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Abstract

The glycan array is a powerful tool for investigating the specificities of glycan-binding proteins.

By incubating a glycan-binding protein on a glycan array, the relative binding to hundreds of

different oligosaccharides can be quantified in parallel. Based on these data, much information can

be obtained about the preference of a glycan-binding protein for specific subcomponents of

oligosaccharides, or motifs. In many cases the analysis and interpretation of glycan array data can

be time consuming and imprecise if done manually. Recently we developed software, called

GlycoSearch, to facilitate the analysis and interpretation of glycan array data based on previously

developed methods called Motif Segregation and Outlier Motif Analysis. Here we describe the

principles behind the method and the use of this new tool for mining glycan array data. The

automated, objective, and precise analysis of glycan array data should enhance the value of the

data for a broad range of research applications.
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INTRODUCTION

Lectins—proteins that recognize and bind specific carbohydrate structures—are present in

every living creature. Each lectin recognizes its own set of glycan patterns. Some lectins

bind a single structure that is rarely present in any organism, and others bind an assortment

of structures found throughout an organism and in many different types of organisms. Some

lectins bind just one or a few saccharides, while other lectins bind many different glycans,

with such diversity that the rules governing the lectin binding are hard to determine. The

binding preferences of a lectin determine its biological activities and therefore are important

to characterize.
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A transformative technology for the study of lectin specificities was the glycan array,

introduced by several groups in 2002 (Bathe et al., 2010; Blixt et al., 2004; Drickamer and

Taylor, 2002; Lee et al., 2010; Lo et al., 2010; Manimala et al., 2006; Yue and Haab, 2009).

Glycan arrays consist of multiple synthesized and purified glycans of various structures that

are immobilized on a planar surface. A lectin that is incubated on the surface of a glycan

array will localize to the glycans with which it interacts (Fig. 1A), and the amount of lectin

localized at each glycan can be quantified (Fig. 1B). An example method of quantitation is

to use a biotinylated lectin, probe the array with dye-conjugated streptavidin, and scan the

array for fluorescence. Such an experiment enables a parallel view of the interactions of a

lectin with many different glycans. Prior to the glycan array, researchers had to examine

interactions between lectins and glycans one at a time, resulting in very lengthy analyses

when considering interactions with many different glycans, and requiring much more

volume of each glycan than required by the glycan array. The requirement for more material

is significant, given the cost, time, and expertise required to synthesize or purify specific

glycans.

In principle, it should be possible to determine from glycan array data the binding

preferences of a lectin. An important characteristic of protein-glycan interactions to consider

is that a lectin usually does not interact with an entire oligosaccharide structure but rather

with just a subcomponent of it. The subcomponent responsible for the lectin binding is

usually one to four monosaccharides organized in a particular arrangement. This group of

monosaccharides could be just a small portion of the overall oligosaccharide, found on many

different oligosaccharides, and scattered across various proteins and locations. Thus the

biology of lectin-glycan interactions depends not so much on entire glycan structures as on

the presence and location of the particular “motifs” that make up the binding determinants

(Fig. 2).

When we approach glycan array data to determine the binding specificities of lectins, we can

use this concept of motifs. If a particular motif is responsible for lectin binding, we should

look for motifs that are present on the glycans bound by a lectin but not present on the

glycans not bound by the lectin. Or, stated another way, we expect glycans that contain the

determinant (the motif that represents the binding specificity of the lectin) to interact with

the lectin more strongly than glycans that do not contain the determinant. These expected

behaviors form the basis for the analysis of glycan array data presented here.

This article describes a systematic approach for analyzing glycan array data to determine

lectin specificities. This approach is made practical by the development of new software,

called GlycoSearch. GlycoSearch makes it straightforward for non-experts to perform basic

analyses of glycan array data, while it also provides flexibility for experts to delve deeply

into datasets and to pursue novel hypotheses. A useful feature of GlycoSearch is its ability to

handle glycan array data from any platform; no requirements are prescribed for the content

or characteristics of the glycan array. We begin with the steps for basic analysis and follow

with more in-depth analyses as may be required for lectins with complex specificities. We

provide an example of the use of the method for the analyses of glycan array data from the

lectin bauhinia purpurea.
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BASIC PROTOCOL 1: Analyzing glycan array data

The goal of the analysis is to determine the binding determinant of a glycan binding protein.

