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ABSTRACT 

CD23, the low affinity IgE receptor found on B 

lymphocytes and other cells, contains a C-terminal 

lectin-like domain that resembles C-type 

carbohydrate-recognition  domains  (CRDs)  found 

in many glycan-binding receptors. In most 

mammalian species, the CD23 residues required to 

form a sugar-binding site are present, although 

binding of CD23 to IgE does not involve sugars. 

Solid-phase binding competition assays, 

glycoprotein blotting experiments and glycan array 

analysis employing the lectin-like domains of cow 

and mouse CD23 demonstrate that they bind to 

mannose,  N-acetylglucosamine,  glucose,  and 

fucose and to glycoproteins that bear these sugars 

in  nonreducing  terminal  positions.  Crystal 

structures of the cow CRD in the presence of α- 

methyl mannoside and GlcNAcβ1-2Man reveal that 

a range of oligosaccharide ligands can be 

accommodated in an open binding site in which 

most interactions are with a single terminal sugar 

residue. Although mouse CD23 shows a pattern of 

monosaccharide and glycoprotein binding similar 

to cow CD23, the binding is weaker. In contrast, no 

sugar binding was observed in similar experiments 

with human CD23. The absence of sugar-binding 

activity correlates with accumulation of mutations 

in the CD23 gene in the primate lineage leading to 

humans, resulting in loss of key sugar-binding 

residues. These results are consistent with a role for 

CD23 in many species as a receptor for potentially 

pathogenic micro-organisms as well as IgE. 

However, the ability of CD23 to bind several 

different ligands varies between species, suggesting 

that it has distinct functions in different organisms. 
 

 
CD23, also designated FcεRII and CLEC4J, is a 

cell-surface receptor for the Fc domain of 

immunoglobulin E, which regulates IgE synthesis 

(1). In addition to IgE, several other endogenous 

ligands  have  been  proposed  to  bind  to  human 

CD23, including CD21, major histocompatibility 

locus class II receptors and integrins αMβ2 (CD11b- 

CD18), αXβ2 (CD11c-CD18), αVβ3 (vitronectin 

receptor)  and  αVβ5   (2-4).  These  ligands  interact 

with the extracellular, C-terminal portion of the 

receptor polypeptide. A portion of the extracellular 

domain can be released from the cell surface by 

proteolysis and can act on target cells by binding to 

ligands   such   as   CD21   (2).   The   N-terminal 

cytoplasmic domain of the intact, membrane-bound 

form of CD23 also has multiple binding partners. In 

humans and mice, two isoforms of CD23, which 

result from differential splicing, have different N- 

terminal sequences (5). The presence of these 

different sequences correlates with the ability to 

mediate internalization of bound ligands, by 

endocytosis or phagocytosis, and to activate 

intracellular signaling pathways (4-6). One splice 

variant, designated CD23a, is expressed primarily 

on B lymphocytes, while variant CD23b is more 

broadly  expressed  on  hematopoietic  cells, 

including  B  and  T  lymphocytes, 

polymorphonuclear leukocytes, and follicular 

dendritic cells, as well as intestinal epithelial cells 

and bone marrow stromal cells. 

The extracellular portion of CD23 consists of a 

C-terminal  C-type lectin-like domain attached to 

the membrane by an extended neck region (1). The 

lectin-like domain is related to the C-type 

carbohydrate-recognition  domains (CRDs3) found 

in   many   mammalian   glycan-binding   receptors 

(7,8).  The  neck  region  has  been  proposed  to 

mediate formation of receptor trimers and is also 

implicated in binding to major histocompatibility 

locus class (MHC) II receptors (3,9). IgE and 

integrin binding have been mapped to different 

surfaces of the C-type lectin-like domain (10,11), 

while binding of CD21 to a C-terminal extension is 

observed for human CD23, an interaction not 

conserved in mouse CD23 (12). Crystal structures 

of the C-terminal portion of human CD23 in 

complex with the Cε3 and Cε4 domains of IgE 

suggest a possible mode of interaction of the 

receptor with its immunoglobulin ligand, in which 

CD23 lectin-like domains bind to the Cε3 domains 

of the IgE dimer on the outside of a cavity formed 

by the Cε3 and Cε4 domains (10,13). Binding to 

IgE is independent of the N-linked glycans attached 

to domain Cε3, which point into the cavity. 

