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Abstract

Protein-carbohydrate interactions play significant roles in a wide variety of biological systems. 

Glycan microarrays are commonly utilized to interrogate the selectivity, sensitivity, and breadth of 

these complex protein-carbohydrate interactions. During the past two decades, numerous distinct 

glycan microarray platforms have been developed, each assembled from a variety of slide-surface 

chemistries, glycan-attachment chemistries, glycan presentations, linkers, and glycan densities. 

Comparative analyses of glycan microarray data have shown that while many protein-carbohydrate 

interactions behave predictably across microarrays, there are instances when various array formats 

produce different results. For optimal construction and use of this technology, it is important to 

understand sources of variances across array platforms. In this study, we performed a systematic 

comparison of microarray data from 8 lectins across a range of concentrations on the CFG 

and neoglycoprotein array platforms. While there was good general agreement on the binding 

specificity of the lectins on the two arrays, there were some cases of large discrepancies. 

Differences in glycan density and linker composition contributed significantly to variability. The 

results provide insights for interpreting microarray data and designing future glycan microarrays.
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Glycan density and linker composition significantly influence binding on glycan microarrays.

Introduction

Glycan-binding proteins are involved in numerous biological processes and are used 

extensively in basic and clinical research. For example, carbohydrate-binding antibodies 
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and certain lectins are abundant in serum and are an important component of our immune 

defense system. Carbohydrate-binding monoclonal antibodies and purified plant lectins 

are used extensively to evaluate carbohydrate expression for both research and diagnostic 

purposes. In addition, several are in clinical trials for treating diseases. Antibody 3F8 is 

in clinical trials for the treatment of neuroblastoma and Ch14.18, marketed as Unituxin by 

United Therapeutics, has been FDA approved for children with high-risk neuroblastoma.1, 2

Information about binding affinity and specificity are critical for understanding the 

biological roles of glycan-binding proteins, using antibodies and lectins as reagents, 

developing agonists/antagonists, and pursuing clinical applications. Glycan microarrays 

provide a high-throughput format to rapidly evaluate binding of glycan-binding proteins 

to numerous potential glycan ligands in parallel while using only minimal amounts of 

samples.3–9 Many groups have developed distinct glycan array platforms that use different 

slide surface chemistry, linkers, immobilization strategies, and/or glycan presentation 

formats. Several recent studies have compared binding profiles on different glycan 

array platforms and glycan presentation formats.10–13 While these studies found general 

agreement across platforms, there were notable differences. To improve this technology and 

better understand how to interpret glycan array results, it is important to elucidate the factors 

that contribute to variability between array platforms. In this study, we investigate factors 

that give rise to differences in binding profiles on glycan microarrays.

Materials and Methods

Lectins.

The following biotinylated lectins were used in this study: Concanavalin A (ConA, Cat# 

BA-1104–5), Peanut agglutinin (PNA, Cat# BA-2301–1), Ricinus communis agglutinin I 

(RCA-I, Cat# BA-2001–5), soybean agglutinin (SBA, Cat# 280828–1), and wheat germ 

agglutinin (WGA, Cat# BA-2101–5) were obtained from EY Labs (San Mateo, CA). 

Maackia amurensis lectin I (MAL-I, Cat # B1315) and Sambucus nigra Lectin (SNA, 

Cat# B-1305) were obtained from Vector Laboratories (Burlingame, CA). Helix pomatia 

agglutinin (HPA, Cat# L6512) was obtained from Sigma-Aldrich (Burlington, MA).

CFG array data.

Data for 5 of the lectins (ConA, HPA, Mal-I, SNA, and WGA) were reported previously.10 

Data for the other 3 lectins (PNA, RCA, SBA) were collected at the same time using the 

same protocols and materials. The data were obtained from the Consortium for Functional 

Glycomics website (CFG; http://www.functionalglycomics.org/). Detailed experimental 

procedures for the synthesis of NHS-reactive glycans, fabrication of the microarray, assaying 

the lectins, and analyzing the data have been reported previously.14

The CFG array is composed of glycans attached to a linker with a terminal amine printed 

on NHS-activated glass slides containing a hydrogel surface (Nexterion Hydrogel, Schott). 

The assay details for these data were reported previously.10 Briefly, slides were incubated 

with freshly diluted biotinylated-lectin in binding buffer (20mM Tris-HCl, pH 7.4 150mM 

NaCl, 2mM CaCl2, 2mM MgCl2 + 0.05% Tween-20 + 1% BSA) for 1 hour at RT. The slide 
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was washed and then incubated with AlexaFluor®−488 labeled streptavidin for 1 hour in the 

dark. The microarray slides were extensively washed, dried by centrifugation, imaged using 

a ProScan Array Scanner (Perkin Elmer), and then processed using Imagene software.

Neoglycoprotein microarray data.