Specifically, we want to know the minimal glycan motif, or set of motifs, that is necessary

and sufficient for the binding of a lectin. The steps are: the acquisition of data, the

processing of the data using GlycoSearch, the interpretation of the initial output, and the

refinement of the analysis and interpretation. The first protocol describes the initial analysis

and interpretation, and the alternate protocols describe the approaches for refinement.

Materials

The use of this method requires the GlycoSearch software, glycan array data, and Microsoft

Excel or a similar analysis program.

GlycoSearch software—GlycoSearch is freely available from the authors. The software

is written in Java and runs on various computer platforms, including Windows, Macintosh,

and Linux. Verify that the latest version of Java is installed on your computer (Java is freely

available on the web by download). Currently, GlycoSearch must be resident on the local

disk of the computer.

Glycan array data—Several versions of glycan arrays have been produced, each with its

own set of glycans. GlycoSearch will work with any glycan array data, provided the

sequences of the glycans are available. Many glycan array datasets are freely available for

download from the Consortium for Functional Glycomics (CFG,

www.functionalglycomics.org). If a researcher desires to generate new glycan array data, the

CFG provides a service to run glycan microarrays for lectins submitted by an investigator.

The downloaded glycan array data, saved either as a tab-delimited text file or as a Microsoft

Excel workbook, can be used directly as the input for the GlycoSearch software. The glycan

names should be in a condensed IUPAC notation as defined by the CFG and in the

Essentials of Glycobiology textbook (Varki et al., 2009). Some deviations from IUPAC

notation can be properly interpreted, and the software is flexible enough to catch and

automatically correct common errors in glycan expressions.

The output data from a glycan array experiment consists of a list of the glycans on the array

followed by a numerical quantification of the fluorescence intensity level detected at each

glycan (Fig. 1B). Other parameters could be associated with each glycan such as the level of

background signal around the glycan spot, the standard deviation between pixels within the

spot, or the standard deviation between replicate spots, which may be useful for quality

control purposes.

Protocol steps

1. Begin the analysis by starting GlycoSearch and indicating the file to be analyzed.

a. As described above, the input file should be an Excel workbook

containing at least a column of the glycan names followed by a column of

the average fluorescence intensity signal associated with each glycan
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b. The input file may optionally include a third column of the standard

deviation associated with each glycan’s fluorescence intensity. The CFG

and other versions of glycan arrays commonly incorporate multiple spots

of each glycan on the array, or each glycan may be sampled several times

in a local neighborhood of each spot, for enhanced quality control

purpose. By having multiple measurements, the uniformity of lectin

incubation across the array can be quantified, for instance by having 3

spots for each glycan on the array, placed in non-adjacent locations on the

array. The multiple measurements of each glycan on the array are typically

combined to output the mean and standard deviation of the fluorescence

intensity measurements. When the standard deviation information is

available, the GlycoSearch program can use this information to identify

outliers, indicated by an unusually large standard deviation for a particular

glycan, and correspondingly adjust its internal variation thresholds.

c. Specific column headers are not required, since the program can recognize

the glycan information and data types of each column. The input file can

have the rows of information in any order; GlycoSearch will sort the rows

in decreasing fluorescence intensity order.

2. Once an input file is selected, GlycoSearch will analyze the input file and produce

the two output files, described in step 3 below, containing a summary of the motifs

identified by the program and a detailed report of its findings.

3. Examine the two output files generated by the program. The first is an Excel

workbook that contains the results of the analysis and is named the same as the

input filename, appended with ‘_lectin_out’. The second is a text file that contains

a description of the binding motifs learned by the analysis and is named the same as

the input filename, appended with ‘_learned_motifs’.

a. For example, an input file named ‘ConA’ would produce output files

named ‘ConA_lectin_out.xlsx’ and ‘ConA_learned_motifs.txt’.

b. Locate the primary motifs recognized by the lectin, sorted by decreasing

motif score. This information is in the lectin_out workbook, in a tab called

‘Motif Scores’.

c. Table 1 lists the motifs with score > 2.0 for the lectin BPL, using data

from the CFG glycan array version 2.0.

