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Screening of glycan arrays represent a powerful, high-throughput approach to defining 
the selectivity of glycan-binding receptors for oligosaccharide ligands. Correlating 
results from such arrays with structural analysis of receptor-ligand complexes provides 
one way to validate the arrays. Using examples drawn from the family of proteins that 
contain C-type carbohydrate-recognition domains, this review illustrates how information 
from the arrays reflects the way that selectivity and affinity for glycan ligands is achieved. 
A range of binding phenotypes is observed, from very restricted binding to a small set of 
structurally similar ligands to binding of broad classes of ligands with related terminal 
sugars and even to failure to bind any of the glycans on an array. These outcomes 
provide insights into the importance of multiple factors in defining the selectivity of these 
receptors, including the presence of conformationally defined units in some 
oligosaccharide ligands, local and extended interactions between glycans and the 
surfaces of receptors, and steric factors that exclude binding of some ligands. 
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Introduction 
Glycan-binding receptors are involved in biological processes that require recognition of 

selected sets of oligosaccharide ligands. Receptor-mediated glycan-binding events underlie 

selective adhesion between mammalian cells, sorting and trafficking of soluble glycoproteins, 

and detection of microbial pathogens based on their surface glycosylation (Taylor and Drickamer 

2006, Varki et al. 2009). Glycan arrays are increasingly being used as a means of characterizing 

the glycan-binding specificity of these receptors (Feizi et al. 2003, Paulson et al. 2006). 



 There are important practical issues that have been addressed in the construction and 

probing of glycan arrays (Figure 1). Multiple different platforms have been described for the 

display of glycans using a range of immobilization strategies. These include both noncovalent 

adsorption, such as direct immobilization on nitrocellulose (Wang et al. 2002), binding of lipid-

conjugated glycans to nitrocellulose surfaces (Fukui et al. 2002), and binding of biotinylated 

ligands to streptavidin-coated surfaces (Guo et al. 2004), as well as various types of covalent 

linkages to surfaces through the reducing ends of oligosaccharides (Blixt et al. 2004, 

Karamanska et al. 2008, Manimala et al. 2006). The nature of the surface and the spacer 

between the glycan and the surface can affect interaction with glycan-binding proteins, often in 

unpredictable ways. Data shown here were obtained with glycans covalently attached to 

polymer-coated glass surfaces through spacers of different lengths in a format developed by the 

Consortium for Functional Glycomics (Blixt et al. 2004). Arrays are generally probed with soluble 

lectins or soluble fragments of membrane receptors that have been fluorescently labeled. 

Because of the extensive washing steps needed to remove unbound receptors, binding to arrays 

is generally enhanced through avidity resulting from multivalent binding of naturally oligomeric 

receptor fragments or clusters of carbohydrate-binding domains generated by oligomerization 

motifs such as immunoglobulin Fc domains or biotinylation tags that can be clustered on 

streptavidin tetramers (Paulson et al. 2006, Powlesland et al. 2006). 

 Although it is clear that glycan arrays are powerful tools for highly parallel analysis of the 

interaction of receptors with a broad spectrum of potential ligands, an understanding of the 

significance of the positive and negative results obtained is still being developed. Multiple 

approaches have been employed for array validation, most commonly involving solid phase 

binding assays employing labeling strategies to detect bound receptors (van Vliet et al. 2005), 

quantitative binding competition assays (Guo et al. 2004), isothermal titration calorimetry (Gregg 

et al. 2008, Neu et al. 2008), or surface plasmon resonance (Bochner et al. 2005, van Liempt et 

al. 2006). The focus of this review is on structural features of the binding proteins and the glycan 

ligands that explain some of the behaviors observed on the arrays. Examples are drawn from 

the family of glycan-binding proteins that contain C-type carbohydrate-recognition domains 

(CRDs) (Figure 2). Many of these domains have been tested on the array created by the 

Consortium for Functional Glycomics (CFG), creating one of the largest collections of reasonably 

comparable datasets available. Importantly, both the binding data and the structural coordinates 

are publicly available through the CFG web site (www.functionalglycomics.org) and the Protein 

Data Bank (DPB) (www.rcsb.org). 