Data for 5 of the lectins (ConA, HPA, Mal-I, SNA, and WGA) were reported previously.10 

Data for the other 3 lectins (PNA, RCA, SBA) were collected at the same time using the 

same batch of slides, assay conditions, and materials. Detailed experimental procedures 

for the fabrication of the microarray, and the assay and data analysis have been reported 

previously.15, 16

Our neoglycoprotein microarray is composed of glycans and glycopeptides chemically 

conjugated to either bovine serum albumin (BSA, A3059, Sigma-Aldrich, St. Louis, 

MO) or human serum albumin (HSA, A8763, Sigma-Aldrich, St. Louis, MO) to 

produce neoglycoproteins. The average number of glycans conjugated per molecule 

of albumin was determined by MALDI-TOF MS. Full details of the preparation and 

characterization of the neoglycoproteins has been previously published.17 Neoglycoproteins 

and other glycoproteins are printed onto epoxide-coated glass slides (SuperEpoxy2, ArrayIt, 

Sunnyvale, CA) to generate microarrays. The assay details for these data were reported 

previously.10 Briefly, slides were blocked with BSA overnight at 4°C. Next, the were 

incubated with various concentrations of each biotinylated lectin in binding buffer (20 mM 

Tris-HCl, 150 mM NaCl, 10 mM CaCl2, 10 mM MgCl2 pH = 7.4 containing 0.05% Tween 

20 and 0.1% BSA) for 1 hour at room temperature. After 3 washes, slides were incubated 

with Cy3-labeled streptavidin for 1 hour in the dark with gentle shaking. The microarray 

slides were extensively washed, dried by centrifugation, imaged using a GenePix 4000A 

scanner (Molecular Devices Corporation, Sunnyvale, CA) and analyzed with GenePix Pro 

7.0 software (Molecular Devices Corporation, Sunnyvale, CA).

Results

Overview of data used in the study

For this study, we used data from 8 different lectins profiled on two different glycan 

microarray platforms. Our microarray18–20 was composed primarily of neoglycoproteins 

(NGPs),21 along with about 15 natural glycoproteins, and contained a total of 332 array 

components. To produce the neoglycoproteins, glycans and glycopeptides were attached 

via various linkers to bovine serum albumin or human serum albumin.17 In many cases, 

we conjugated glycans or glycopeptides at a high ratio and a low ratio to produce both 

high and low-density conjugates. The number after the name represents the average number 

of determinants (i.e. glycans or glycopeptides) attached per molecule of albumin (e.g. 

Man-α 05 is a BSA conjugate with an average of 5 molecules of mannose per molecule 

of BSA). Neoglycoproteins and natural glycoproteins were then printed on epoxide-coated 

glass microscope slides. The Consortium for Functional Glycomics (CFG) array version 5.0 

was composed of 611 glycans that contain an amine terminal linker attached to the reducing 

end.14 The glycans were printed on an NHS-ester activated glass slide surface, which allows 

for covalent attachment via amide bond formation. The slides contain a hydrogel coating 
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on the surface. A schematic of the two slide surfaces is shown in Figure 1. Both arrays 

contained a diverse collection of N-linked glycans, O-linked glycans, glycolipid glycans, 

and other glycans.

The 8 lectins included in this study were ConA, RCA, HPA, Mal-I, PNA, SBA, SNA, and 

WGA. The 8 lectins have varying specificities, which provides comparisons across a diverse 

range of glycans. Data for 5 of the lectins were published as part of an international glycan 

microarray comparison.10 Data for the other 3 lectins (PNA, SBA, RCA) were added for 

this study. Both array groups received lectin aliquots from the same parent lectin stocks, 

along with aliquots of BSA for use in blocking buffers. Each group incubated the lectins 

at room temperature in the same buffer with added calcium and magnesium. Incubation 

times were identical. All other parameters, such as washes, scanning, and processing were 

at the discretion of the array group. Finally, each of the lectins was profiled at multiple 

concentrations, which provides more dynamic range and accounts for saturation of binding. 

Collectively, the study includes a large dataset for analysis.

Analysis of consistency for each array platform

The first step for understanding differences between microarray binding profiles was 

identifying key differences. We wanted to focus on differences that were (1) large, (2) 

observed with consistency, and (3) substantially beyond what one would expect based on the 

inherent variability of the assay. To facilitate analysis of the data, we implemented a floor 

value of 100 RFU. For both arrays, there is a significant amount of noise for signals below 

100, and we did not want to focus on large differences arising from very low signals (e.g. 1 

vs 100 RFU). In addition, we log transformed the data using base 2 to simplify comparisons 

and avoid focusing on differences that have a large RFU value but a small ratio (e.g. 50,000 

vs 30,000 RFU gives a difference = 20,000 but the ratio is less than 2-fold; alternatively, 

5000 vs 500 RFU has a difference of only 4500 but a ratio of 10-fold).

We started by evaluating the variability of each microarray platform. Ideally, we would 

compare replicate measurements for each lectin at the same concentration; however, this 

data was not available. Therefore, we compared datasets for lectins at the nearest possible 

lectin concentrations. The data for all lectins was grouped into one large analysis, and 

then Pearson correlation constants were determined. For the CFG array, this included 

comparisons of 100 μg/mL vs 50 μg/mL, 50 μg/mL vs 10 μg/mL, 10 μg/mL vs 1 μg/mL, 

1 μg/mL vs 0.5 μg/mL, and 0.5 μg/mL vs 0.1 μg/mL. Across all 8 lectins, the Pearson 

correlation constants ranged from 0.80 to 0.98. For our NGP array, we included comparisons 

of 50 μg/mL vs 10 μg/mL, 10 μg/mL vs 1 μg/mL, 1 μg/mL vs 0.3 μg/mL, and 0.3 μg/mL vs 

0.1 μg/mL. Across all 8 lectins, the Pearson correlation constants ranged from 0.85 to 0.96. 

Overall, both arrays demonstrated a very high degree of consistency.

