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Abstract

Glycans are critical to protein biology and are useful as disease biomarkers. Many studies of 

glycans rely on clinical specimens, but the low amount of sample available for some specimens 

limits the experimental options. Here we present a method to obtain information about protein 

glycosylation using a minimal amount of protein. We treat proteins that were captured or directly 

spotted in small microarrays (2.2 × 2.2 mm) with exoglycosidases to successively expose 

underlying features, and then we probe the native or exposed features using a panel of lectins or 
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glycan-binding reagents. We developed an algorithm to interpret the data and provide predictions 

about the glycan motifs that are present in the sample. We demonstrated the efficacy of the method 

to characterize differences between glycoproteins in their sialic acid linkages and N-linked glycan 

branching, and we validated the assignments by comparing results from mass spectrometry and 

chromatography. The amount of protein used on-chip was about 11 nanograms. The method also 

proved effective for analyzing the glycosylation of a cancer biomarker in human plasma, 

MUC5AC, using only 20 μL of the plasma. A glycan on MUC5AC that is associated with cancer 

had mostly 2,3 linked sialic acid, whereas other glycans on MUC5AC had a 2,6 linkage of sialic 

acid. The on-chip glycan modification and probing (on-chip GMAP) method provides a platform 

for analyzing protein glycosylation in clinical specimens and could complement the existing 

toolkit for studying glycosylation in disease.

Graphical abstract

INTRODUCTION

Deciphering glycan structures on glycoproteins is an important goal for better understanding 

the roles of protein glycosylation in normal and disease biology1. For disease research, 

studies using clinical specimens are particularly valuable, as they enable a direct look at the 

location and amount of expression of glycans in the biological context. But such studies are 

challenging using current methods of analyzing glycans, mainly because the methods 

require more sample than is typically available from clinical specimens. The use of mass 

spectrometry and chromatography to analyze protein glycosylation requires purification of a 

protein in microgram quantities2, which is not possible if the specimen is available only in 

small amounts or if the protein of interest has too low a concentration. Furthermore, the 

throughput and precision of methods that require multiple preparation and purification steps 

normally would not be high enough to determine differences among patient cohorts. 

Although specialized centers have automated systems with powerful capabilities3, new 

methods nevertheless are needed to provide complementary information and to broaden 

access to glycan analysis.

Here we developed a method that combines the low-volume and multiplexing capabilities of 

microarrays with the precision of affinity reagents and enzymes to probe and modify 

glycans. Researchers have used affinity reagents, including lectins and glycan-binding 

antibodies, for distinguishing closely related or rare glycan motifs in a variety of 
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experimental formats4 such as histochemical staining5 and lectin microarrays6–7. A format 

that is valuable for probing glycosylation on specific proteins is a sandwich ELISA-type 

microtiter assay, in which a surface-bound antibody captures a protein out of solution, and a 

solution-phase lectin binds to glycans on the captured protein. Researchers used such an 

assay to analyze glycosylation variants of alpha-fetoprotein8 and prostate-specific 

antigen9–10, among others. We multiplexed and miniaturized the format using antibody 

microarrays11. The microarray was particularly valuable for biomarker studies because it 

required only microliters of sample and concentrations of the targeted proteins in the low 

ng/mL range11. Moreover, we obtained the throughput and precision necessary for 

examining large patient cohorts. Using antibody-lectin sandwich arrays, we identified glycan 

biomarkers in the plasma of pancreatic cancer patients12 and demonstrated that specific 

protein glycoforms can be better biomarkers than the core proteins13–15. Other groups also 

have effectively used this format for disease and biomarker studies16–18.