 



Receptors that display highly selective ligand binding 
The most readily interpreted results on the glycan array are those that reflect binding to a very 

limited set of glycans that clearly share a structural motif. The endothelial scavenger receptor C-

type lectin illustrates this type of situation, since probing of the array even at relatively high 

protein concentrations reveals selective binding to only a few glycans, all of which contain the 

Lewisx or Lewisa trisaccharide motifs (Figure 3a) (Coombs et al. 2005, Feinberg et al. 2007). 

Plotting the data in rank order of the signal strength observed on the array reveals a sharp drop-

off in binding, with relatively few structures that fall in a twilight zone between strong signals and 

background. In addition to the presence of the Lewisx and Lewisa motifs in the group of positive 

ligands, it is also important to note the absence of these motifs in most of the glycans that do not 

bind to the receptor. 

 The Lewisx trisaccharide is a commonly recognized structural motif in ligands for glycan-

binding receptors. In addition to the scavenger receptor C-type lectin, DC-SIGN (discussed 

below) and the selectins bind to ligands that contain this unit (Guo et al. 2004, Rosen 2004, van 

Die et al. 2002, Vestweber and Blanks 1999). An important feature of these glycans is that the 

three sugar residues that make up the Lewisx epitope are consistently in the same conformation 

in all known structures that contain the motif, either in free glycans or glycans bound to receptors 

(Feinberg et al. 2007, Miller et al. 1992, Perez et al. 1996, Somers et al. 2000). This structure 

results from van der Waals packing of the fucose and galactose residues against each other, 

forming a rigid and stable structure (Figure 3b). In the complex with the scavenger receptor C-

type lectin, the 3- and 4-hyroxyl groups of the galactose residue of the Lewisx ligand form 

coordination bonds with a bound calcium ion, an arrangement that is characteristic of the C-type 

lectins (Figure 2b). A further feature of the Lewisx conformation is that the relatively nonpolar B 

face of galactose remains exposed, allowing it to interact in a characteristic packing 

arrangement with the side chain of tryptophan and other aromatic amino acids. In addition to 

these interactions with the galactose residue, the fucose residue also makes contact with other 

residues projecting from the protein surface as can be seen in a surface representation of the 

bound complex (Figure 1c). 

 A key consequence of the preformed, rigid conformation of the glycan ligand is that there 

is little or no conformational entropy penalty associated with the binding interaction. Crystal 

structures of C-type CRDs in the absence of glycan ligands reveal that the binding site is also 

preformed, so that the only change needed to accommodate the glycan ligand is release of 

water molecules that occupy the coordination positions that will be replaced by the hydroxyl 

groups of the sugar. Thus, the enthalpy gain associated with the secondary contacts with the 



surface of the protein is not negated by an extensive entropy penalty, resulting in an overall 

more favorable free energy of interaction that is reflected in a 70-fold enhanced affinity for Lewisx 

trisaccharide compared to galactose, as measured in binding competition assays (Coombs et al. 

2005, Feinberg et al. 2007). 

 Although many oligosaccharides display conformational heterogeneity, the Lewisa and 

Lewisx trisaccharides are not the only examples of preferred local conformations that create 

preformed structural features that can interact with receptors with a minimal entropy penalty 

associated with glycan immobilization. In the case of another endothelial cell receptor, LSECtin, 

glycan array screening at high receptor concentration reveals binding to multiple groups of 

ligands with terminal fucose and GlcNAc residues, but at reduced concentrations much more 

selective binding is observed to glycans bearing terminal GlcNAcβ1-2Man disaccharides (Figure 

4a) (Powlesland et al. 2008). Analysis of the conformation of this disaccharide in multiple crystal 

structures reveals that in many cases it assumes a common preferred conformation in which the 

N-acetyl group of GlcNAc is positioned above the mannose residue, making van der Waals 

interactions with the B face of the hexose (Figure 4b,c) (Petrescu et al. 1999). This is one of two 

conformations of the disaccharide that have been observed, but the fact that it appears to be a 

preferred if not necessarily completely stable, preformed conformation would still reduce the 

entropy penalty associated with binding to a receptor. Although potential interactions with the 

binding site in LSECtin have been modeled, these remain to be examined experimentally. 