Next, we identified instances where there was a large difference in signal from one lectin 

concentration to another for a given array component. Differences in the range of 2 to 

10-fold were expected since the comparisons involved 2 to 10-fold differences in lectin 

concentration. Nevertheless, 20-fold differences only occurred about 1.2% of the time for 

the CFG array and 1.5% of the time for the NGP array. Differences of greater than 32-fold 

occurred about 0.5% of the time for both arrays. Differences of greater than 50-fold occurred 
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0.10% of the time for our array and 0.17% of the time for the CFG array. Differences 

in lectin concentration likely contribute to these totals. For example, the vast majority of 

cases where a difference of greater than 50-fold was observed were for comparisons of data 

points at 10 μg/mL vs 1 μg/mL. Since a 10-fold difference in lectin concentration could 

easily give rise to a 10-fold difference in signal, a rate of 0.1–0.2% for 50-fold differences 

was considered very small. Also, one would expect even higher levels of consistency for 

replicate experiments carried out using the same lectin concentrations. Overall, these results 

demonstrate a very high degree of consistency for the two array platforms.

Identification of substantial differences between arrays

It is well appreciated that differences in glycan structure can give rise to large differences 

in lectin binding. Our goal for this study was to evaluate factors other than glycan structure. 

Therefore, we decided to limit the array-to array comparison to the subset of components 

that have identical glycans on both array platform. Differences in linker were allowed. 

This group included 177 comparisons for each lectin, totaling 1416 comparisons across 

all 8 lectins. The comparisons were carried out for identical or nearly identical lectin 

concentrations. These data included 6 comparisons: NGP at 50 μg/mL vs CFG at 100 

μg/mL, NGP at 50 μg/mL vs CFG at 50 μg/mL, NGP at 10 μg/mL vs CFG at 10 μg/mL, 

NGP at 1 μg/mL vs CFG at 1 μg/mL, NGP at 0.3 μg/mL vs CFG at 0.5 μg/mL, and NGP 

at 0.1 μg/mL vs CFG at 0.1 μg/mL. Collectively, a total of 6018 array-to-array comparisons 

were considered (note: not all lectins were assayed at all concentrations; for example, only 

3 lectins were assayed at 50 μg/mL on the CFG array; therefore, the total is not simply 6 × 

1416).

Based on our analysis of within-array consistency above, we decided to focus on instances 

where signals for the same glycan and the same lectin varied by more than 50-fold from 

one array to the other. Differences of this size would occur very infrequently as a result 

of inherent variabilities in the assays. In addition, a high cutoff would allow us to avoid 

focusing on small variations resulting from differences in assay conditions or scanner 

settings/sensitivity. Finally, 50-fold or greater differences seemed substantial from a general 

molecular recognition perspective. In addition to the cutoff of 50-fold, we also wanted 

to focus on cases where the differences were observed consistently. Therefore, we only 

selected instances where there was a 50-fold or greater difference at one lectin concentration 

and a 10-fold or greater difference for the same glycan and lectin at one of the other lectin 

concentrations.

Using these criteria, we identified 101 instances (out of 6018 possible comparisons; ~1.7%) 

where there was a substantial difference between the arrays (see Figure 2 and Supporting 

Excel File, sheet “CFG v NGP top 101 differences”). The percentage of instances is much 

higher than what would be expected based on inherent variability of the assays. In addition, 

all 101 involved cases where the signal on our neoglycoprotein array was larger than the 

corresponding signal on the CFG array. Thus, we concluded that these instances are likely 

real differences between the array platforms and not a result of random variability.

The 101 instances involved some redundancy. When comparing the CFG data to the 

neoglycoprotein data, there were many cases where there were 2–3 densities of a glycan on 
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the neoglycoprotein array. In these cases, the CFG glycan was compared to each density on 

the neoglycoprotein separately (e.g. Man-a-Sp8 on the CFG array was compared to Man-α 
at 5/BSA and 20/BSA on the neoglycoprotein array). In addition, there were cases where 

a particular glycan was attached to the surface via two different linkers. These situations 

were also counted as separate comparisons (e.g. GlcNAcβ-Sp0 and GlcNAcβ-Sp8 on the 

CFG array were both compared to GlcNAcβ-BSA on the neoglycoprotein array). If we only 

consider the glycan portion, the number of large discrepancies decreased from 101 to 62.

Factors contributing to differences between arrays

There are a variety of factors that could give rise to differences between arrays. Differences 

in linkers, glycan presentation, and slide surface are likely to have the biggest effects. 

From an initial qualitative assessment of the 101 cases, both the linker and glycan density 

appeared to be important factors. Both will be discussed in more detail below in separate 

sections. In addition, other factors could also influence the binding profiles.

Variability in the experimental conditions is one consideration. As mentioned above, many 

of the experimental parameters (e.g. batch of lectin, blocking agent, buffer, incubation 

temperature, incubation times) were held constant between the arrays. Some parameters 

were different. The washes were similar but not identical. We washed 3 times after the 

primary incubation and 7 times after the secondary incubation. The CFG washed 8 times 

after the primary incubation and 12 times after the secondary incubation; 4 of the final 

washes are with Milli-Q H20 instead of buffer. In our experience, these differences in washes 

are not expected to have substantial effects. A second difference is the amount of BSA used 

in the incubation buffers. We used 0.1% while the CFG used 1%. This difference could 

potentially contribute to the differences in signals, but it was unclear how large the effect 

would be. Lastly, incubations on the neoglycoprotein microarray contained 10 mM CaCl2 

and 10 mM MgCl2, whereas the CFG incubations included 2 mM CaCl2 and 2 mM MgCl2.