A limitation in the use of lectins is that they provide information on only one glycan motif 

that is accessible to the lectin. Additional information about the underlying glycan structures 

would be valuable in most studies and can be provided by LC-MS based approaches, but as 

noted above, the information can be difficult to obtain owing to sample limitations. An 

alternative approach is to combined the use of lectins with the use exoglycosidases to 

remove terminal saccharides and expose underlying features, analogous to the well-

established method of sequential glycosidase digestions followed by chromatographic 

separations19. We postulated that such a method could apply to proteins captured on 

antibody arrays; instead of examining changes in glycan size, we could examine changes in 

lectin binding profile. The strategy is to measure binding across a panel of lectins incubated 

with and without prior enzymatic digestion, and then to predict which glycan motifs are 

present based on the integrated information.

The possibility of acquiring such data was clear from previous work using sialidase on 

proteins captured by antibody arrays11 and on glycans in glycan arrays20. But the 

experimental methods are only one part of the challenge; one also needs software to interpret 

the data. Manual or qualitative interpretation becomes ineffective when attempting to 

integrate information from multiple lectins and from changes in binding patterns upon 

enzymatic treatment, especially when accounting for the unique and complex binding 

specificity of each lectin. We approached this problem by building on our previous work in 

informatics for glycan analysis. Our group was the first to present an algorithm for the 

automated analysis of glycan array data—a method called Motif Segregation21—which was 

followed by additional, useful methods for glycan array analysis22–24. A large repository of 

glycan array data is available through the Consortium for Functional Glycomics (CFG), and 

we analyzed the set in its entirety to obtain the binding specificities of hundreds of lectins 

and glycan-binding antibodies25. The analysis was critical for developing a method to 

predict the glycan motifs in a biological sample based on measurements from a panel of 

lectins26.

Starting from the above foundations, in this research we developed the ability to treat a 

microarray of proteins with exoglycosidases and to probe the glycans both in their native 

form and in their enzyme-treated form. Furthermore, we developed an algorithm to interpret 
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the data to provide evaluations of the glycan motifs present on the glycoproteins. In this 

report we present 1) a description of the experimental method and analysis algorithm; 2) the 

testing of the method on control proteins and comparing the results to data from orthogonal 

methods (mass spectrometry and chromatography); and 3) the application of the method to 

interrogating biomarker glycosylation using a small amount of a clinical specimen. The 

biomarker was MUC5AC obtained from 20 μL of human plasma, and we sought to answer a 

specific question about a glycan that is upregulated in pancreatic cancer.

EXPERIMENTAL SECTION

Protein and Antibody Microarray Fabrication and Use

The antibodies, lectins, control proteins, and enzymes were purchased from various sources 

(Table S-1). We printed the capture antibodies or glycoproteins onto coated microscope 

slides (PATH, Grace Bio-Labs, Bend, OR) using a robotic arrayer (2470, Aushon 

Biosystems, Billerica, MA) (see the Supporting Information for additional details). Each 

slide contained 192 identical arrays arranged in an 8 × 24 grid with 2.25 mm spacing 

between arrays, and each array had the same antibodies or proteins printed in six-replicate. 

After printing, hydrophobic borders were imprinted onto the slides (SlideImprinter, The Gel 

Company, San Francisco, CA) to segregate the arrays and allow for multiple, separate 

sample incubations on each slide27.

The assays were modified from the protocol described previously11 (see the Supporting 

Information for additional details). For experiments involving the analysis of human plasma, 

we diluted each sample 2-fold into a buffer (1X PBS with 0.1% Tween-20, 0.1% Brij-35, 

species-specific blocking antibodies, and protease inhibitor) and incubated the sample on an 

antibody array overnight at 4 °C. We prepared α2-3 Neuraminidase (P0728L, New England 

Biolabs, Ipswich) or α2-3, 6, 8 Neuraminidase (P0720S, New England Biolabs, Ipswich) at 

a concentration of 250 U/mL in the supplied reaction buffer and incubated each separately 

on arrays containing the captured or spotted glycoproteins overnight at 37°C. The arrays not 

treated with enzymes were incubated with the enzyme reaction buffer in the same 

conditions. We incubated each array with a biotinylated lectin solution (3 μg/mL in 1X PBS 

with 0.1% Tween-20 and 0.1%BSA) and subsequently with Cy5-conjugated streptavidin 

(43-4316, Invitrogen, Carlsbad, CA) (2 μg/mL in the same buffer as the lectins). The slides 

were scanned for fluorescence at 633 nm using a microarray scanner (LS Reloaded, 

TECAN, Morrisville, NC).