The C-type lectin-like domain of human CD23 

resembles a sugar-binding domain, although there 

is conflicting evidence regarding the role of sugars 

in binding to different ligands. Recent studies with 

mouse CD23 show that it binds α-mannans and β- 

glucans from fungal cell walls, suggesting that 

CD23 from at least some species does have sugar- 

binding activity (14). Binding of sugars to C-type 

CRDs results from a common set of interactions 

between two sugar hydroxyl groups in a pyranose 

ring, a bound Ca2+, and a conserved set of amino 
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acid side chains on the protein (7,8). Many C-type 

lectin-like domains lack these conserved residues 

and interact with non-carbohydrate ligands, usually 

in  a  Ca2+-independent  manner  (7).  Examples  of 

such structurally and functionally distinct proteins 

include a family of natural killer cell receptors that 

bind  major  histocompatibility-related   molecules 

and a receptor for oxidized low-density lipoprotein. 

Sequence comparisons indicate that these proteins 

lack  the  conserved  Ca2+-  and  sugar-binding 

residues and for the most part they form a distinct 

evolutionary   group   separate   from   the   various 

groups of sugar-binding receptors. In contrast, the 

residues needed for sugar binding are conserved in 

mouse CD23 and sequencing of the FCER2 gene 

from cow confirms that these residues are also 

present in cow CD23.4 

Conservation of the sugar-binding residues 

prompted   a   re-evaluation   of   sugar-binding   of 

CD23. The results reported here demonstrate that 

CD23 from both cows and mice does bind to sugars 

in a Ca2+-dependent manner, but that this activity 

has been lost in most primate species, including 

humans. 

 
Results 

Sugar-binding activity of cow CD23 

The overall organization of CD23 proteins is 

summarized in Figure 1A. An α-helical coiled-coil 

domain characterized by the presence of a heptad- 

repeat pattern of aliphatic hydrophobic amino acids 

in the stalk domain (Figure 1B) mediates trimer 

formation. The globular C-terminal lectin-like 

domain is characterized by the presence of 

conserved cysteine residues that form disulfide 

bonds (Figure 1B). The pattern of disulfide bonds 

is analogous to the arrangement of other C-type 

CRDs (10,13,15,16). The alignment also reveals 

conservation of Ca2+  ligands in the mouse and cow 

proteins, but some of these residues are absent in 

the human protein. 

Following protocols that have been used for 

purification of other C-type CRDs, a fragment of 

Bos taurus  CD23 encompassing residues Ala157 

to Cys290, corresponding to the globular domain, 

was expressed in Escherichia coli. This segment of 

cow CD23 corresponds to the extensively 

characterized fragment of human CD23 that is 

produced by the Der P 1 protease from house mites, 

although cow CD23 lacks the C-terminal extension 

present  in  human  CD23  (Fig.  1B)  (10).  Folded 

protein was obtained by dissolving inclusion bodies 

in guanidine and renaturation by dialysis in the 

presence of Ca2+. Sugar binding was tested by 

chromatography on a series of resins bearing 

immobilized monosaccharides, including mannose, 

GlcNAc, fucose, and galactose. Bound protein was 

eluted with EDTA. Binding was observed for the 

mannose and fucose resins (data for mannose 

shown; Fig. 1C). A significant amount of protein 

leaches off the column in the Ca2+-containing wash 

buffer that precedes the EDTA elution, indicating 

that binding is not as tight as for some CRDs, but 

the result indicates that cow CD23 does display 

Ca2+-dependent  sugar-specific  binding.  To 

facilitate further analysis of the sugar-binding 

activity, an additional version of the CRD was 

expressed with a biotinylation sequence appended 

at the C-terminal end (Fig. 1D). 