In addition to the experimental conditions described above, two other factors could lead to 

systematic differences: image acquisition/analysis and secondary reagent. For the secondary 

reagent, we used Cy3-labeled streptavidin and the CFG used AlexaFluor488-labled 

streptavidin. Different fluorophores can potentially produce different signal intensities, but 

the relative signal strengths for various glycans would be the same. Additionally, differences 

in scanner settings/sensitivity would produce systematic variations in the two datasets. If the 

binding profiles were perfectly correlated but one scanner was more sensitive that the other, 

one would expect a perfect trendline but with a slope skewed from 1.0. We plotted our data 

vs the CFG data for each of the identical or nearly identical lectin concentrations mentioned 

above and then determined the slopes of the trendlines. The average slope of the trendlines 

was 0.50 (ranging from 0.39 – 0.63). Since our data was plotted on the x-axis, a slope of 

0.5 indicates that our signals were on average 2-fold higher than the CFG signals. Thus, 

we concluded that differences in the scanner sensitivity/settings and/or fluorophore on the 

secondary reagent produce a systematic variability between the arrays by a factor of about 2. 

Since 2-fold is relatively small, we did not re-scale or normalize the data to compensate for 

the difference.
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The nature of the lectin could also affect binding profiles measured on arrays. When a 

lectin binds a glycan on an array surface, there can be a variety of additional interactions, 

such as interactions with the linker, adjacent molecules of lectin, and the slide surface. 

Various features of the lectin can influence these additional interactions, such as variations 

in binding pocket depth (shallow versus deep binding pockets), overall net charge, localized 

surface charge and/or hydrophobicity around the binding pocket, spacing of binding pockets, 

and steric accessibility of binding pockets. In our comparison, the 101 instances were not 

distributed evenly among the lectins. Forty of the 101 cases were signals derived from 

WGA, and 26 were signals derived from SBA. This over-representation was not simply 

due to having more abundant strong binding partners for WGA and SBA on the arrays. 

HPA had a similar number of strong binders, but only 9 of the 101 cases were from HPA 

data. The variation from one lectin to another highlights the importance of including many 

lectins/proteins in a cross-platform microarray comparison.

Effects of glycan density

Glycan density can have a large effect on recognition. Monovalent interactions between a 

glycan and a single lectin binding site are typically weak. Lectins and antibodies achieve 

tight binding through formation of multivalent complexes. The spacing of glycans on a 

surface can have a big effect on the ability to form a multivalent interaction. We have 

observed very large density effects for other lectins and monoclonal antibodies previously 

on our array.22–25 In this study, 76 of the 101 instances of large differences between the 

arrays involved comparisons between the CFG array and a high-density glycan on the 

neoglycoprotein array, indicating that density is a key factor.

To isolate the effects of density, we focused our analysis on just data from our 

neoglycoprotein microarray. By comparing data from the same array experiments, all other 

parameters (e.g. incubation times, temperatures, buffers, slide surface, and linker) were 

identical. Our array has 73 components that are present at both high and low densities. 

Neoglycoproteins with <8 determinants per molecule of albumin (median = 5) were 

considered low density. High-density was defined as an average of >10 determinants per 

molecule of albumin (median = 16). Based on a simplified model of the array surface, 

5/BSA would give an estimated spacing of roughly 80 Å from attachment point to 

attachment point, while 16/BSA would correspond to roughly 40 Å spacing (see Supporting 

Information). These estimates do not include the linker. We compared binding properties 

for these 73 components across all 8 lectins giving 584 data points at each of five lectin 

concentrations.

Our initial assessment involved determining Pearson correlation constants (R) for low-

density versus high-density signals at each lectin concentration. The R values ranged from 

0.84–0.90 indicating a high degree of correlation between low and high-density glycans. The 

correlations were slightly better if we compared low-density conjugates at a higher lectin 

concentration to high-density conjugates at a lower lectin concentration (R values ranged 

from 0.89–0.92). For example, with both datasets at 1 μg/mL, the R value for low versus 

high-density conjugates was 0.84. The correlation improved to 0.90 when comparing the 

low-density conjugates at 1 μg/mL to the high-density conjugates at 0.3 μg/mL.
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While the overall correlation was high, there were a number of instances where there were 

large differences between a high and low-density pair. A summary of these differences is 

shown in Table 1. Ten-fold differences were observed 61 times at a lectin concentration of 

50 μg/mL and 48 times at a lectin concentration of 10 μg/mL. For the vast majority of these 

cases (>96%), the signal for the high-density conjugate was larger than the low-density. 

There were 13–15 instances where there was a >50-fold difference in signal. All of the >50-

fold differences favored the high-density conjugate and typically involved a strong positive 

signal at high-density and little or no signal at low-density (e.g. 180 RFU for low-density vs 

21,491 RFU at high-density). Thus, differences in glycan density can frequently give rise to 

10-fold differences in signal and occasionally result in greater than 50-fold differences. We 

considered the possibility that larger high-density to low-density ratios for a given glycan 

pair (20/BSA vs 4/BSA has a ratio of 5, whereas 10/BSA vs 5/BSA has a ratio of 2) could 

produce larger differences in signals; however, instances of 10-fold differences were not 

correlated with the high-vs-low ratio. Instances of large density effects were not distributed 

evenly among the 8 lectins. They were most frequently observed with SBA (31% of large 

differences were SBA binding).