Data Analysis and Software

The fluorescence images were quantified and analyzed using custom, in-house software28. 

(see the Supporting Information for additional details). For the calculation of motif scores 

we used custom software written in Java (Sun Microsystems), and we used Matlab (R2015b, 

Mathworks) for calculating the motif prediction scores. For final data processing and figure 

making, we used Microsoft Excel, GraphPad Pro, and Deneba Canvas.
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Human Plasma Samples

All collections took place at the University of Pittsburgh Medical Center following informed 

consent of the participants and prior to any surgical or medical procedures. The donors were 

patients with pancreatic cancer (n = 206) and patients with pancreatitis or benign biliary 

obstruction (n = 49). All blood samples (EDTA plasma) were collected according to the 

standard operating procedure from the Early Detection Research Network and were frozen at 

−70 °C or colder within 4 hours of time of collection. Aliquots were shipped on dry ice and 

thawed no more than three times prior to analysis.

Glycan Analysis by Mass Spectrometry

N-glycans released by PNGaseF digestion of fetuin and transferrin were extracted from 

precipitated protein and dried by vacuum centrifugation in preparation for ethyl 

esterification of terminal sialic acid residues. The ethyl esterification protocol, including the 

modification and enrichment, was adapted from Reiding et al.29 as previously reported30. 

Glycans were spotted with CHCA matrix and analyzed by MALDI-FTICR as previously 

described30.

Glycan Analysis by Chromatography

N-glycans were released from transferrin and AGP by in-gel digestion and analyzed by 

sequencing chromatography according to the method of Royle et al.3 with modifications. 

(See the Supporting Information for details.)

Safety Considerations

Human blood plasma is a potential source of infectious agents. Researchers should handle 

specimens collected from human subjects with the appropriate precautions.

RESULTS

On-Chip Glycan Modification and Probing

To acquire data on the glycosylation of a protein, we probe the protein with a panel of lectins 

that are incubated either with or without prior modification of the glycans by an 

exoglycosidase (Fig. 1). The signals are quantified and used in an algorithm to predict the 

glycan motifs that are present on the proteins. To test the method, we sought to distinguish 

between two related motifs: alpha 2,3-linked sialic acid and alpha 2,6-linked sialic acid. 

Enzymes are available that differentially cleave these features (Fig. 2A). One cleaves only 

2,3-linked sialic acid (referred to as sialidase 1) and another is a pan-sialidase that cleaves 

2,3, 2,6, 2,8 and 2,9 linkages (referred to as sialidase 2). We also selected a panel of lectins 

that bind either sialic acid in one of its linkages or that bind non-sialylated glycans that 

would be exposed upon removal of sialic acid (Fig. 2B). We then applied these reagents to 

the analysis of purified glycoproteins that we had printed in microarrays on microscope 

slides.

The amount of protein in each microarray is about 170 picograms (170 × 10−12 grams), 

based on a protein concentration of 250 μg/mL, a spot volume of 170 pL, and 4 replicate 

spots per array. The entire analysis used 63 microarrays, based on 7 lectins, 3 conditions (no 
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enzyme, sialidase 1, and sialidase 2), and 3 replicate arrays per condition. Thus the protein 

consumption was around 170 × 63 = 11 nanograms, equivalent to 140 femtomoles for an 80 

kD/mole protein such as transferrin. Here the value of low-volume microarrays is apparent. 

The 2.2 × 2.2 mm arrays use 1.5 μL per incubation, so the lectin and enzyme consumption is 

63 × 1.5 μL = 95 μL for the entire analysis.