4. Interpret the motif scores. The motif score is the absolute value of the logarithm of

the p value from the Mann-Whitney test comparing the intensities of glycans

containing the motif to those not containing the motif (Fig. 3, and see Background

Information). The highest motif scores are most significant. A motif score of 1.3

indicates p = 0.05 (−log10(0.05) = 1.3), which can be a useful threshold, suggesting

a statistically significant binding observed in glycans with the motif than in ones

without the same motif.

5. Interpret the motifs. The motif with the highest score has the highest accuracy for

defining the binding determinant of the lectin. (See the Critical Parameters section
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for more information on interpreting the motif score.) Other motifs with lower but

significant scores may simply be dependent subsets of the primary motif, or they

may be independent motifs. By “subset,” we mean that a subset of all the glycans

containing the primary motif also contains the dependent motif. For example, of all

the glycans containing the ‘terminal galactose any linkage’ motif, a subset contains

the ‘terminal β-linked galactose’ motif. If the true determinant of the lectin is the

subset, the motif representing the subset will have the higher score, and vice versa.

Figure 2 provides examples of motifs within a glycan.

a. For BPL, the top-scoring motif (Table 1) is “Terminal Galactose

AnyLinkage,” which is consistent with the known specificity of BPL. (The

AnyLinkage modifier indicates that the motif includes both beta-linked

and alpha-linked terminal galactose.) The next two highest motifs also are

terminal galactose but specific to a beta linkage. The next motifs have

weaker but still significant scores and suggest that BPL has broader

specificity than just the top motif.

6. Determine whether the top motif completely describes the binding determinant of

the lectin. This step is necessary to determine if modifications to the motif

definitions are needed to more accurately describe the lectin binding. Locate the list

of glycans on the array, sorted by decreasing fluorescence (found in the

‘_lectin_out’ file). For each glycan, a list is given of the motifs contained in the

glycan. (The motif IDs are used (as in Table 1), for example ID 88 = ‘Fucose

alpha1,6’.) Determine if only the glycans with high fluorescence contain the top-

scoring motif. If some glycans with high fluorescence do not contain the top-

scoring motif, or if glycans containing the top-scoring motif have low fluorescence,

then the top-scoring motif does not perfectly describe the determinant.

a. This analysis requires differentiation between glycans with high and low

fluorescence. GlycoSearch calculates thresholds to make that

determination, displayed in a plot of the fluorescence intensities of each

glycan. The thresholds are calculated as previously described (Maupin et

al., 2011).

b. Normally the pre-defined set will contain something close to the actual

determinant, given the broad range of simple and complex sugar structures

represented by the over 200 motifs. However, some lectins have complex

binding rules that are hard to predict.

7. Plan the next steps. If the top motif does not fully describe the observed binding of

the lectin to the glycans, GlycoSearch provides two approaches for refining the

analysis: combination motifs (Alternate Protocol 1) and outlier analysis (Alternate

Protocol 2).
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ALTERNATE PROTOCOL 1: Refining the motif interpretation through

combined and excluded motifs

The purpose of this protocol is to refine the definition of a motif so that it more accurately

describes the observed binding of a lectin. The goal is to define a motif that is present in all

the glycans that show high lectin binding and not present in the glycans that show low lectin

binding. An approach to refining the motif definition is to test combinations of the existing

motifs. Many new motifs can be created simply from binary combinations of the existing

motifs. For example, the combination motif ‘Terminal galactose OR fucose alpha1,2’

encompasses all glycans that contain either of the motifs joined by the OR operator, and the

combination motif ‘Lactosamine AND NOT sialic acid alpha2,3’ excludes glycans

containing the motif after the AND NOT operator. The AND NOT operator could be useful

if certain motifs inhibit lectin binding.

GlycoSearch combines, using the OR operator, the top-scoring motif with each other

individual motifs and calculates a new motif score for each combination. The combination

that most improves the score is recorded. The program then tests the exclusion of each

individual motif from the new combined motif using the AND NOT operator. Any

exclusions that improve the score are incorporated into the new motif definition. The

process continues until no combination or exclusion further improves the score. The user

can examine the list of combined and excluded motifs to gain insights into the lectin

specificity. A new motif definition can be derived from this information and tested.

