
insights into fine specificities of protein—glycan interactions.

Binding specificities of the galactose binders BPL and PNA

Using data from CFG glycan array version 2.0, the most signifi-
cant motifs in the initial analysis of bauhinea purpurea (BPL)
were “terminal GalB1,3” (score=11), “terminal GalB” (score =
11) and “terminal N-acetyllactosamine” (score =3.0), which is
consistent with the known primary specificity. The outlier plot
revealed several outliers in both the high-sum/low-fluorescence
and low-sum/high-fluorescence categories (Figure 3A). The
high-sum/low-fluorescence outliers all were terminal Galf
glycans that contained various sites of sulfation. Our definition
of “terminal GalB” encompassed sulfated GalP, so sulfated
glycans had a high summed motif score even though they did
not bind BPL. Therefore, we accounted for this type of outlier
by defining a new motif, “terminal Galp, unsulfated.”
Accounting for the outliers in the low-sum/high-
fluorescence group was less straightforward. These glycans
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contained terminal Galo, GalNAco/p or GlcNAco/B. In most
of these glycans, the penultimate sugar was a Galf. In the
glycans with no sub-terminal Galp, the terminal sugar was
exclusively GalNAc. The binding to these features could be
examined by directly comparing the signal levels of glycans
containing or not containing particular motifs (Figure 4).
(This analysis is in contrast to our standard motif segregation
analysis, which compares glycans containing a motif to all
other glycans on the array.) Directly comparing sulfated to
non-sulfated terminal Galf clearly shows the blocking effect
of sulfation on BPL binding (Figure 4A). An examination of
the glycans containing penultimate Galf suggested that
binding by BPL was allowed only when the penultimate Gal
had the following substituents: 2" Galo, 3’ Galo or GalNAca,
4" unsubstituted and/or 6’ GlcNAco/f (Figure 4B). The
glycans containing penultimate Galf but not bound by BPL
had the following substituents: 2’ Fuco, 3’ GlcNAco/B, a
charged substituent (GlcA, sialic acid or sulfate) at any
location or 4’ anything. These observations suggest that BPL
can bind penultimate Galf only with certain o-linked groups
at 2’ or 3', nothing at 4’ and nothing charged. These rules
may be further generalized or simplified upon experimentation
with a greater diversity of glycans.

In a similar way, a clear division existed among glycans
containing terminal GalNAc (Figure 4B). BPL binding of
terminal GalNAc was detectable only if the glycans contained
the following motifs: GalNAcB1,3Gal, GalNAcB1,4GIcNAc
or GalNAco/B-spacer. Terminal aGalNAc linked to any other
glycan was not bound by BPL. Thus, it appears that BPL can
bind terminal, B-linked GalNAc that is bound to certain
penultimate glycans.

To account for all of these observations for BPL, two new
motifs were created, “terminal GalP, unsulfated” (score =19),
and another that encompassed the aforementioned rules for
terminal/sub-terminal Galf and terminal GalNAc binding,
which produced the highest motif score of 24. Adding these
new motifs to the OMA raised the summed motif scores of all
of the strong-binding glycans while leaving the scores of the
low-binding glycans unaffected (Figure 3B). The improved
correlation between fluorescence signal and summed motif
score indicates that the new motifs more accurately describe
the binding determinants of BPL. While the upper threshold
was not reached for sub-terminal Galf and terminal GalNAc
containing glycans, the new motifs elevated the summed
motif scores for these glycans above the sulfated non-binding
outliers along the y-axis. As with ConA, the remaining weak
binding glycans, just above the lower fluorescence threshold,
did not show consistent features and were possibly due to
non-specific binding.

OMA of peanut agglutinin (PNA) revealed similarities and
differences with BPL. The strongest individual motif scores
were “terminal GalB1,3” (score = 6.6), “terminal GalB” (score
=4.0) and “O-glycan core 2” (score = 3.1), consistent with the
previously characterized specificity. The outlier plot showed
outliers only in the high-sum/low-fluorescence category, with
a broad division between outliers and binders (Figure 3C). As
with BPL, sulfated GalB blocked binding (Figure 4C).
However, some glycans containing unsulfated terminal Galf
were not bound by PNA. Subdividing these glycans into
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Fig. 4. Motif comparisons of BPL and PNA. Each point on the scatter plots
represents a glycan on the glycan array. The fluorescence after detection with
BPL or PNA is plotted for glycans containing particular motifs. (A) The
effect of sulfation on BPL binding. The fluorescence is plotted for glycans
that contain terminal Galp and separately for those that are sulfated or
unsulfated. The difference between BPL binding to unsulfated and sulfated
glycans (indicated by double asterisks) was highly significant (P <<0.001).
(B) BPL binding to penultimate Galf and terminal GalNAc. The scatter plots
show the fluorescence signals of all glycans containing either of these two
motifs. Additional features of the glycans in each group are indicated. (C)
Iterative comparison of motifs bound by PNA. Each group of glycans is a
subset of that to the left, beginning with all glycans containing terminal Galp.
PNA showed significantly higher binding to terminal Galp when the glycan
was not sulfated (P =0.003), followed by significantly higher binding when
the glycan was unsulfated and the Galp was in 1,4 linkage to the penultimate
sugar (P <0.001), followed by significantly higher binding still when the
glycan was unsulfated and the Galf was in 1,4 linkage to a Gal or GalNAc
and not a GIcNAc (P <<0.001). All P-values were calculated using the
student’s -test.
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Table I. Summary of refined lectin specificities