 
Sugar-binding specificity of cow CD23 

The C-terminal biotinylation sequence was used 

to immobilize the CRD from cow CD23 in 

streptavidin-coated wells, which were probed using 

horseradish peroxidase as a reporter ligand. The 

mannose-terminated  oligosaccharides  on 

horseradish peroxidase make it a convenient ligand 

for mannose-binding  CRDs that can be detected 

with a chromogenic substrate (17). Binding 

competition  assays  were  used  to  compare  the 

affinity of the CRD for a range of monosaccharides 

(Fig. 2A). The three monosaccharides with highest 

affinity are mannose, fucose, and GlcNAc, which is 

typical for many C-type CRDs that bind sugars with 

equatorial 3- and 4-OH groups (18). Several 

disaccharides were also tested, to see if there is a 

strong preference for a particular linkage, but the 

affinities differ by at most 2-fold. However, the 

affinity for a Man9GlcNAc2  oligosaccharide was 

substantially enhanced (Fig. 2B). 

The pH dependence of binding was also tested, 

demonstrating that the CRD releases ligand when 

the pH falls below 6 (Fig. 2C). This type of pH 

dependence is observed in recycling endocytic 

receptors that release their ligands at endosomal pH 

(19). The N-terminal sequence of the splice variant 

of CD23 shown in Figure 1A contains the motif 

YSEF, which is analogous to the sequences YSEI 

in human CD23 and YSGY in mouse CD23. This 

motif represents a binding site for clathrin adapter 

protein 2, which is responsible for endocytosis of 

human and mouse CD23 expressed in B cells (6). 
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Thus, the sequence of the cytoplasmic domain, as 

well as the pH-dependent binding of sugar ligands, 

are consistent with the suggestion that cow CD23 

could mediate internalization of ligands based on a 

sugar-dependent recognition mechanism. 

The  ligand-binding  specificity  of  cow  CD23 

was examined further by probing a glycan array 

with biotinylated CRD in complex with 

fluorescently labeled streptavidin (Fig. 3A). The 

results reveal binding to a wide range of glycan 

ligands, with a relatively broad and continuous 

distribution of intensities on the array, rather than 

highly selective binding to a single small class of 

ligands. However, some patterns can be observed 

(Fig. 3B). Most of the binding observed can be 

accounted for by the presence of one of three 

different epitopes. Many of the glycans that bind 

CD23   bear  the  disaccharide   GlcNAcβ1-2Man, 

either exposed at a non-reducing terminus or with 

galactose residue appended to the 3 position of the 

GlcNAc residue. A second common epitope is a 

Fucα1-2Gal disaccharide and several oligo- 

mannose structures are also bound. 

While these patterns suggest some degree of 

specificity beyond monosaccharide binding, it is 

important to note that other glycans that contain 

these structures do not bind as well and the 

differences in affinity are relatively small. Thus, the 

binding may well reflect the similar affinities 

observed for mannose, GlcNAc and fucose methyl 

glycosides, with different intensities of signals 

reflecting  at  least  in  part  accessibility  and 

abundance of these terminal residues. 

Similar observations were also made when 

glycoproteins were tested as ligands. Glycoproteins 

blotted onto nitrocellulose membranes were probed 

with CRD complexed with alkaline-phosphatase 

conjugated avidin complex (Fig. 4). The results in 

Figure 4A demonstrate that the main serum ligand 

for CD23 appears to be IgG, which presumably 

reflects the presence of some exposed terminal 

GlcNAcβ1-2Man groups. The results are consistent 

with binding to oligomannose structures on RNase 

B (Fig. 4B). Exposure of terminal GlcNAcβ1-2Man 

groups on α1  acid glycoprotein dramatically 

enhances binding, although the natural protein is a 

poor ligand. 

 
Structural basis for sugar binding to cow CD23 

The mechanism of sugar binding to cow CD23 

was examined by x-ray crystallography. Crystals of 

the CRD from cow CD23 were obtained under 

conditions that allow binding of sugar ligands: in 

the presence of 5 mM Ca2+. Crystals obtained in the 

presence of α-methyl mannoside and GlcNAcβ1- 

2Man diffracted to 1.00 and 1.20 Å, respectively 

and crystals with GlcNAc2Man3  oligosaccharide 

diffracted to 2.7 Å. The structure of the α-methyl 

mannoside complex was solved by molecular 

replacement, using the human CD23 structure (20) 

as the search model; this complex was then used to 

solve the other structures. The cow CD23 structure 

shows a typical C-type CRD fold (Fig. 5A) and the 

bound sugar ligands are well defined (Fig. 5B-E). 