 In summary, glycan array results indicating highly selective binding to a group of glycans 

can reflect the presence of a preformed conformational feature in the ligands, which provides an 

extended surface for local interactions with the receptor surface at minimal entropy cost 

associated with glycan immobilization. 

 

Receptors that bind to broad classes of glycan ligands 
One of the first receptors tested against glycan arrays was the receptor DC-SIGN, which 

appears to have a dual role in interaction of dendritic cells with pathogen surfaces as well as 

with T cells (Engering et al. 2002, Geijtenbeek et al. 2000). The glycan array analysis reveals 

binding to two classes of ligands: high mannose oligosaccharides and Lewis-type structures 

(Figure 5a), while structural analysis suggests that the mechanisms underlying interactions with 

the two classes of ligands differ significantly (Guo et al. 2004). The Lewisx trisaccharide sits in 

the binding site as a rigid unit, as in the case of the scavenger receptor C-type lectin, but 

placement of the fucose rather than the galactose residue in the primary binding site results in a 

more limited set of interactions (Figure 5b,c). Notably, the prominent phenylalanine residue on 



the surface of the CRD is not positioned sufficiently close to the oligosaccharide to allow packing 

interactions with the galactose residue. Nevertheless, the limited contacts observed are probably 

sufficient to generate specificity because of the rigid structure of the oligosaccharide ligand. 

 In contrast, binding to the more flexible high mannose ligands involves a different 

energetic balance. Because high mannose oligosaccharides are known to assume multiple 

conformations, no one of which would exactly match the conformation needed to dock into the 

binding site, the entropy cost associated with freezing out one of these structures would be 

substantial. The structure of a ligand with five mannose residues in the binding site can be 

modeled on the available crystal structure of a mimic containing the core trimannose structure 

capped with two GlcNAc residues (Figure 5d,e) (Feinberg et al. 2007, Feinberg et al. 2001). The 

model reveals that by snaking though a groove on the surface of the CRD and wrapping around 

the surface phenylalanine residue, the oligosaccharide can make many favorable interactions. 

Thus, binding of this class of ligand must involve a significant trade-off between entropy costs for 

immobilization of the ligand and additional favorable contacts in a much more extended binding 

site. The binding of DC-SIGN to high mannose oligosaccharides thus provides a second 

paradigm for how relatively narrow specificity for a class of ligands can be achieved. 

 Other receptors display binding to a still broader spectrum of ligands on the glycan array, 

which structurally appears to correlate with binding largely to terminal residues in glycans. For 

example, ranking of ligands for the macrophage galactose lectin detected on the glycan array 

reveals preferential binding to glycans bearing GalNAc residues that are either unsubstituted or 

substituted only on the 6 position (Figure 6a), with simple GalNAc being one of the most 

prominent ligands. Although binding to galactose-terminated structures is also detected, these 

ligands generally give weaker signals. These results are consistent with other profiling methods 

that indicate a strong preference for GalNAc over galactose (van Vliet et al. 2005). Structural 

and mutagenesis studies indicate that GalNAc and galactose bind in the primary binding site on 

the CRD, ligated to the binding site calcium ion and packing against a tryptophan residue for 

increased affinity and specificity, with further selectivity for GalNAc resulting from favorable 

contacts with the 2-acetamido group (Figure 6b,c) (Iobst and Drickamer 1996, Kolatkar et al. 

1998). 