Species Lectin Catalog specificity Refined specificity Primary Secondary structures
structures®
Canavalia ConA Mano; terminal Glc Unphosphorylated Mano; terminal Glco BO 4 H
. . =] o
ensiformis 4?—5. 1
R
Lens culinaris LCA  Terminal Mano/Gleo;  X-1,2-Mano.. Binding enhanced by core Fuco and diminished v Primary affinity enhanced
Core Fuca by further extension off the Mano B by core fucosylation

Bauhinia BPL  GalB1,3GIcNAc; Terminal Galp or Galf: 2+ Galo,, 3’ + Gal(NAc)a, 4’
purpurea terminal GalNAco. unsubstituted, 6’ + GIcNAc; terminal GalNAcf1,3Gal;
terminal GalNAcB1,4GIcNAc; Tn
Arachis PNA  Galfl,3GalNAc Galp1,3GalNAc; Galp1,3Gal
hypogaea

The graphical glycan notation is the system used by the CFG.
“R indicates any glycan, and X indicates no attachment allowed.

terminal GalP1,3 and terminal GalB1,4 revealed the high pre-
ference of PNA for terminal Galf1,3 (Figure 4C). Again, not
all terminal GalB1,3 was bound by PNA, so we further subdi-
vided these glycans into GalPl,3Gal/GalNAc and
GalP1,3GIcNAc, which showed the binding specificity of
PNA to be “terminal unsulfated GalBl,3Gal/GalNAc”
(Figure 4C). This new motif gave the strongest motif score
(score=9.7) and after addition to the original summed motif
scores cleanly separated the outliers from the true binders
(Figure 3D).

Summary of findings

Taken together, these analyses confirm the primary specificities
of the lectins but also uncover some unexpected binding charac-
teristics. Table I provides a summary of our findings when com-
pared with the specificities that are commonly reported as the
primary binding determinants of the lectins (e.g. in vendor cata-
logs). In the cases of ConA and PNA, the primary specificities
are highly accurate. However, our findings indicate that BPL and
LCA have more complex specificities than commonly cited.
BPL binds the primary determinant of terminal, B-linked galac-
tose, but it also appears to bind sub-terminal galactose and term-
inal GalNAc in particular situations. The exact rules determining
the additional binding capability of BPL are not identifiable from
the available glycan-array data. In the case of LCA, our analyses
indicate a lack of binding to terminal mannose, in contrast to its
reported specificity. LCA apparently mainly binds the “X-1,2-
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Mana-Man” motif. The role of core fucose in LCA binding was
not determinable from these data, but our analyses show that
core fucose is not required for LCA binding.

Discussion

This work addresses the need for more-detailed characteriz-
ations of the specificities of glycan-binding proteins and the
need for a systematic approach to extract that information from
glycan-array data. Our analytical approach is built on the itera-
tive process of scoring motifs, identifying outlier glycans and
redefining motifs. This method should be generally useful for
any type of glycan-array data, both for assessing how well
certain motifs represent the true binding determinant and for
uncovering complex and fine specificities. We applied the
method to the study of four commonly used lectins and uncov-
ered some unexpected features of glycan-binding specificity.

ConA

ConA’s binding structure and specificity have been well deter-
mined for mannose-containing structures (Hardman and
Ainsworth 1972; Naismith and Field 1996; Gupta et al.
1997), including recognition of biantennary, complex
N-glycans (Moothoo and Naismith 1998), and for terminal
glucose (Gupta et al. 1997). OMA confirmed the main speci-
ficity for mannose and the secondary specificity for terminal



glucose. The value of the approach for finding exceptions was
shown in identifying a single high sum, low-binding outlier
glycan, which contained phosphorylated mannose. A general
rule cannot be derived from one glycan, but the identification
of such exceptions provides useful insights and suggests that
phosphate inhibits ConA binding.