The structure of cow CD23 confirms the presence 

of the four disulfide bonds predicted from the 

alignment with other C-type CRDs and also shows 

that there are two bound Ca2+, representing the 

conserved Ca2+  found at sugar-binding sites in C- 

type CRDs and the adjacent accessory site. The 

bound Ca2+ (Fig. 5F,G) are ligated by the predicted 

residues that are highlighted in Figure 1A. Several 

different crystal forms of the CRD from human 

CD23 have previously been characterized, two of 

which  were  obtained  in  the  presence  of  Ca2+ 

(13,20).  These  structures  reveal  the  presence  of 

only a single Ca2+, corresponding to the conserved 

principal site. The absence of the accessory Ca2+ 

correlates with changes at two of the positions that 

correspond to ligands for this Ca2+ in cow CD23. 

Crystals obtained in the presence of the simple 

sugar ligands α-methyl mannoside and GlcNAcβ1- 

2Man showed that binding of mannose at the 

primary binding site results from coordination and 

hydrogen bonds with the 3- and 4-OH groups in the 

arrangement  typically  seen in C-type CRDs that 

bind mannose and related sugars (Fig. 5F,H). The 

GlcNAc residue in the GlcNAcβ1-2Man 

disaccharide makes only a few additional contacts 

with the surface of the CRD (Fig. 5I). The surface 

near to the primary binding site lacks obvious 

protrusions, so it is hard to define a secondary or 

extended binding site that would favor particular 

oligosaccharide ligands or occlude others. These 

observations are consistent with the relatively broad 

range of ligands bound in the glycan array 

experiment. 

When comparing cow CD23 and human CD23, 

the largest conformational differences are in two 

regions of the CRD that correspond to loops 1 and 

4 (Fig. 6). The conformational differences are 

largely  due  to  differences  in  Ca2+    binding.  In 
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previous work, it has been noted that these loops 

differ between human CD23 crystals obtained in 

the presence or absence of Ca2+  (13). Ca2+  binding 

in the primary site induces a 30-fold increase in 

affinity for IgE. The differences are seen both in the 

CRD structures and also in the complexes of human 

CD23 with IgE (Fig. 6). The Ca2+-bound 

conformations of human and cow CD23 differ from 

each  other.  In  cow  CD23,  loops  1  and  4  are 

involved in binding both the conserved and the 

accessory Ca2+ site, while the latter site is missing 

in the human structure. Pro252 of cow CD23 is in 

the cis configuration typically found in C-type 

CRDs  with  bound  Ca2+.  Although  the 

corresponding residue in human CD23, Pro250, is 

also in cis configuration, the conformation of the 

remainder of this loop is different from the cow 

structure and there are significant differences in the 

Ca2+  ligands.  In cow CD23, the side chains of 

Asn253 and Glu259 bind the conserved Ca2+, and 

the side chain of Asp254 binds the accessory Ca2+ 

that is absent in the human protein. The residue 

corresponding to Asp254 in cow CD23 is Ser252, 

which does not interact with Ca2+, and Glu257 in 

human CD23, corresponding to Glu259 in cow 

CD23, is a Ca2+ ligand in some of the crystal forms 

but not others. 

The surface of human CD23 that interacts with 

domains Cε3 and Cε4 of IgE is largely conserved 

in the cow protein, specifically residues Trp186, 

Ile187, Gln188, Arg190 and Tyr191 in the first 

helix, and also residues Arg226 and Phe274. 

However, other interactions between human CD23 

and IgE mediated by loops 1 and 4 (Fig. 6) could 

not occur with the cow protein, as these loops differ 

in sequence and conformation between human and 

cow CD23. Also, the surface of human CD23 that 

interacts with domain Cε2 of IgE does not seem to 

be conserved: the fold is similar but not the 

sequence. 

An additional crystal form of the CRD from cow 

CD23 was obtained in complex with a bi-antennary 

glycan  terminating  in  two  GlcNAcβ1-2Man 

groups.  The  oligosaccharide  bridges  between 

CRDs related by a crystallographic twofold 

symmetry  axis,  so  the  electron  density  for  the 

sugars represents an average of two possible 

orientations (Fig. 7). In each binding site, the 

terminal GlcNAcβ1-2Man residues occupy 

approximately the same positions as in the crystal 

with   GlcNAcβ1-2Man   disaccharide   (Fig.   5H). 