 The overall trend in the types of glycans bound to the macrophage galactose receptor is 

evident from the array data and all of the ligands with high signals can be accounted for by 

interactions of a terminal sugar with the primary binding site. The fact that there are no other 

obvious common features of the most prominent ligands is consistent with the suggestion that 

specificity derives from interaction with the terminal sugar. However, many glycans that feature 



apparently appropriate terminal residues do not rank amongst the best ligands and there are no 

obvious rules describing which ligands bind and which do not. Two factors are generally 

correlated with lower ranking in the binding: linkage in α rather than β configuration and linkage 

adjacent to a fucose residue. These observations illustrate the importance of a further 

mechanism that has been invoked to explain binding specificity, which is exclusion of some 

ligands by steric hindrance. Surface features of the CRD near to the binding site may block 

binding of some ligands, particularly those with fixed geometry such as the Lewisx structure, 

rather than enhance binding through favorable interactions. In such cases, affinity must be 

generated largely though the interactions with the terminal monosaccharides, which makes the 

packing interaction of the galactose with the tryptophan residue particularly important. Selectivity 

then results more from exclusion of some classes of ligands. A similar principle of exclusion 

probably explains why DC-SIGN binds poorly to some fucose-containing ligands and well to 

others, particularly given the position of the surface phenylalanine residue near to the primary 

binding site. 

 Comparing the glycan array profiles for the scavenger receptor C-type lectin and LSECtin 

(Figures 3a and 4a) with those for DC-SIGN and the macrophage galactose receptor (Figures 5a 

and 6a) reveals differences in the shapes and color distributions of the profiles. The first set of 

receptors, in which the binding sites make multiple favorable interactions with a relatively rigid 

structural motif, give strong signals with a few structurally related glycans, after which there is a 

sharp drop-off in signal, reflecting the fact that binding is dependent on the presence of the 

specific binding epitope. In contrast, the profiles for the second set of receptors are more 

extended, with a continuous decline in signal and no strict segregation of structurally distinct 

ligands. Although binding to these receptors reflects a nucleating interaction with a mannose-

type or a galactose-type monosaccharide, the affinity for oligosaccharides results from a 

complex balance between entropy costs of immobilizing larger oligosaccharides, with resulting 

favorable interactions, and steric exclusion. 

 

Receptors with low selectivity binding sites  
At the most extreme end of the glycan array results are receptors that are known to bind sugar 

ligands but which interact poorly with all of the oligosaccharides on the array. Serum mannose-

binding protein represents such a case, since very little binding is evident even with highly 

fluorescent probe at high receptor concentrations (Figure 7a). There are no obvious common 

features to the glycans which give the highest signals and the pattern is not reproduced in 

multiple screens of the array. The binding site in this protein is open, so that there are very few 



constraints on what binds beyond the key hydroxyl groups that coordinate with the binding site 

calcium ion (Figure 2a) (Ng et al. 2002, Weis et al. 1992). However, as a result of this 

arrangement, there are very few possibilities for further favorable interactions to enhance affinity 

as in the case of DC-SIGN (Figure 7b). The binding of mannose, GlcNAc and fucose in the 

primary binding site is not enhanced by packing with an adjacent tryptophan residue as seen for 

the galactose- and GalNAc-binding receptors. Also, binding involves only a limited portion of the 

terminal residue of oligosaccharide ligands because other portions of the glycans are not in 

direct contact with the surface of the protein, which contrasts sharply with the arrangement in 

DC-SIGN. 

 The inherently weak and low specificity of the interaction of mannose-binding protein with 

terminal sugars means that biologically significant binding can only occur through multivalent 

interactions. Although multivalency plays a role in increasing avidity of interactions of many 

glycan-binding receptors, for mannose-binding protein the geometry of the placement of multiple 

binding sites facing a single direction is a determining feature for broad recognition of glycan-rich 

surfaces without requiring specific complex oligosaccharide structures (Figure 7c) (Weis and 

Drickamer 1994). The wide spacing of the binding site in the mannose-binding protein trimer and 

their rigid arrangement means that although they are able to engage with repetitive sugar 

structures on surfaces of bacteria and fungi, they probably cannot adapt well to the spacing of 

glycans on the arrays (Figure 7d). Thus, the lack of binding to the glycan array reflects an 

alternative structural mechanism of optimizing interactions with sugars, in this case with minimal 

local selectivity so that spatial distribution becomes the dominant factor in determining 

specificity. 