Protocol steps

1. Locate the combination motif results. These results are automatically calculated

and presented in a separate tab called ‘Learned Motifs’. The list gives the result of

each iteration of testing combination and exclusion motifs. The score of each

combination is given, followed by the gain over the previous best combination, the

total number of glycans included in the new combination, and the motif used in the

combination.

2. If exclusions using the AND NOT operator produce an improvement in the motif

score, the excluded motifs are listed as well.

a. The details of each iteration step and more information about the motifs

added or excluded at each step are provided in the _learned_motifs text

file. The example application below provides more information on how to

interpret and use this information.

3. Interpret the combination motifs. Each addition to the motif represents an

independent contributor of lectin binding. Dependent motifs would not be included

in this list, since the inclusion of dependent motifs would not add any glycans to

the combined motif. Therefore, the combination motifs that improve the score

provide insights into the breadth of binding of the lectin. It may be possible to

identify commonalities between the individual motifs included in the top

combination motif, leading to a more general understanding of the lectin

specificity.
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a. In the first iteration of combinations for BPL (Table 2), the combination of

motif 19 with motif 23 (Terminal GalNAcβ) and exclusion of several

motifs resulted in 68 glycans with the combined motif. The combined

motif had a score of 10.39, a major gain over the starting score of 5.99.

This result indicates that the binding specificity of BPL primarily

encompasses both terminal, beta-linked Gal and GalNAc, but with

exclusions.

b. The next two iterations show that BPL could also bind both alpha-linked

GalNAc and GlcNAc under certain circumstances. The following

iterations shown in Table 2 reinforce the above interpretations and provide

information on specific circumstances in which BPL binds. The overall

picture emerges that BPL binding is broader than simply beta-linked,

terminal Gal, encompassing beta-linked GalNAc and alpha-linked

GalNAc and GlcNAc in certain configurations, although with weaker

preference.

4. Interpret the exclusions. The exclusions point to modifications of the primary motif

that inhibit lectin binding. A new, general motif definition may be derived that

accounts for the exclusions.

a. The exclusions for BPL (Table 2) are mainly sulfation and sialylation,

which are known to prevent BPL binding.

5. The findings from this analysis can be used in the outlier analysis described below.

ALTERNATE PROTOCOL 2: Refining the motif interpretation through

outlier analysis

Outlier analysis is another way to identify modifications to the motifs that better describe the

lectin specificity.

Protocol steps

1. The first step is to identify the outlier and non-outlier glycans. Along with the list

of glycans, GlycoSearch provides the fluorescence intensity (column header

“RFU,” for Relative Fluorescence Units), indicating the amount of lectin binding to

the glycan, and the summed motif score. The summed motif score is the sum of the

scores of the motifs contained in the glycan, for motifs with a score > 3. If no

motifs in a glycan have a score > 3, the summed motif score will be zero. A motif

score of 3 corresponds to p value 0.001, which is significant, but not stongly, in

multiple hypothesis testing of about 200 pre-defined motifs.

2. Outlier glycans can be identified by comparing the RFUs to the summed motif

scores. Positive outliers have high RFU but low summed motif score, and negative

outliers have high summed motif score but low RFU.

a. An examination of the BPL outlier plot (Fig. 4A) reveals several positive

and negative outliers.
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3. Group the outliers and non-outliers. Copy the positive outliers, negative outliers,

and non-outliers into separate lists, along with all the information for each glycan

(including the list of motifs contained in each glycan). Non-outliers can be placed

into two categories: glycans that have high RFU and high summed motif score, and

glycans that have low RFU and low summed motif score.

4. Compare the outliers to the non-outliers. It is useful to handle positive and negative

outliers separately.

5. Compare the positive outliers to the non-outliers with low RFUs and low summed

motif scores. Neither of these groups contains the top motifs, but one group has

high RFUs (the outliers) and the other has low (the non-outliers). An initial

approach is to examine the list of motifs contained in the glycans in each group to

identify differences. In addition, the user can scan the glycan sequences and glycan

names in the two groups to identify differences. Record the differences between the

groups that could potentially explain the differential lectin binding. These

differences can be incorporated into new motif definitions.

a. Positive outliers suggest that the lectin binds other motifs than represented

by the top-scoring motif. Examine the motifs in the learned motifs analysis

(described above) for clues about additional, independent motifs

recognized by the lectin.

b. For BPL, the positive outliers were mostly terminal GalNAcα or terminal/

penultimate Galα sequences for which we previously did not have specific

motifs (Fig. 4A). These motifs and many others are now included in

GlycoSearch.