Analysis using CARP and GlycoMapsDB shows 

that the observed torsion angles in the 

oligosaccharide are similar to other experimentally 

observed structures and to the favored 

conformations predicted from energy calculations 

(21,22). Thus, it does not seem that the crystal 

packing distorts the oligosaccharide structure. The 

relative orientation of the two CRDs bound to a 

single oligosaccharide suggests a way in which 

binding to oligosaccharides could crosslink CRDs 

in two adjacent CD23 molecules on the surface of a 

cell, which represents a potential mechanism for 

initiating signaling (Fig. 7). 

 
Expression of CD23 on bovine B cells 

A previous screen of antibodies to human 

proteins against bovine tissues identified a 

commercially  available  monoclonal  antibody 

raised against human CD23 that cross reacts with 

cow CD23 (23). The ability of the antibody to bind 

cow CD23 was verified by western blotting. Flow 

cytometry of peripheral blood mononuclear cells 

isolated from bovine blood revealed expression of 

CD21+  B cells (Fig. 8), consistent with the pattern 

of human and mouse CD23 expression on mature 

circulating B cells. 

 
Mouse CD23 displays similar but distinct sugar- 

binding activity 

The amino acid residues that form the sugar- 

binding site in cow CD23 are conserved in mouse 

CD23 (Fig. 1B). Demonstration that cow CD23 has 

sugar-binding activity, as well as recent studies on 

binding of mouse CD23 to fungal cell wall 

polysaccharides (14), suggested that mouse CD23 

would also bind sugars. A CRD fragment of mouse 

CD23, expressed with a C-terminal biotin tag in the 

same way as the cow protein, bound only weakly to 

the mannose-Sepharose resin, although retardation 

relative to other proteins was evident (Fig. 9A). 

Increased affinity was achieved by forming a 

tetrameric complex with streptavidin, which bound 

more tightly to the resin in the presence of Ca2+ and 

was then eluted with EDTA, confirming that mouse 

CD23 binds sugars in a Ca2+-dependent manner, 

although with lower affinity than cow CD23 (Fig. 

9B). 

Sugar binding was further characterized by 

applying  biotin-tagged  mouse  CD23  to 

streptavidin-coated assay plates and probing these 

with  horseradish  peroxidase  (Fig.  10).  Binding 
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competition assays with monosaccharides revealed 

binding to a similar range of sugars as for cow 

CD23, although the KI values for mouse CD23 are 

consistently higher, reflecting weaker binding to all 

of the sugars. Blotting experiments with the mouse 

CRD in complex with alkaline phosphatase- 

conjugated streptavidin also showed binding to a 

similar selection of glycoproteins as for cow CD23, 

including RNase B, with high mannose 

oligosaccharides, and asialo, agalacto-α1-acid 

glycoprotein (Fig. 11). Attempts were also made to 

probe the glycan array with fluorescently labeled 

streptavidin-CRD  complex.  Because  of  the 

relatively weaker binding affinity, higher 

concentrations of complex were required to obtain 

signals. However, there were high background 

signals covering significant areas of the array 

surface, possibly reflecting protein aggregation, 

which resulted in positive signals for a wide range 

of oligosaccharides and the results of several 

independent experiments did not correlate well. 

Thus, the arrays did not provide any further insights 

into the binding specificity of the mouse CD23. 

 
Absence of equivalent sugar-binding activity in 

human CD23 

Similar  fragments  corresponding  to  the  CRD 

from human CD23 failed to show any binding 

activity by affinity chromatography, even when 

biotin-tagged CRDs were complexed with 

streptavidin   to  increase   the  affinity   (data  not 

shown). These results correlate with the absence of 

one of the key Ca2+-ligating residues at the primary 

sugar-binding site (Fig. 1A). The importance of 

residue Asn253 is shown in the crystal structure of 

cow CD23, which confirms its role as both a 

coordination ligand for Ca2+  and a hydrogen bond 

donor that interacts with one of the sugar hydroxyl 

groups. The presence of a threonine residue at this 

position in human CD23 is thus consistent with the 

absence  of  detectable  sugar-binding  activity 

(13,20). 