We next compared the CFG data to our low and high-density conjugates separately by 

determining Pearson correlation constants for each of the identical or nearly identical lectin 

concentrations (Table 2). For this analysis, we only included array components where the 

glycan was identical on both arrays. The CFG data correlated much better to our low-density 

conjugates. For example, at a concentration of 10 μg/mL the Pearson R value was 0.77 for 

the CFG/low-density comparison but only 0.55 for the CFG/high-density comparison. The 

analysis suggests that the surface density of glycans on the CFG array is similar to our 

low-density spots.

Effects of the linker

Another feature that could potentially have a major impact on differences between array 

binding profiles is the linker connecting the glycan to the array surface. In fact, 71 of the 101 

instances of large differences discussed above involved comparisons with an identical glycan 

but a different linker. To isolate the effects of linkers, we focused our analysis on data from 

the CFG microarray. Since the data are all from the same microarrays and experiments, all 

other parameters (e.g. incubation times, temperatures, buffers, slide surface) were identical. 

To initiate this analysis, we identified glycans bearing two or more linkers on the CFG array. 

From this group of 125 array components, there were 57 pairwise comparisons from glycans 

bearing two linkers. In addition, there were two cases where a glycan was present with 3 

different linkers giving rise to 6 pairwise comparisons, and one case where a glycan was 

present with 4 linkers yielding 6 pairwise comparisons. This combined group of 69 pairwise 

comparisons was evaluated across 8 lectins at 3–6 concentrations ranging from 0.1 μg/ml 

to 100 μg/ml, producing a large dataset containing 2484 comparisons. As with previous 

datasets, we implemented a floor value of 100 RFU and log transformed the data using base 

2.

We began by evaluating all pairwise comparisons across the entire dataset. The 2484 

comparisons were highly correlated, with a Pearson correlation constant R value of 
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0.90. Since signals can vary more when there is higher background (e.g. higher lectin 

concentrations) or low signal strength (e.g. lower lectin concentrations), R values were 

determined for each lectin concentration separately (Table 3). The correlation constants 

ranged from 0.88 to 0.97, indicating the lectin concentration does not have a significant 

effect. In addition to evaluating overall correlations between linkers, we also identified 

specific cases where there were large differences in signals (Table 4). Ten-fold differences 

were observed 42 times for this dataset (a rate of 1.69%) and 50-fold differences were 

observed 10 times (rate =0.4%). The majority (79%) of >10-fold differences occurred in 

the top 3 lectin concentration groups (100, 50, and 10 μg/ml), presumably because there 

are more signals and the signals are larger. Taken together, the results show that binding 

to glycans on different linkers are generally well correlated, but differences in the linker 

can give rise to 10-fold differences in signal and occasionally produce greater than 50-fold 

differences.

We next evaluated how differences in the linker affected each lectin. We examined the 69 

pairwise comparisons against each individual lectin and found a range of R values of 0.63–

0.97 (Table 1). PNA and SBA gave the lowest R values of 0.66 and 0.63, respectively. R 

values obtained for each lectin with concentration dependence (Table 3) showed moderate to 

good agreement across the dataset, indicating that lectin concentration is not a major source 

of large differences in this dataset. In addition to overall correlations, we also tabulated 

specific cases of large differences. For most lectins, the rate of a 10-fold difference was 

below 2%, but the rate for RCA was 6.3%. The higher rate for RCA was more pronounced 

at lower concentrations. RCA accounted for 8 of 9 total occurrences in the lowest three 

concentrations. Although the overall data for RCA were highly correlated (R =0.85), there 

was considerable scatter about the trendline (see Figure 3A versus 3B). Taken together, RCA 

appears to be more sensitive to effects of the linker than the other lectins in our study.

Next, we evaluated effects of specific linkers. We determined correlations for all pairwise 

comparison that involved the same linker pair (e.g. all pairwise comparisons of Sp0 to 

Sp8; Table 4). There are 20 linker-paired comparisons, but only 15 had sufficient data 

to determine an R value. The R values in this analysis ranged from 0.60–0.99 (Table 4). 

Examination of R values for both individual linkers and paired-linkers identified Sp14 as 

a statistically significant source of difference on the CFG array (compare Figure 3C vs 

3D). The worst correlations were for Sp14 versus Sp8 with an R value of 0.60. In addition 

to general correlations, we also examined specific cases of large differences. The rate of 

10-fold differences for individual linkers ranged from 0.00% - 5.56% (Table 5). Amino 

acids Sp14 and Sp15 stand out as linkers contributing to sources of large differences (2.98%

−5.56%). Additionally, the linker Sp21 had one of the highest rates of large difference at 

5.56%. Interestingly, all the large differences associated with Sp21 were within the RCA 

dataset and in all cases Sp21 gave a larger signal than the matched peptide or amino acid 

linkers (Sp24, Sp12, and Sp13). Sp24 and Sp25 also had large differences of 4.8% and 4.2%, 

respectively. Not surprisingly, the specific comparisons of Sp14 vs. Sp8 were a prominent 

source of large differences with a rate of 3.2% (Table S2). Comparisons of Sp15 vs. Sp8 

also had a high rate (5.6%). Sp15 (serine), and Sp14 (threonine) both have a free carboxylic 

acid on the linker which could have negative interactions with the lectins. Overall, the results 
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suggest that the peptide portion of glycopeptides substantially influence recognition of the 

glycan portion on the array.