6. Compare the negative outliers to the non-outliers with high RFUs and high motif

scores. Both of these groups contain the top motifs, but one group has low RFUs

(the outliers) and the other has high (the non-outliers). As with the positive outliers,

compare the groups using the lists of motifs contained in the glycans and by visual

examination. Differences that potentially account for the differential binding can be

tested in new motif definitions.

a. Negative outliers suggest that the lectin does not bind the motif in certain

presentations, such as if substituted in a certain way. Search the exclusions

in the learned motifs analysis for clues to inhibiting structures.

b. For BPL, the negative outliers were mostly sulfated glycans (Fig. 4A). Our

definition of “Terminal Galβ” encompassed sulfated Galβ, so sulfated

glycans had a high summed-motif score even though they did not bind

BPL.

ALTERNATE PROTOCOL 3: Testing new motifs

The above analyses may suggest additional motifs, not represented in the pre-defined list,

which might be important for the binding of the lectin. In that case, the user should examine

whether the newly defined motifs further improve the motif scores. The software enables

that analysis through the inclusion of user-defined motifs.
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Protocol steps

1. Define the new motifs in a new spreadsheet. The program can accept any

combination of standard IUPAC-like motif expressions (component parts of

oligosaccharides, Fig. 2) with logical operators such as AND, OR, and NOT. The

software can additionally accept any combination of the pre-defined motif terms.

GlycoSearch also supports the use of certain wildcards.

a. For BPL, both the combination motif and the outlier analyses indicated

that sulfation should be excluded and that GalNAcα1,3Gal without fucose

on the Gal should be added.

b. The “?” character can be used as a wildcard to indicate any type of

attachment linkage, either α linkage or β linkage, between a

monosaccharide and another residue; or be used to express any valid

carbon position, e.g. “β1-?”, “β?-4” or “??-?”, etc. Other types of

wildcards provide ways to specify alternate or excluded residues (for

example, Glc or GlcNAc, but not Gal). Yet other wildcards allow the user

to specify whether a specific carbon position of a monosaccharide is to be

free, occupied by a linkage, or unspecified. The user also may specify

search criteria using a sequence of logical operations such as AND, OR

and NOT on any combination of glycan expressions. Overall, the

GlycoSearch program is designed to be flexible and enable the user to

input any type of search pattern, using wildcards and other methods for

precisely specifying the search criteria, The GlycoSearch program always

checks and verifies the user entry, and it will alert the user of any

conflicting search constraints.

c. A supplementary file with detailed guidelines for the motif naming

conventions is available separately from the authors.

2. The list of new motifs should be placed in a new Excel file with the lectin name

followed by “_user_motifs.xlsx.” For example, if the file containing the lectin data

were named “BPL.xlsx,” the user motifs file should be named

“BPL_user_motifs.xlsx,” and the two files should be in the same directory. During

the analysis, the program will parse and interpret the user-defined motifs, and add

the user-defined motifs to the analysis, in conjunction with the existing motifs.

a. For BPL, we defined two new motifs: Terminal GalNAca1-3Gal Inclusive

No Subterminal Fucose (motif 217), and Terminal GlcNAcb1-6Gal

Inclusive (motif 218). We also defined ‘Not sulfated’ versions of all the

terminal Gal and GalNAc motifs.

3. Run GlycoSearch as normal, and the new motifs will be incorporated into the

analysis and included in the output files.

a. The GlycoSearch program can be used in either interactive or batch

modes. In interactive mode, the program prompts and solicits input from

the user, and it provides progress update and feedback to the user. In batch

mode operation, the program can quietly perform a large search with
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minimal user interaction by guiding the program with a number of

switches and options that are specified on the command line at run time.

The list of switches and options is included with the supplementary file

described in section 3b above.