The fluorescence images of the lectin binding showed major differences between the lectins 

and conditions (Fig. 2C). The quantified data (Fig. 2D) showed that the binding of lectins 

with specificity for sialic acid decreased upon enzymatic treatment, whereas the binding of 

lectins with specificity for underlying glycans increased. The differences between signals 

obtained with enzymatic treatment and without enzymatic treatment more clearly showed 

the changes and the differences between the proteins (Fig. 2D). SNA, which binds primarily 

2,6-linked sialic acid, showed loss of binding after application of sialidase 2 but not sialidase 

1. In contrast, MAL-1, which binds primarily 2,3-linked sialic acid, showed loss of binding 

after application of either sialidase. Thus the changes in binding qualitatively matched our 

expectations.

We evaluated the reproducibility of the measurements using 3 independent experiments (Fig. 

S-3). The coefficients of variation between the replicates averaged 0.42 for transferrin and 

0.37 for fetuin, which is acceptable given the developmental stage of the assays. The average 

Pearson correlations across the replicate sets were 0.94 for transferrin and 0.95 fetuin. These 

numbers indicate stability in the measurements and the ability to provide consistent motif 

predictions.

Automated Interpretation of Lectin Binding and Glycan Modification

An important requirement for the usability of the method is an algorithm to interpret the 

measurements. Such a process requires quantification both of the specificities of the lectins 

and of the expected changes in binding following enzymatic modification. For this step we 

used glycan array data and a bioinformatics method called motif segregation21. First we 

defined a set of substructures of glycans, referred to as motifs, that represent potential 

binding determinants of lectins. We defined 158 motifs (Table S-2) covering sialylated and 

non-sialylated features commonly found in mammalian glycans. Next, using glycan array 

data obtained from the Consortium for Functional Glycomics, we determined the presence 

or absence of each motif in each glycan on the array. (For example, the glycan 

‘Galβ1-4(Fucα1-3)GlcNAcβ1’ contains the motif ‘terminal Galβ1-4’, but the glycan 

‘Galβ1-3(Fucα1-3)GlcNAcβ’ does not.) Finally, using the binding intensities to each glycan 

for a particular lectin, we calculate a score for each motif based on the difference in 

intensities between the glycans that contain a motif and those that do not. In this way we 

calculated the 158 “motif scores” for each lectin.

To obtain the expected changes in lectin binding upon enzymatic modification, we defined 

modified motifs corresponding to the original motifs. For example, the motif 

Siaα2-3Galβ1-4GlcNAcβ becomes Galβ1-4GlcNAcβ after treatment with sialidase 1 (the 

sialidase with specificity for only 2,3-linked sialic acid), but the motif 

Siaα2-6Galβ1-4GlcNAcβ is unchanged after treatment with sialidase 1 (Fig. 3A). We 

calculated motif scores using the modified motifs, and we then determined the differences 

Reatini et al. Page 6

Anal Chem. Author manuscript; available in PMC 2017 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the modified and the original motif scores for each lectin and enzyme (Fig. 3B). 

The latter we refer to as “delta motif scores.”

Next, we arrived at a “motif prediction score.” The motif score for each lectin is multiplied 

by the normalized binding intensity for the corresponding lectin, and the resulting products 

are summed over all lectins (Fig. 4A). In addition, the delta motif scores are multiplied by 

the delta intensities and summed over the lectins (Figs. 4B and 4C). Finally, the motif 

prediction scores are summed over all conditions. When applied to transferrin, several 

motifs showed high scores only after the use of enzymatic modifications (Fig. 4D).

Comparison to Orthogonal Methods

We next assessed the accuracy of the method by comparing results on the control 

glycoproteins to data from orthogonal glycan analysis methods. A cluster of the top motifs 

calculated for 5 glycoproteins showed clear groupings among the proteins (Fig. 5A). The 

groupings mainly were defined by the linkage of sialic acid, branching, and terminal 

mannose or galactose. According to motif prediction, fetuin displays more 2,3-linked than 

2,6-linked sialic acid on simple N-glycan extensions (motifs 37 and 55) and extensions with 

branching (motifs 44 and 62), but transferrin has more 2,6-linked sialic acid. AGP is 

predicted to have more branched than unbranched glycans, in contrast to transferrin and 

fetuin.