LCA

OMA uncovered some new insights into LCA specificity. Our
analysis showed that strong binding is possible in the absence
of core fucosylation and that the main determinant may be the
X-1,2-Mano-Man motif. This X-1,2-Mano-Man  structure
involves substitution of the Mana at two axial positions. The
position of two large axial groups is likely to cause a high
amount of strain forcing the ring into an altered conformation
in order to reach a lower energy state. This conformation may
be recognized by LCA. The fact that LCA does not bind
terminal mannose supports this interpretation. Experimental
support for our defined motif comes from the finding that gly-
copeptides with GIcNAc substitution of the tri-mannose,
N-glycan core (Man;GIcNAc,), create the strongest inhibitors
of LCA red blood cell agglutination (Kornfeld et al. 1971).
We also found that further extensions off the
X-1,2-Mana-Man motif seem to be inhibitory. These findings
reveal a binding specificity for LCA that is more restricted
than previous definitions, since it precludes terminal mannose
and extended structures.

Core fucosylation may strengthen the LCA binding to
N-glycans, as suggested from studies using frontal-affinity
chromatography (Kinoshita et al. 1991; Matsumura et al.
2007; Tateno et al. 2009). We were not able to study the
contribution of core fucose because glycans with core fuco-
sylation were not present on glycan array version 2.0, and
no higher array versions with sufficient signal quality for a
reliable analysis were available. Structural principles support
an enhancement of LCA binding by core fucose, since core
fucose may interact favorably with a hydrophobic region
outside of the mannose-binding pocket and orient the lectin
for proper binding to the X-1,2-Mano-Man motif. A mol-
ecular modeling study provided some insight an enhanced
interaction with core-fucosylated N-glycans (Sokolowski
et al. 1997). Core-fucosylated glycans showed three extra
potential hydrogen bond interactions with LCA and the in a
secondary binding site, whereas non-fucosylated glycans
showed an interaction between the opposing Mano arm and
the secondary binding site. However, experimental evidence
to support the mannose motif as the primary binder was
provided by early experiments showing that fucose is unable
to elute core-fucosylated glycans from an LCA-Sepharose
column (Kornfeld et al. 1981). Therefore, the main determi-
nant for LCA may be X-1,2-Mano-Man, with an enhance-
ment by core fucose. Glycan microarrays containing a
variety of core-fucosylated glycans and addition binding
experiments could give more information on the binding
preferences of LCA.

BPL

New insights also were obtained for BPL. Our analysis
showed BPL to be a fairly flexible galactose binder. Unless

Outlier-motif analysis

the glycan was sulfated, BPL was able to bind all terminal
Galf linkages, terminal GalNAcB1,4GIcNAc, terminal
GalNAcP1,3Gal and GalNAco when linked to a spacer.
These findings are consistent with the literature (Wu et al.
2004). The novel finding for BPL binding is the recognition
of penultimate Galf. The glycans containing penultimate Gal3
but not bound by BPL had the following substituents: 2’
Fuca, 3’ GlcNAco/B, a charged substituent (GlcA, sialic acid
or sulfate) at any location or 4’ anything. These observations
suggest that BPL can bind penultimate Galp only with certain
o-linked groups at 2 or 3’, nothing at 4’ and nothing charged.
These rules may be further generalized or simplified upon
experimentation with a greater diversity of glycans. These
additional binding rules should be taken into account when
interpreting results obtained using BPL.

PNA

Our results for PNA were consistent with the literature in that
the binding specificity was found to be terminal
Galp1,3GalNAc (Lotan et al. 1975; Iskratsch et al. 2009). We
did find that an additional, terminal glycan structure,
Galp1,3Gal was also capable of being bound by PNA. This
additional recognition motif may need to be taken into con-
sideration if PNA is used in glycolipid identification by the
confounding presence of muco- (Galpl,3Gal) and ganglio-
(Galp1,3GalNAc) terminating glycolipids.

Previous research using co-crystalization (Kundhavai
Natchiar et al. 2004) and agglutination assays (Lotan et al.
1975) suggested that lactose (GalB1,4Glcp) may be a weak
PNA ligand in addition to Galf1,3-containing glycans. In our
glycan-array analysis, the GalB1,4GlcP glycans showed little
to no fluorescence with PNA detection and were just barely
above our lower threshold. The lack of binding to lactose
could be attributed to lactose not representing a primary speci-
ficity of PNA. Alternatively, PNA may bind free lactose better
than covalently attached, constrained lactose.