Estimation of other effects

From the results above, it was apparent that glycan density and linker structure can have 

major effects on glycan microarray data. It was not known how much other factors, such as 

slide surface and wash conditions, affect the data. To estimate the effects of other factors, we 

focused on comparing data obtained on the two arrays for the subgroup of array components 

with identical glycans and the fewest differences in linker composition and glycan density. 

Therefore, we limited this part of the analysis to 42 glycans we had obtained from the 

CFG. For these array components, the glycan portion and the core portion of the linker 

(O-CH2-CH2-N) were identical; however, the conjugation chemistry used to attach the linker 

to the surface or to albumin was different. Therefore, the stereochemistry of the glycosidic 

linkage and the first few atoms of the linker are identical. Moreover, the composition of the 

glycan and any impurities would be the same. We also limited this part of the study to our 

conjugates with low density, to best match the estimated density on the CFG array surface.

Of the 101 instances of large differences between our array and the CFG, only 10 came 

from the subgroup containing the 42 CFG glycans at low density. Thus, the vast majority 

of large discrepancies between arrays likely derive from differences in linkers and glycan 

density. Furthermore, 9 of the 10 involved binding by WGA, suggesting that certain lectins 

are much more sensitive to factors such as the slide surface, wash conditions, CaCl2/MgCl2 

concentrations, and/or amount of BSA in the incubation buffer.

Discussion

Glycan microarrays have emerged as the primary tool used to evaluate binding 

properties of lectins and carbohydrate-binding antibodies.3–9 In addition, they are 

frequently being used to study immune responses and identify biomarkers for various 

diseases.26, 27 The experiments are rapid and provide considerable information about 

relationships between structure and recognition. There are a variety of microarray 

platforms that have been developed, such as glycans on hydrogel modified surfaces,14 

neoglycolipid microarrays,5 neoglycoprotein microarrays,20 dendrimer microarrays,28–35 

glycopolymer microarrays.36–38 microbial/pathogen glycan microarrays,39–42 natural/

shotgun microarrays,43–47 liposome microarrays,48 surfactant vesicle arrays,49 nanoarrays,50 

and bead arrays.51–54 These platforms use a variety of different chemistries to immobilize 

glycans, including non-covalent adsorption, amide bond formation, azide plus alkyne 

cycloaddition click chemistry, photoactivation with carbene/nitrene insertion, Michael 

additions, and epoxide opening. While different platforms provide good general agreement 

about binding properties of lectins, there can be key differences. Efforts to understand 

factors that give rise to these differences are important for interpreting data and optimal use 

of this technology. In addition, these efforts could lead to better microarray construction and 

improved assays.

There are several challenges when trying to understand factors that contribute to differences 

in microarray profiles. First, differences can arise from experimental issues, such as different 
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sources of protein or different buffers. Second, the content on different arrays is often 

similar but not identical. For example, glycans on different arrays may vary by a single 

monosaccharide residue at the reducing end, such as Man9 attached to one GlcNAc residue 

versus Man9 attached to two GlcNAc residues. In addition, some molecules on different 

arrays will have identical glycans but different linkers. Features of presentation, such as 

glycan density, can also vary. Thus, it is difficult to determine if differences in binding 

profiles are due to the array platform, linker, glycan structure, and/or glycan density. Third, 

there is often insufficient data to observe general trends. For example, a given lectin or 

antibody may only bind a handful of glycans that are present on two different array 

platforms. Finally, there is some level of variability inherent in any assay. Thus, our first 

goal was to design a study that would address these challenges.

We selected two arrays for our study: our neoglycoprotein microarray and the CFG 

microarray. The CFG array is one of the largest and most widely used arrays in the 

world.14 Since its inception, there have been thousands of array experiments run on the 

CFG array, and the data are publicly accessible via their website, providing a tremendous 

resource for the community. Our neoglycoprotein microarray provides a distinct platform 

with unique presentation of glycans.18–20 Both arrays contain a diverse collection of glycans 

with representation from many different glycan families, such as N-linked and O-linked, 

glycolipid glycans, non-human glycans, and Lewis/blood group antigens.

We utilized several experimental design strategies to facilitate our investigation. First, we 

started with data and protocols from a recent international comparison of glycan microarray 

platforms.10 In that study, each array group received lectin aliquots from the same parent 

lectin stocks, along with aliquots of BSA for use in blocking buffers. Lectins were incubated 

for the same length of time at the same temperature in the same buffer. Salt concentrations 

were the same, and both groups used buffers supplemented with MgCl2 and CaCl2, albeit 

at somewhat difference concentrations. Therefore, most of the experimental conditions were 

identical or very similar. Second, we used a relatively large dataset in order to observe 

general trends. The data included 8 different lectins profiled on 2 different microarrays at 

5–6 different concentrations producing over 36,000 data points. The lectins had differing 

specificities, allowing us to assess binding to different glycan structural families. In 

addition, we could evaluate effects from proteins with different architectures and amino 

acid compositions. To improve the overlap in glycan content between the array platforms, 

we obtained 42 glycans from the CFG. For these array components, the glycan portion and 

the core atoms of the linker were identical on both arrays.

While there was good agreement in the general binding properties of the lectins on different 

arrays, some significant differences were also observed. We focused on instances where the 

differences were large (>50-fold), consistent, and well beyond what one might expect from 

inherent variability of the assays. This group included 101 instances of sizeable differences 

from one array to the other. We then analyzed effects of various factors that could potential 

contribute to the differences.