We obtained mass spectrometry analysis of fetuin and transferrin (Fig. S-1) and 

chromatographic analysis of transferrin and AGP (Fig. S-2). The mass spectrometry analysis 

used ethyl esterification of sialic acids29 to distinguish 2,3 from 2,6 sialic acid linkages, and 

the chromatography enable quantification of the percentage of branched glycans. The MS 

data revealed that the top N-linked glycans on fetuin primarily have 2,3-linked sialic acid, 

but the top glycans on transferrin primarily have 2,6-linked sialic acid (Fig. 5B). The 

chromatographic analysis showed that transferrin mainly has unbranched N-linked glycans, 

unlike AGP with mainly branched glycans (Fig. 5C).

Thus the motif predictions of 2,3 relative to 2,6 sialic acid, as well as differences in the 

amount of branching on N-linked glycans, agreed with the results from independent 

methods. The prediction of terminal mannose on transferrin but not fetuin agreed with the 

mass spectrometry data, which showed glycans with terminal mannose only on transferrin 

(Fig. S-1). Terminal mannose is not commonly observed on transferrin, so its presence could 

be due to contamination, but the agreement between the methods suggests the identification 

is not false.

We further explored the validity of the findings by asking whether the top predicted motifs 

could be reasonably assigned to the top glycan compositions found by MS. Among the top 

15 motifs found in either fetuin or transferrin, all but one could be assigned to the probable 

structures found by MS (Fig. 5D). In contrast, among motifs that are closely related but had 

low motif prediction scores, none could not be assigned to the probable structures. The lack 

of assignment of one top motif could be due to a false interpretation of the MS results, given 

that other structures are possible besides the ones shown. In any case the comparison 

supports the validity of the predicted motifs.
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Application to Clinical Specimens

We next asked whether we could apply the method to glycoproteins captured out of 

biological fluid. We studied the nature of a glycoform of MUC5AC that we previously 

showed is elevated in pancreatic cancer12. The glycan is sialylated version of a stem cell 

marker detected by an antibody called TRA-1-6031. TRA-1-60 detects the non-sialylated 

glycan, so we removed the sialic acid using sialidase prior to detection (Fig. 6A). The 

sialylated glycan, called LSTa, is attached to the protein MUC5AC and is strongly elevated 

in the plasma of cancer patients relative to patients with benign pancreatic disease (Fig. 

6B)12. The linkage of the sialylation, whether 2,3-linked or 2,6-linked, was not evident from 

our previous assay because we used the broad-specificity sialidase. Therefore we sought to 

determine the linkage of sialic acid on LSTa attached to MUC5AC.

We tested whether on-chip GMAP, used with a small set of lectins, could provide accurate 

information for MUC5AC captured out of a plasma sample from a cancer patient and 

another from a control subject (Fig. 6C). The motif prediction scores calculated without the 

use of enzymatic modifications showed mainly 2,6-linked sialic acid motifs and type-2 N-

acetyl-lactosamine (LacNAc) (Fig. 6D), which is more common than type-1 LacNAc. and 

the motifs containing the LSTa antigen did not have positive motif prediction scores (Fig. 

6D). When we incorporated enzymatic modifications into the calculations, a motif 

representing the LSTa antigen (type-1 and type-2 LacNAc in sequence) with 2,3-linked 

sialic acid (motif 50) showed up as one of the top motifs. Comparison motifs with 2,6-linked 

sialic acid (motif 68) or no sialic acid (motif 88) had low scores (Fig. 6D), and the control 

plasma sample showed low scores for all motifs (not shown). Information about the 

sialylation of the LSTa antigen was derived only with the use of enzymated modifications 

(Fig. 6E).