The accuracy of the results achieved here inherently
depends on how many and what types of glycans are present
on the array. If only a few glycans contain a given motif, the
ability to test the contribution of that motif to binding is cor-
respondingly low. The validation of the accuracy of these
results could be achieved with additional glycans not rep-
resented on the arrays used here, or through additional exper-
iments in other formats. Additional experiments could test
new motifs by measuring the binding of lectins to glycans
designed around the presence or the absence of the new
motifs. This strategy would account for the possibility of
“overfitting” the data, or developing rules that describe the
existing data but are not generally true. Another approach to
further validating glycan-array findings is to compare with
structural information, as suggested earlier (Taylor and
Drickamer 2009). The proposed motifs from these analyses
could be docked to the lectin structures to see if the structural
fit correlates with the predicted binding strength of the motif.
Such structural analyses should provide very useful and
complementary insights into the motif information derived
from glycan-array data (Taylor and Drickamer 2007,
Chandrasekaran et al. 2008; DeMarco and Woods 2008;
Taylor and Drickamer 2009).
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A future goal will be to automate the outlier analysis, as
opposed to the manual inspection of outlier glycans that was
used here. Manual inspection was necessary for the initial
study to test the method, but automated generation of refined
motifs will speed up the analysis and potentially remove bias
from user intervention. The first step in automation of OMA
would be to establish set rules for setting the thresholds,
which could be done by determining the quantitative relation-
ships between the distributions of low and high glycans
(Supplementary data, Figures S1-S4), given enough data sets.
Once outliers are identified, it would be possible to scan
through potential improved motifs to search for those that
account for the outliers. An approach to generating new
motifs could be built on the use of using logical operators to
combine motifs. AND, OR and NOT operators could be used
to combine motifs to define the more complex motifs that
were necessary to accurately describe binding determinants.
Such an approach also could be combined with pattern recog-
nition methods to identify features that are unique to the
outlier glycans.

Another improvement to this approach will be to develop
additional statistics for the motif comparisons. The Mann—
Whitney test used here may lead to misleading results under
certain circumstances, such as in the case of very moderate
changes in fluorescence or in comparisons of motifs with
greatly divergent levels of representation. Another good
option for statistically comparing the binding between groups
of glycans is the area under the curve in
receiver-operator-characteristic analysis, which examines the
amount of separation at various thresholds between two
groups of measurements. This test would be valuable to
examine the degree to which two groups of glycans are separ-
ated without regard to normality or rank within each group.
Furthermore, the test would remove potential bias introduced
from greatly different numbers of glycans in the groups that
contain or do not contain a motif. Future implementations of
motif segregation will explore this and other alternate
methods.

This approach also will be useful for supplementing bio-
logical studies of processes involving protein—glycan inter-
actions. Interactions between proteins and glycans are an
important component of multiple biological functions,
including cell signaling, cell migration, immune recognition,
protein processing and quality control and the regulation of
extracellular spaces (Dube and Bertozzi 2005; Varki et al.
1999). Characterizing the nature of these interactions is
important for understanding the biology of these systems and
for developing approaches for treating diseases that are
affected by protein—glycan intercommunication (Fuster and
Esko 2005). Detailed analyses of glycan-array data could
assist those efforts.

Materials and methods

Data source

The glycan-array data were obtained from the CFG (www.
functionalglycomics.org). All experiments were run on the

printed array version 2.0. The data sets used were as follows:
ConA, primscreen PA v2 700 09262005; LCA, primscreen_
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PA v2 710 _09262005; BPL, primscreen PA v2 699
09262005; and PNA, primscreen PA v2 719 09262005.

Generation of glycan-array data

The glycan-array experiments were performed by Core D of
the CFG, as described previously (Blixt et al. 2004). A brief
summary is given here. Synthetic glycans were functiona-
lized with a spacer containing a terminal NH, group and
spotted onto N-hydroxysuccinimide-activated microscope
slides (Slide H, Schott Nexterion, Elmsford, NY) using a
robotic microarrayer. Lectins at a concentration of 0.1-200
pg/mL in a buffer of PBS containing 0.005-0.5% Tween-20
were incubated on the arrays for 30—60 min. The lectins
were tagged with either a fluorophore (Alexa Fluor 488, Life
Technologies Corporation, Carlsbad, CA) or biotin. If
fluorophore-labeled analytes were used, the arrays were
washed and immediately scanned for fluorescence using a
microarray scanner. Biotinylated analytes were detected with
an incubation of streptavidin—fluorescein isothiocyanate
(FITC) followed by washing and scanning. Image analysis
software 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, and the figures were
created in Deneba Canvas X. The motif segregation method
used a calculation of the statistical difference between the
intensities of the glycans containing a particular motif and
intensities of the glycans not containing the motif
(Figure 1A). 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 log-transformed P-values by the sign of the
z-score. The logged and signed P-values represented the
“motif score” for that particular motif, and values >3.0 (P <
0.001) were considered significant. The “summed motif
score” was calculated for each glycan structure by summing
each of the significant motif scores contained in each glycan
(Figure 1B). Table I was also generated in Microsoft Office
Excel 2007. The catalog specificities were obtained from
Vector Labs and Sigma catalogs provided for each given
lectin. The glycan structures were created using Glycanbuilder
(Ceroni et al. 2007).

Supplementary data

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