 

Conclusions and perspective 
The description of some of the factors that lead to specificity and affinity in glycan-receptor 

interactions presented in this review illustrate how the power of both glycan arrays and structural 

analysis is enhanced by examining the results of the two approaches in combination. The fact 

that the interpretations are largely consistent with each other provides validation for the use of 

the arrays to define binding specificity of receptors. The array allows screening of far more 

ligands than could be undertaken in a structural analysis. Viewing the limited set of structures of 

receptor-ligand complexes in the light of information about the relative binding signals obtained 

with additional ligands makes it possible to suggest how the specificity is achieved. Combining 

such information may provide a realistic and reliable basis for predicting which ligands will bind 

to particular receptors as well as for modeling of how they bind. It may also provide a foundation 



for prediction and modeling of glycan ligand binding to other receptors for which structural 

information is not available. 
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Figure legends 
Figure 1. Probing glycan arrays and presenting the results. Some of the issues associated 

with probing of glycan arrays are illustrated. (a) Almost no single glycan-CRD interactions are 

strong enough to be measured in a format requiring washing of the array surface, so avidity 

must be increased by using oligomeric forms of the receptors. These can be natural oligomers, 

in which stalk regions link two, three or four CRDs in a conformation like that seen in the 

extracellular domain of a receptor. Alternatively, oligomers can be formed through 

oligomerisation domains, such a biotinylated tag that allows formation of tetrameric complexes 

with streptavidin. Higher avidity is sometimes achieved through secondary complexing reagents 

such as antibodies. Differences in the way avidity is achieved make it very difficult to compare 

intrinsic affinities of different CRDs for glycans using the arrays. (b) Binding results are often 

presented in random order based on the position of glycans on the array or grouped by the 

nature of the oligosaccharides. As illustrated for the comparison of the related receptors DC-

SIGN and DC-SIGNR, these approaches are particularly useful for comparing which ligands are 

preferred by different CRDs, since glycans occur at fixed positions on the x-axis in such graphs. 

Alternatively, data can be presented in rank order of the observed signals on the array, which 

can be useful for visualizing the degree of selectivity and demonstrating the effect of 

concentration of the labeled probe as illustrated in other figures in this review. Data based on 

Figure 1 in (Guo et al. 2004). (c) Symbol representation of glycan structures. Shapes and colors 

indicate monosaccharides and partial linkage information is indicated by their geometrical 

arrangement. Linkages are from the 1 position except for NeuAc, for which linkage is from the 2 

position. 

Figure 2. Fundamentals of glycan recognition by C-type lectins. Ligand binding to C-type 

CRDs is Ca2+-dependent because the primary binding site interacts with monosaccharides 

though a conserved Ca2+ that coordinates hydroxyl groups 3 and 4 of the sugar. The 

arrangement of acid and amide groups on the amino acid side chains that bind this Ca2+ to the 

protein determines primary specificity. Mannose-type sugars, such as mannose, GlcNAc and 

glucose have equatorial 3 and 4 hydroxyl groups (a), while galactose type sugars, galactose and 

GalNAc, have an axial 4 hydroxyl group (b). In the latter case, affinity for galactose is usually 

enhanced by secondary interactions with an aromatic residue such as the tryptophan illustrated. 

Fucose, which has unusual stereochemistry because of its L configuration, sometimes binds to 

the mannose-type binding sites through its equatorial 2 and 3 hydroxyl groups and sometime in 

an alternative orientation involving the equatorial 3 hydroxyl group and the axial 4 hydroxyl. 



Structures were drawn from entries 1kwu and 1afa in the PDB. This and subsequent molecular 

graphics figures were created with PyMol (www.pymol.org). 