The amount of plasma used in the complete analysis was 20.3 μL, based on 3 lectins, 3 

conditions, 3 replicates, 1.5 μL/array, and a 2-fold dilution of the plasma. The concentration 

of MUC5AC in the plasma was not quantified because we did not have a calibration 

standard. Such a standard would be difficult to produce because the capture antibody (clone 

45M1) poorly recognizes synthesized portions of MUC5AC, and because we are detecting 

specific glycoforms rather than the core protein. (The ability of the 45M1 clone to capture 

MUC5AC was not affected by varying glycosylation, according to a previous analysis.) 

Previous estimates of the detection limit for the antibody-lectin sandwich assay for an 

analyte in blood plasma are around 10 ng/mL, or 130 pM for an 80 kD/mole protein. Given 

a concentration in the plasma of 1 μg/mL for MUC5AC, total protein required was 0.2 μg, or 

around 1 femtomole for a 250kD/mole protein (the molecular weight of MUC5AC is 

variable depending on fragmentation and glycosylation). In addition, the reproducibility of 

the measurements was good; the average coefficient of variation across 3 replicates was 

0.17, and the average Pearson correlation between sets was 0.87 (Fig. S-3).

We could assess the accuracy of the prediction by examining the binding of the TRA-1-60 

antibody with and without treatment by each of the sialidases. Binding increased greatly 

upon application of the sialidase specific for 2,3-linked sialic acid (sialidase 1) and increased 

slightly more with the broader sialidase (sialidase 2) (Fig. 6F). Thus the pattern of increased 
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binding of TRA-1-60 agrees with the motif prediction of primarily 2,3-linked sialic acid on 

the LSTa antigen.

DISCUSSION

Because of the importance of characterizing protein glycoforms in clinical samples, 

researchers will need methods that are compatible with limited sample volumes or low 

concentrations of the targeted proteins. Here we demonstrate a framework for achieving that 

goal using microscale capture, enzymatic modification, and lectin probing of the glycans, 

combined with an algorithm for the automated interpretation of the data. We validated the 

calculations of particular motif predictions by comparing results from control proteins to 

data obtained from MS and chromatography. The amount of protein consumed on-chip was 

only ~11 ng. We then demonstrated that without purification from large amounts of sample, 

we could learn about a specific feature of MUC5AC glycosylation that is associated with 

cancer, namely the sialic acid linkage on the LSTa glycan. The amount of protein required 

was about 0.2 μg of a 1 μg/mL protein in 20 μL of plasma. In contrast, most of the previous 

studies of mucin glycosylation used cell lines or several milliliters of a human specimen in 

order to purify at least 5–10 μg of protein, as in investigations of MUC132 and MUC1633 

glycosylation.

The protein requirements of certain methods could be on par with on-chip GMAP. For 

example, a process of 2D gel separation, in-gel glycan release from individual protein spots, 

and analysis of intact glycans by chromatography was demonstrated for identifying a glycan 

released from possibly as low as 50 ng of acute phase proteins34. Also, in-situ glycan release 

from tissue and analysis by MALDI mass spectrometry could be compatible with similarly 

low protein quantities35. Such methods could provide complementary capabilities and could 

be used in combination with on-chip GMAP for added value. MS and chromatography 

would provide information about complete compositions, and used in a glycoproteomics 

mode can give site mapping and density, whereas on-chip GMAP would provide motif 

information with minimal sample usage and software to aid interpretation. The ambiguities 

from each method potentially could be cleared up by the use of all the methods in 

conjunction36. The features of on-chip GMAP that could be particularly useful for disease 

research include the ability to process many samples; low cost; and reproducible 

measurements allowing comparisons across populations. In addition, automated 

interpretations can improve accuracy and throughput while opening up the methods to 

researchers with little expertise in glycan analysis methods.