One key element of recognition by lectins is glycan density.23–25, 55–69 We isolated the 

effects of glycan density by focusing analyses on data derived from our neoglycoprotein 
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array where the same glycan was present at two different densities. By using this approach, 

all other factors (e.g. slide surface, linker composition, experiment conditions) were held 

constant. Ultimately, we found that differences in glycan density can frequently give rise 

to 10-fold differences in signal and sometimes produce greater than 50-fold differences. 

Therefore, glycan density can have a major effect on glycan microarray binding profiles, 

even within the same array platform.

We also compared the CFG data to our high and low-density components separately. The 

CFG data compared much better to our low-density conjugates. Therefore, we postulate that 

glycans on the surface of the CFG array are presented at low density, or at a density that 

is comparable to our low density. Of the 101 instances of big differences between array 

platforms, 76 involved comparing a CFG signal for a particular glycan to the corresponding 

high-density component on our array. Thus, variations in glycan density could account for a 

large proportion of the differences in binding profiles between our array and the CFG array.

At present, the optimal density or spacing of glycans on an array surface is not known. 

Our estimated spacings for glycans on our surface were ~40 Å for high density and ~80 Å 

for low density. These distances are on par with glycan spacings one might find in natural 

systems, such as glycans on a protein or cell surface. In addition, the binding sites of many 

lectins and antibodies are in the range of 30–100 Å apart. Thus, distances of 40–80 Å 

would allow formation of multivalent complexes for many natural glycan-binding proteins. 

That being said, the optimal density depends on the particular protein(s) being studied and 

likely varies for different studies. Therefore, variations in glycan density can be useful when 

construction glycan microarrays.

In addition to glycan density, the composition of the linker is also an important factor to 

consider.12, 13, 70–72 In our study, differences in linker could give rise to 10-fold variations in 

signal and occasionally 50-fold differences. Linkers with similar structure tended to produce 

very highly correlated signals. Linkers composed of amino acids had weaker correlations 

with other linkers and gave rise to higher rates of large discrepancies. The effects could be 

due to charge. Sp14 and Sp15 contain a free carboxylic acid in close proximity with the 

reducing end of the glycan. Interactions with this charged moiety could have a substantial 

effect on recognition. A prior study on binding to the CFG array also noted strong effects 

from linker Sp14 and suggested it was due to distinct conformational preferences.13 In that 

study, Sp14 was found to give more false negative results, and molecular modeling indicated 

that this linker orients glycans down towards the surface making them less accessible for 

recognition.13 Our results and prior results indicate that presentation of a glycan on a 

linear, flexible linker is quite different than presentation on a peptide. Thus, incorporation of 

glycopeptides on glycan microarrays can provide useful and distinct chemical diversity.

The optimal linker likely varies for different array platforms. Effects of linkers may differ 

depending on the surface composition and chemistry. For example, the CFG hydrogel arrays 

display glycans at the end of a long PEG chain, which may provide considerable flexibility 

and distance from the glass surface. Platforms where the linker attachment site is closer to 

the surface may have more pronounced effects. For example, short linkers that place the 
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glycan in close proximity to a surface may hinder access by lectins and antibodies. Rigid 

linkers that limit conformational flexibility may also impede certain glycan-binding proteins.

When choosing a linker, the application is a key consideration. For establishing binding 

specificities or discovering new lectin, one may want a linker that is suitable for many 

glycan-binding proteins. For example, a long, flexible linker can allow glycans to move and 

adapt to accommodate different spacings, orientations, and steric environments of binding 

sites. In other cases, one may want glycan-linker pairs that can selectively capture lectins 

or glycan-binding antibodies. For example, when profiling lectins or antibodies from human 

serum, one needs to capture specific subpopulations of antibodies or specific lectins in the 

presence of a complex mixture of other glycan-binding proteins. Both the glycan and linker 

can contribute to selectivity. Arrays with variations in linkers could allow one to rapidly 

screen different glycan-linker pairings and identify ones that provide appropriate selectivity.

Overall, this study provides insights for interpreting glycan microarray data and designing 

better arrays. Both glycan density and the linker can have a substantial effect on recognition, 

a fact that is important to consider when analyzing both positive and negative signals. An 

absence of signal could easily arise if the glycan density is not well matched to the binding 

sites of the glycan-binding protein or the linker impedes recognition. When interpreting 

positive signals, glycans presented on a long flexible linker may provide different binding 

data than natural glycans. In nature, glycan determinants are often attached to a carrier 

glycan chain. For example, the blood group A determinant can be presented at the non-

reducing termini of an N-linked glycan. Like other “linkers”, the carrier chain may hinder or 

prevent binding. Alternatively, a glycan determinant may be displayed on a cell membrane 

via connection to a lipid. The lipid linker and close proximity to the membrane may 

provide a very different local environment than a long flexible linker on an array surface. 