Phylogenetic analysis of the sequences of CD23 

orthologs  in a wide variety  of mammals  reveals 

that, although the residues that form the sugar- 

binding site in cow CD23 are present in most 

mammalian species, one or more of these residues 

are absent in many primate species (Fig. 12). In 

most of these cases, there are multiple mutations 

that would be expected to disrupt the Ca2+- and 

sugar-binding sites, although the specific mutations 

vary between different groups of primates and even 

between species within one group. The pattern of 

amino acid substitutions suggests that a mutation 

that resulted in loss of sugar-binding activity 

occurred in the progenitor to the branch of primates 

that includes the old and new world monkeys and 

the apes, but is separate from the lineage leading to 

tarsiers. Once sugar-binding activity was lost, 

selective pressure to retain other residues that form 

the Ca2+- and sugar-binding sites was absent and 

additional mutations in key residues occurred. 

 
Discussion 

Demonstration that cow and mouse CD23 bind 

to sugars highlights a new class of ligands for this 

multifunctional receptor. Binding by the Ca2+- 

coordination mechanism common to most C-type 

CRDs involves a distinct face of the CRD compared 

to other ligands that interact with this domain, such 

as IgE and integrins. The distribution of these 

binding surfaces is summarized in Figure 13. The 

fact that many of the interactions of CD23, such as 

the binding of IgE and binding of short consensus 

repeat domains 1 and 2 of CD21, are sugar- 

independent (24), is consistent with the distinct 

locations of the sugar-binding site and the sites on 

the surface of CD23 that bind these other ligands. 

Spatial separation of the binding sites for sugar and 

for CD21 suggests that the effect of CD21 

glycosylation on binding to CD23 may be indirect 

rather than through the sugar-binding site (25). If 

the cow protein bound to IgE in the manner found 

in the human CD23, conformational changes would 

have to occur in loops 1 and 4, or perhaps in the 

IgE, that would potentially alter the sugar-binding 

site. Indeed, a structure of human CD23 with Ca2+ 

(13) shows changes in these loops that result in 

direct contacts with IgE. 

The sugar-binding activity of cow CD23 is 

consistent with the presence of all of the ligands for 

the conserved Ca2+ required for interaction with 

sugars. One feature of this binding site is the Glu- 

Pro-Asn motif, which wraps around the Ca2+ and is 

associated with binding to sugars with equatorial 3- 

and 4-OH groups, such as mannose, GlcNAc, and 

glucose. The relatively open binding site allows 

interaction with these monosaccharides in multiple 

contexts, although some type of oligosaccharide 

ligands appear to be favored as a result of a small 

number of interactions with sugars beyond the 

terminal residues. 
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Mouse CD23 binds to a similar spectrum of 

ligands, but with distinctly weaker affinity. The 

reasons for this weaker affinity are not completely 

clear. The solid phase binding competition assays 

are  conducted   under  conditions   in  which   the 

reporter ligand, horseradish peroxidase, is far below 

saturation, so the KI values measured for the 

monosaccharides correspond closely to their KDs. 

Thus, the results suggest fundamentally weaker 

binding  at  the  primary  monosaccharide  binding 

site. This difference is seen in spite of the fact that 

the coordination ligands for the primary Ca2+ are 

completely conserved and no other side chains 

within 4 Å of the monosaccharide residue in the 

primary binding site differ between cow and mouse 

CD23. The swap of aspartic acid for asparagine at 

position 254 and the reverse swap at position 260 

would also be expected to preserve the secondary 

Ca2+ binding site. It is possible that changes further 

from the sugar-binding site result in conformational 

changes affecting the positions of conserved 

residues   in   the   primary   binding   site.   In   the 

secondary binding site, Ser277, which forms a 

hydrogen bond with O6 of GlcNAc, is found in cow 

and mouse, but not human, CD23 and Met263, 

which contacts C4 of GlcNAc, is conserved in cow, 

mouse and human CD23. However, Leu265 in cow 

CD23, which contacts the carbonyl oxygen on the 

GlcNAc acetamido group, is replaced by Arg in 

mouse and human CD23, and it is not clear whether 

an equivalent  contact  would  be made.  The 

difference between cow and mouse CD23 at this 

position might further reduce the affinity for 

oligosaccharide ligands, in line with the negative 

glycan array results. 