The on-chip GMAP strategy has several limitations. It does not give information about the 

complete composition of a glycan; it does not readily sort out information between glycans 

in samples with multiple glycans; and it does not provide information about site occupancy 

on a glycoprotein. In addition, the method currently is not quantitative for determining 

whether one motif is present at a higher occupancy than another within a given protein, 

because the computation of the motif prediction score is based on many factors that are 

variable between motifs. One could mitigate these limitations in various ways. For 

quantitation, one could use standards for the lectins and enzymes in order to calibrate the 

experimental measurements. To sort out the analysis of complex samples or proteins, one 
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could simplify the sample by cleaving off components that are not relevant to the analysis, 

for example by removing N-glycans using the PNGase F enzyme prior to analyzing O-

glycans. An enzyme to remove O-glycans is not available, so the reverse experiment is not 

possible, but the software potentially could distinguish between N-glycan and O-glycan 

motifs based on PNGaseF treatment after each round of lectin probing. The main goal in the 

current work was to test whether the results are valid, which was confirmed in the 

comparisons with MS and chromatography. Thus the method presented here does not 

represent a fully-developed system but rather a platform onto which we may add 

capabilities.

Since the method gives information only according to the lectins and enzymes used in the 

assay, an important area for further development is the validation of additional lectins and 

enzymes that could probe a broader range of glycans. The repertoire of reagents currently 

available covers many structures, but undoubtedly more lectins and enzymes are needed to 

probe uncommon features or non-mammalian glycans. Given the continual discoveries of 

lectins and enzymes with novel specificities, such resources will be forthcoming. In some 

cases, the required specificities may already be available but simply need to be identified. A 

database of analyzed and searchable glycan array data would be useful for finding reagents, 

as demonstrated earlier25.

Another area for development is improved information about the specificities of the lectins 

and enzymes. In the current state of development, we have incomplete information about 

most reagents. The progress in glycan array technology in its breadth of coverage and 

availability gives a good opportunity for filling in some of the information. For example, 

developers of glycan arrays have created arrays to cover mammalian glycans37–38, microbial 

glycans39–40, various types of sialylated structures41–43, N-linked glycans with asymmetric 

branching44, and others (reviewed in ref. 45). Ideally we will be able to merge information 

from multiple, diverse types of glycan arrays—as demonstrated earlier24—in order to 

overcome the limitations from any particular array. The structural modeling of lectin-glycan 

interactions also could provide insights into lectin specificities beyond what is possible from 

glycan array data46–47. Glycan arrays also would be useful for learning more about the 

specificities of exoglycosidases; one could probe changes in the glycans subsequent to 

treatment with an exoglycosidases. A study of influenza neuraminidase20 demonstrated the 

feasibility of such an approach.

CONCLUSIONS

The method presented here promises to be valuable in applications where sample amounts or 

analyte concentrations are low, or where precision comparisons over multiple samples are 

needed. Moreover, it should be valuable as a complement to orthogonal methods such as 

mass spectrometry and sequencing chromatography. The latter methods reveal glycan 

compositions and some structural information, but additional data about particular motifs 

could help to resolve ambiguities48. With further work to make the protocols routine and the 

reagents and software readily available, the method could improve accessibility of glycan 

analysis to researchers involved in a broad range of studies.
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Figure 1. On-chip glycan modification and probing
Glycoproteins were immobilized onto a planar surface, and the glycans on the proteins were 

probed by a panel of lectins, either with or without prior modification of the glycans using 

enzymes. We quantified the binding of each lectin under each condition and then used an 

algorithm to predict the motifs that are present on the glycoprotein.
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Figure 2. Test case: distinguishing α2,3 from α2,6 sialic acid
A) We used two enzymes. Sialidase 1 cleaves only α2,3 sialic acid, and sialidase 2 cleaves 

all linkages of sialic acid. B) We selected lectins based on their primary specificities against 

the motifs targeted by the enzymes and the motifs expected to be exposed after enzyme 

treatment. The fine specificities of the lectins are more complex than depicted here. C) The 

images show the fluorescence signals from microarrays produced by direct spotting of 

purified glycoproteins. We present representative examples from each treatment condition. 