In addition to interpretation, our results provide insights for designing future arrays. For 

example, array constructions with variations in glycan density and linker composition can 

provide a unique opportunity to enhance diversity in a way that complements variations in 

glycan composition. Lastly, the results indicate that different glycan microarray platforms 

are useful for the community. The ability of different microarray formats to provide distinct 

presentation of glycans enhances our understanding of glycan recognition and affords 

complementary, rather than redundant, information. In the future, it may be advantageous 

to design and assemble microarrays that combine desirable features of various microarray 

platforms and presentation formats.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representations of the two glycan microarray surfaces.
A) Depiction of the neoglycoprotein microarray with a high density of glycans. B) Depiction 

of the neoglycoprotein microarray with a low density of glycans. C) Depiction of the CFG 

microarray with glycans coupled to an NHS-hydrogel coated slide. For both formats, some 

glycans might not be accessible for lectin binding.
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Figure 2. Examples of discrepancies between the CFG and neoglycoprotein (NGP) array.
Data are shown for 6 of the 101 instances of large discrepancies between the CFG 

and NGP array. Data are graphed over all measured concentrations of lectin, with lectin 

concentration on the x-axis and RFU on the y-axis. Abbreviations are as follows: Man-a 

(CFG = #3, mannose alpha linked to Sp8; NGP = #275, low density mannose alpha linked 

to BSA, ~5/BSA), TF [CFG = #141, Galβ1–3GalNAcα-Sp14 (threonine); NGP = #109, 

Ac-Ser-(Galβ1–3GalNAcα)Ser-Ser-Gly-Hex-BSA, ~16/BSA], Fs (Forssman disaccharide; 

CFG = #92, GalNAcα1–3GalNAcβ-Sp8; NGP = #108, GalNAcα1–3GalNAcβ-BSA), LDN 

(LacDiNAc; #100, GalNAcβ1–4GlcNAcβ-Sp8; NGP = #234, GalNAcβ1–4GlcNAcβ-BSA, 

~16/BSA), Chitotriose (CFG = #192, GlcNAcβ1–4GlcNAcβ1–4GlcNAcβ-Sp8; NGP = 

#129, GlcNAcβ1–4GlcNAcβ1–4GlcNAcβ-BSA, ~20/BSA), GNLacNAc (CFG = #183, 

GlcNAcβ1–3Galβ1–4GlcNAcβ-Sp0; NGP = #255, GlcNAcβ1–3Galβ1–4GlcNAcβ-BSA).
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Figure 3. Effects of linkers.
Data shown for all linker pairwise comparisons with RCA (A) and MAL-1 (B). RCA linker 

pairwise comparisons are broadly distributed when compared to linker pairwise comparisons 

with MAL-1. Data are graphed over all measured concentrations of lectin from each of the 

69 pairwise comparisons. Data shown for all pairwise comparisons of the poorly correlated 

linker Sp14 (C; R=0.60) as compared to well correlated linker Sp0 (D; R=0.93). Data are 

graphed over all measured concentrations of all lectins.
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Table 1.

Summary of large differences between high and low-density glycans

10-fold differences 20-fold differences 50-fold differences

50 μg/mL 61 37 15

10 μg/mL 48 27 13

1 μg/mL 28 15 1

0.3 μg/mL 8 3 0

0.1 μg/mL 7 4 0
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Table 2.

Comparison of R values for CFG data vs high or low-density neoglycoproteins

NGP concentration CFG concentration R value for high-density R value for low-density

50 μg/mL 100 μg/mL 0.58 0.80

50 μg/mL 50 μg/mL 0.44 0.64

10 μg/mL 10 μg/mL 0.55 0.77

1 μg/mL 1 μg/mL 0.75 0.87

0.3 μg/mL 0.5 μg/mL 0.81 0.88

0.1 μg/mL 0.1 μg/mL 0.65 0.85
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Table 3.

Pearson correlation constants (R) for glycans with different linkers

All Lectins ConA WGA SNA MAL-I HPA PNA RCA SBA

All Conc. 0.90 0.95 0.77 0.93 0.92 0.92 0.66 0.85 0.63

100 μg/ml 0.88 0.95 0.72 0.96 0.90 0.88 0.70 NA 0.67

50 μg/ml 0.93 0.95 0.82 0.93 NA NA NA NA NA

10 μg/ml 0.88 0.94 0.86 0.77 0.93 0.91 0.27 0.88 0.48

1 μg/ml 0.91 0.99 0.52 0.99 0.97 0.99 ND 0.80 ND

0.5 μg/ml 0.97 0.93 ND 1.00 NA NA NA NA NA

0.1 μg/ml 0.90 0.83 ND 0.99 NA 0.98 ND 0.76 ND

NA= No data available for analysis. ND= not determined, too few values were above the floor for the given lectin/conc.
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Table 4.

Pearson correlations constants for pairwise linker comparisons

Linker A Linker A Structure Linker B Linker B Structure R

Sp12 Sp13 0.99

Sp0 Sp9 0.98

Sp18 Sp8 0.98

Sp13 Sp24 0.97

Sp13 Sp21 0.97

Sp0 Sp23 0.96

Sp23 Sp8 0.96

Sp10 Sp12 0.95

Sp12 Sp21 0.95

Sp0 Sp8 0.93

Sp12 Sp24 0.91
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Linker A Linker A Structure Linker B Linker B Structure R

Sp21 Sp24 0.90

Sp15 Sp8 0.83

Sp12 Sp25 0.83

Sp14 Sp8 0.60
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Table 5.

Large differences for pairwise comparisons across lectins

Lectin 10-fold differences (rate) 50-fold differences (rate)

ConA 4 (0.97%) 1 (0.24%)

WGA 7 (1.69%) 3 (0.72%)

SNA 5 (1.21%) none

MAL-I 4 (1.93%) none

HPA 4 (1.45%) none

PNA 3 (1.09%) 2 (0.72%)

RCA 13 (6.28%) 3 (1.45%)

SBA 2 (0.72%) 1 (0.36%)

All Lectins 42 (1.69%) 10 (0.40%)
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