In  early  studies,  Ca2+-dependent  binding  of 

mouse CD23 to monosaccharide-derivatized beads 

was reported based on an indirect assay, but no 

quantitative analysis was undertaken (24). The 

monosaccharide-binding characteristics of mouse 

CD23 reported in the present work are consistent 

with more recent results suggesting that mouse 

CD23 interacts with α-mannans and β-glucans from 

fungi (14). The α-mannan from Candida albicans 

and other yeasts are decorated with terminal 1-2 

linked  sugars  that  have  exposed  3-  and  4-OH 

groups which would be able to interact with the 

binding site in CD23, consistent with the observed 

binding to Candida albicans cells as well as to the 

α-mannan from Saccharomyces cerevisiae (26). In 

the  case  of  Aspergillus  fumigatus,  the  wall  β- 

glucans contain appended mannose and GlcNAc 

residues that would be potential ligands (27). 

However, the fact that bacterial curdlan can be used 

to mimic the effects of the fungus suggests that 

glucose residues also can mediate binding to CD23 

(14,28). Although the main chain β1-3 linkages 

would block the 3-OH groups on glucose and 

prevent  binding,  glucose  residues  at  the 

nonreducing termini of chains would be able to 

interact  with  CD23.  Previous  studies  have 

suggested that human CD23 mediates pathogen 

recognition indirectly by forming complexes with 

IgE bound to mycobacteria or leishmania parasites 

(29,30), but the results presented here and in the 

recent study of binding to fungi are consistent with 

a direct mechanism  for mouse CD23 interacting 

with sugars on the surfaces of micro-organisms. In 

cows, there might be a particular need for such 

direct recognition of micro-organisms. As 

ruminants, cows may have high levels of non- 

pathogenic bacteria and fungi in the intestinal tract 

and appropriate recognition may be necessary to 

maintain T cell anergy on the intestinal surfaces. 

Absence of detectable sugar-binding activity for 

human CD23 might be expected, because one of the 

ligands at the conserved Ca2+  site is absent. Earlier 

results suggesting galactose-mediated binding of 

human CD23 to various glycoproteins are difficult 

to interpret, because the CD23 was not purified. It 

is therefore not clear if CD23 itself was responsible 

for the interactions observed (31,32). It is important 

to note that although the GluProAsn sequence in the 

C-type CRDs in pulmonary surfactant protein A 

from  various  species  is  changed  to  either 

GluProAla or GluProArg, these CRDs still bind 

sugars, albeit with relatively weak affinity (33). 

However, it is clear from the results with mouse 

CD23 that factors in addition to the residues 

immediately around the conserved Ca2+ site 

contribute to forming a functional sugar-binding 

site, so a combination of changes can further reduce 

binding to the point where it is difficult or 

impossible to detect. It is striking that multiple 

additional changes at the Ca2+-binding sites occur 

in many of the primate species, which strongly 

suggests that the sugar-binding activity is not 

selected for in this evolutionary branch of the 

mammals. 

Many of the glycan-binding receptors that have 

C-type CRDs are found on myeloid cells. The 

expression  of  CD23  on  B  cells  as  well  is  thus 
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somewhat exceptional. The only other glycan- 

binding receptor with a C-type CRD found on B 

cells is prolectin (34). Comparison of the C-type 

CRDs  reveals  that  the  CRD  of  CD23  is  more 

similar in sequence to prolectin than it is to any 

other CRD (8). In cows, the prolectin and CD23 

genes are both on chromosome 7 and in humans the 

prolectin and CD23 genes are both located on 

chromosome 19. The prolectin gene is absent from 

mice and other rodents, but is present in humans 

and thus could possibly assume functions on B cells 

that human CD23 does not perform because of the 

loss of sugar-binding activity. 