4. Interpret the results as described above in the Basic Protocol and the first two

Alternate Protocols. If further modifications to the motifs are required, they can be

tested in additional rounds of new motif definition and analysis.

a. Running GlycoSearch again with the new motifs for BPL showed that the

‘Not sulfated terminal Gal’ motifs were much improved. The success of

new motifs in describing binding specificity can be visually checked by

creating an outlier plot after the reanalysis (Fig. 4B). Fewer outlier glycans

were present than before (Fig. 4A), indicating that the new motifs have

properly accounted for the previous outliers.

COMMENTARY

Background Information

Here we provide background on the methods presented here and information on some

additional approaches for analyzing glycan array data. We introduced the motif segregation

algorithm earlier. Motifs, or component substructures of oligosaccharides (Fig. 2), are

predefined by the software. Examples include the blood group A antigen, terminal β-linked

galactose, and internal lactosamine. The original analyses (performed using custom Excel

spreadsheets) defined 63 motifs, and the current version of GlycoSearch defines over 200

motifs. For every motif, the software determines whether it is present or absent in each

glycan on an array, and a matrix of the glycans and motifs (in the rows and columns of the

matrix, respectively) is populated with 1s and 0s indicating presence or absence,

respectively, of each motif in each glycan. Glycan array data is provided to the program

indicating the fluorescence signal intensity at each glycan (corresponding to the amount of

binding of a lectin) (Fig. 3A). 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. 3B). 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

between motifs, the software takes the logarithm (base 10) of the p value and adds a plus or

minus sign, with positive indicating that motif-containing glycans have a higher average

intensity, and negative indicating the opposite. This signed, logged p value is referred to as

the motif score. We showed the approach to be accurate for defining the primary

specificities of lectins and glycan-binding antibodies (Maupin et al., 2011; Porter et al.,

2010) (Fig. 3C). Developments that were subsequently added to this method include outlier

analysis and combination motif analysis, both described above.

Other methods for analyzing glycan arrays have since appeared, including a method that

uses comparisons of lectin binding at varying concentrations (Cholleti et al., 2012) and

another that uses partial least squares regression to describe motif associations with lectin

binding (Xuan et al., 2011). Generalized approaches for defining substructures of glycans
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according to all combinations of tri-saccharides present in any structure may also be useful

for comprehensively identifying motifs (Hizukuri et al., 2005).

Critical Parameters

To properly interpret and use the results from GlycoSearch, researchers must understand

what the motif score indicates and what factors affect 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 missing), the score is lower. For example,

using glycan array data from the lectin concanavalin A (ConA), motifs containing mannose

have high motif scores, and motifs with terminal glucose (a secondary specificity of ConA)

have slightly lower scores (Fig. 3C). 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 quantitative measurement of the affinity of the interaction,

only the statistical significance that a particular motif is associated with the observed pattern

of measurement data.

The motif score can be affected by the complexity of the lectin binding relative to the

diversity of the glycans that are present on the arrays. Lectins with more complex

specificities would be harder to describe and thus would not be accurately described by the

pre-defined motifs. Complex lectins also could more frequently require other factors for

optimal binding, such as multivalent presentations of the glycans (Oyelaran et al., 2009;

Zhang et al., 2010), particular peptide backbones, or other protein cofactors. The relevant

complex motifs might not be present on the arrays, as only a fraction of the glycome is

present on any array (Cummings, 2009). These limitations could be addressed in future

developments, such as new glycan array data with expanded glycan repertoires or varying

densities (Uchimura et al., 2005; Zhang et al., 2010) and the continued definition of motifs

that account for complex specificities (Maupin et al., 2011).

Researchers also should be aware of the effects of concentration on lectin specificity.

Incubations of lectins at high concentrations may exhibit non-specific binding to certain

glycans. On the other hand, incubations at low concentrations may fail to show real

interactions. Many of the lectin analyses run by the CFG were performed at several different

lectin concentrations. GlycoSearch analysis could be performed on the data from each

concentration to determine how motif specificity changes with concentration. The motifs

that score well only at the highest concentrations could represent non-specific interactions,

but the motifs that maintain a significant score at lower concentrations likely represent

specific interactions.