Figure 3. Ligand binding by the scavenger receptor C-type lectin (SRCL). (a) Glycan array 

data for the mouse receptor (200 μg/ml) plotted in rank order of ligand binding. The ten 

oligosaccharides given the highest signals are highlighted in red, along with other structurally 

similar glycans that are ranked lower. (b) Structure of Lewisx trisaccharide bound to SRCL. The 

surface of the protein is shown, with Ca2+ highlighted in violet. (c) Structure of the complex in (b) 

with surface colored by underlying atom type and ligand presented as space-filling spheres. The 

figure was created from CFG primscreen _GLYCAN_v3_72_02172005 and structure 2OX9 in 

the PDB. 

Figure 4. Interpretation of glycan array results for LSECtin. (a) Results for glycan arrays 

probed with labeled human LSECtin CRD-streptavidin tetramers (4.5 μg/ml). The structures of 

the five oligosaccharides giving the highest signals are shown. Bars are coded based on 

terminal sugars in the glycans: green for mannose and blue for GlcNAc. (b,c) Structure of a 

portion of a bi-antennary glycan terminating in GlcNAc-β1-2Man disaccharides showing packing 

of the N-acetyl group of GlcNAc on top of mannose. The figure is based on CFG 

primscreen_1043 and structure 1SLA in the PDB. 

Figure 5. Binding of two classes of ligands to DC-SIGN. (a) Data for screening of a recent 

version on the Consortium for Functional Glycomics glycan array with human DC-SIGN (200 

μg/ml). Results are presented in rank order of binding, with bars for mannose-terminated 

glycans colored green and bars for glycans containing the Lewisa or Lewisx epitopes highlighted 

in red. The ten oligosaccharides giving the strongest signals are shown at the top and additional 

related glycans are indicated below. (b,c) Structure of the CRD from DC-SIGN in complex with a 

tetrasaccharide containing the Lewisx epitope. (d,e) Structure of the CRD with Man5 modeled 

into the binding site based on the crystal structure with a GlcNAc2Man3 oligosaccharide. The 

structures were created from entries 1sl5 and 1k9i in the PDB. 

Figure 6. Mode of saccharide binding by the macrophage galactose lectin. (a) Binding data 

for the human receptor (4.5 mg/ml) on the CFG printed glycan array. The results are similar to 

previous studies with the human and rat receptors on earlier strepatividin-based arrays (Coombs 

et al. 2005, van Vliet et al. 2005). The data are color-coded to indicate glycans terminating in 

GalNAc with free 3 and 4 hydroxyl groups in pink and galactose with free 3 and 4 hydroxyl 

groups in orange, except galactose residues in α linkage or adjacent to fucose residues, which 

are in yellow. (b,c) Model of the binding site in macrophage galactose lectin with a bound 

GalNAc residue, based on the structure of the galactose-binding mutant of mannose-binding 



protein that was created by insertion of key binding site residues from the galactose-binding 

receptor. These residues include the marked tryptophan residue and the glycine-rich loop 

positioned just to the right of this residue, which serves to hold it in position for packing against 

galactose or GalNAc residues. For the model, additional surface residues were substituted into 

the structure using Insight software. Data are from CFG primscreen_2010 and the model was 

built starting with structure 1afb in the PDB. 

Figure 7. Mechanisms of mannose-binding protein interaction with ligands. (a) Screening 

of glycan array with the trimeric terminal fragment of rat serum mannose-binding protein at 250 

μg/ml concentration. The oligosaccharides giving the ten highest signals are illustrated at the 

top. Scale of the y axis is expanded compared to other figures. (b) Structure of a Man6 ligand 

complexed with the CRD of mannose-binding protein. (c,d) Diagrams illustrating the potential 

effect of glycan spacing on the avidity with which mannose-binding protein trimers bind to dense 

clusters of sugars on bacterial or fungal surfaces compared to their interaction with glycans on 

the array. The figure is based on data from CFG primscreen_1618 and structure 1kx1 in the 

PDB. 



 
 

 

 



 
 



 
 

 



 
 



 