D) The heatmaps show the relative signals under each condition as well as the differences 

between signals obtained with and without enzyme treatment, indicated by ΔSialidase1 and 

ΔSialidase2. To normalize the signals, all the values obtained with a given lectin were 

divided by the highest value for that lectin, making the range 0 to 1 for the original values 

and the range −1 to 1 for the differences.
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Figure 3. Motif scores for the original and modified motifs
A) We defined 158 motifs covering the variants we were probing. For each motif, we 

defined modified versions representing treatment by either sialidase 1 or sialidase 2. Two 

representative motifs are illustrated here. The angled brackets refer to attributes of the 

immediately following monosaccharide. (See supplementary information for details on the 

motif language and the motifs.) B) For each of the 158 motifs we calculated a motif score 

from glycan array data (obtained from the Consortium for Functional Glycomics) for each 

lectin, using both the original and modified motifs. We then calculated the differences 

between the modified and original motif scores, indicated by ΔSialidase1 andΔSialidase2.
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Figure 4. Calculation of the motif prediction scores for transferrin
A) Each motif score for a particular lectin was multiplied by the fluorescence signal for that 

lectin. The resulting products were summed over all lectins for each motif, giving the motif 

prediction scores for the unmodified glycans. The calculation was the same for the glycans 

after modification by sialidase 1 (panel B) and sialidase 2 (panel C), using the Δmotif scores 

and the Δintensities. The final step was to sum the motif prediction scores over all 

conditions. D) The top motif was 6-sialyl N-acetyl-lactosamine connected to unbranched 

mannose. Some of the top 5 motifs had high scores only after summing over the enzyme 

conditions.
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Figure 5. Validation of predicted motifs
A) The heatmap of top prediction motifs shows both similarities and differences among the 

5 proteins. The top motifs showed a relative dominance of motifs with α2,3 sialic acid in 

fetuin and motifs with α2,6 sialic acid in transferrin. AGP showed higher amounts of 

branched motifs (e.g. motifs 62 and 44) relative to transferrin, which showed higher 

unbranched motifs (e.g. motif 55). B) A quantification by mass spectrometry showed that 

the top glycans in transferrin primarily displayed α2,6 sialic acid, but the top glycans in 

fetuin primarily displayed α2,3 sialic acid. The glycans shown are probable structures based 

on biosynthetic rules. C) Quantitative glycan analysis by chromatography confirmed 

differences between transferrin and AGP in the branching of N-linked glycans. D) The top 

15 motifs in either fetuin or transferrin had probable assignments in the top glycans found by 

MS, whereas related motifs with low MP scores had no probably assignments.
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Figure 6. Probing glycans on MUC5AC captured from plasma
A) The TRA-1-60 antibody detects a non-sialylated glycan. To detect the glycan on 

MUC5AC, we captured MUC5AC from plasma using antibody arrays, treated the captured 

protein with sialidase, and probed with the antibody. B) The application of the method in 

panel A to samples from pancreatic cancer patients and subjects with benign pancreatic 

conditions revealed elevated levels in a significant number of cancer patients. C) Antibody 

arrays incubated with a cancer patient sample were probed with either BPL, ECL, or SNA 

using either no enzyme modification or treatment with one of the sialidases. D) We applied 

the motif prediction algorithm using either just the no enzyme condition or the sum over all 

conditions. The cluster shows the top 20 motifs from either method. Motif 50 was high using 

only in the summed value. E) A comparison of motifs 50, 68, and 88 showed that without 

summing over enzymatic modifications, no values were achieved for motifs 50 and 68. F) 

We probed a cancer patient sample and a control sample with the TRA-1-60 antibody using 

the 3 conditions. The pattern of increased binding after the sialidases agrees with the motif 

prediction result.
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