Anticipated Results

In many cases the predefined set of motifs will include a motif that nearly perfectly

describes the determinant of a lectin. An example is the lectin ConA, which nearly
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exclusively binds mannose and terminal glucose—simple motifs that are included in the pre-

defined set (Fig. 3C). Therefore, further motif refinements are not necessary for ConA. In

other cases the program will return the primary specificity of the lectin but with need for

refinement. We anticipate that in nearly all cases the program will return some indication of

the specificity of the lectin, considering the breadth of pre-defined motifs. The user

determines whether refinement is needed by determining whether all glycans with high

fluorescence containing at least one of the significant (score > 3.0) motifs and whether all

glycans with low fluorescence do not contain any significant motifs (using the outlier

analysis described in Alternate Protocol 2). Based on comparisons of outlier to non-outlier

glycans, the user defines new motifs, re-runs the program, and re-interprets the results.

If using data from a custom glycan array, which contains glycans not found on the CFG

array or unusual glycans derived from natural sources, for example, it may be necessary to

define motifs that are completely different from any of the pre-defined motifs. Glycosearch

can accommodate new types of arrays and motifs, and the new motifs can be included in all

subsequent analyses.

Time Considerations

The processing of the data is rapid using GlycoSearch; the bulk of the time is spent

examining and interpreting the output. The time required for the latter steps depends on the

complexity of the lectin and the experience of the user. For a lectin with a simple binding

preference that is accurately described by one of the pre-defined motifs, the initial output file

would be immediately useful, and no further analysis would be required. Other lectins could

require many hours of analysis and reanalysis to achieve an understanding of the binding

preferences, and in some cases new experiments must be designed to address particular

questions. For example, researchers have designed custom glycan arrays to examine

questions about the effects of branching, extension, and core structures on the binding of

influenza virus to sialic acids (Nycholat et al., 2012). Such custom arrays may be more

effective for revealing lectin specificities than general glycan arrays.
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Figure 1. Glycan array data
(A) Glycan arrays consist of purified glycans immobilized in discrete locations on slides. A

glycan-binding protein is incubated on the slide to allow binding to any glycans. The amount

of bound protein at each glycan spot is determined through measuring fluorescence from a

tag on the glycan-binding protein or on a secondary detection reagent. (B) The fluorescence

signals from the binding of the lectin vicia villosa (VVL) to 215 different glycans were

quantified (left panel) and placed in an Excel file containing the names of the glycans and

the corresponding signals (right panel), which served as the input for the GlycoSearch

software.
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Figure 2. Motifs contained in a glycan
(A) A representative glycan, given in symbolic and text notation. (B) Representative motifs

in the glycan. Each listed motif is a substructure of the glycan in panel (A).
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Figure 3. Motif segregation
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 ConA is given as an example, in which the top

scoring motifs contain mannose, followed by motifs with terminal glucose (C).
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Figure 4. Outlier-motif analysis of the galactose binder BPL
The summed motif scores for each glycan, after analysis with either the original or updated

motifs, are plotted with respect to fluorescence intensity after detection with BPL. (A) BPL

using the original motifs. (B) BPL using the original plus new motifs (indicated in

parenthesis below original motifs). The dashed lines represent thresholds for defining

outliers, based on the distributions from all the glycans. Green symbols indicate glycans in

expected regions, red symbols indicate outliers, and grey symbols indicate bound glycans

that may not represent the primary specificity of the lectin.
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Table 1

Individual motif scores for BPL.

Motif ID Motif Name Score

19 Terminal Galactose AnyLinkage 5.99

5 Terminal Galb 5.31

2 Terminal Galb1,3 5.27

32 GalNAca 6′ Substituted 3.08

113 Core 2 O-glycan 2.90

188 Gala1-3Gal Not Blood Group B 2.85

127 O Glycan (GalNAca-Sp) 2.81

164 Linear B 2.76

30 GalNAca 3′ Substituted 2.72

173 Lewis x 2.50

169 Lewis a 2.46

139 Type 3 Chain (Galb1-3GalNAca)
Poly LacNAc OR Neo Poly LacNAc

2.45

148 Terminal 2.40

112 Terminal Core 1 O-glycan 2.18

23 Terminal GalNAcb 2.06
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