A key feature of the sugar-binding activity is 

sensitivity to pH. Loss of sugar-binding activity 

would occur in the pH range found in endosomal 

compartments  and  is  consistent  with  a  role  for 

CD23 as a recycling endocytic receptor, which 

would bind ligands at the cell surface and release 

them following internalization, so that the receptor 

can return to the cell surface while the ligand is 

routed toward lysosomes for degradation. This 

function would depend on the presence of the 

YXXL adapter-protein binding site in the 

cytoplasmic domain, which allows interaction with 

clathrin and is found in one of the two main splice 

variants of CD23 (5). The fact that this activity is 

present in CD23 expressed in some cells but not in 

others is consistent with the idea that CD23 plays 

multiple, distinct roles in different circumstances. 

 
Experimental procedures 

Cloning of expression constructs 

A spleen cDNA library from Bos taurus was 

obtained  from  AMS  Biotechnology  (Abingdon, 

UK)  and  a  mouse  spleen  cDNA  library  was 

obtained from Takara Bio Europe (Saint-Germain- 

en-Laye, France). PCR reactions were conducted 

with Advantage 2 DNA polymerase (Takara). A 

preliminary heating step for 2 min at 95 ºC was 

followed by 40 cycles of 30 s denaturation at 95 ºC 

followed by 2 min renaturation and elongation at 65 

ºC. Fragments were isolated by agarose gel 

electrophoresis and either used for a second round 

of amplification or were cloned into vector pCRII 

Topo using a TOPO cloning kit from Invitrogen 

(Paisley, UK). PCR primers used to amplify cow 

and mouse cDNAs, summarized in Figures S2 and 

S3,  were  purchased  from  Invitrogen.  For 

attachment of biotin tags, the 3' primer included a 

sequence encoding the biotinylation sequence Leu- 

AsnAspIlePheGluAlaGlnLysIleGluTrpHisGlu 

appended  to  the  C-terminus  of  the  protein.  The 

sequence of a cDNA used for expression of the cow 

CRD   without   a   biotin   tag,   synthesized   by 

Invitrogen, is given in Figure S4. 

 
Protein expression 

All cloned fragments were inserted into 

expression vector pT5T (35) in Escherichia coli 

strain BL21(DE3) and grown in Luria-Bertani 

medium in the presence of 50 µg/ml ampicillin. For 

proteins with biotin tags, the bacteria also contained 

plasmid pBirA, which encodes biotin ligase (36), 

and cells were grown in the presence of both 50 

µg/ml ampicillin and 50 µg/ml chloramphenicol. 

Overnight cultures (200 ml) grown at 25 ºC were 

used to inoculate 6 l of medium at 37 ºC. Protein 

expression was induced with 100 µg/ml isopropyl- 

β-D-thiogalactoside  when the OD550   reached 0.7. 

For proteins with biotin tags, biotin was also added 

to a concentration of 12.5 µg/ml at the time of 

induction. After a further 2.5 h at 37 ºC, cells were 

harvested by centrifugation. 

Inclusion  bodies  were  isolated  by  extensive 

sonication in 200 ml of 10 mM Tris-Cl, pH 7.8, 

followed by centrifugation at 15,000 x g for 15 min. 

The insoluble protein was dissolved in 100 ml of 6 

M guanidine HCl, 100 mM Tris-Cl, pH 7.0 by 

homogenization.   Fresh   2-mercaptoethanol   was 

added to a final concentration of 0.01% and 

incubated at 4 ºC for 30 min followed by 

centrifugation at 100,000 x g for 30 min. For 

renaturation of the cow CRD, the supernatant was 

dialyzed against 3 changes of 4 l of 0.5 M NaCl, 25 

mM Tris-Cl, pH 7.8, 25 mM CaCl2. The guanidine- 

solubilized mouse CRD was diluted into 400 ml of 

buffer before dialysis. After dialysis, insoluble 

protein was removed by centrifugation at 50,000 x 

g for 30 min. 

Mannose-Sepharose affinity resin was prepared 

by divinyl sulfone  coupling  (37). Renatured 

proteins  were  applied  to  10-ml  columns,  which 

were washed with 12 ml of 150 mM NaCl, 25 mM 

Tris-Cl, pH 7.8, 25 mM CaCl2  and eluted with 15 

1-ml aliquots of 150 mM NaCl, 25 mM Tris-Cl, pH 

7.8, 2.5 mM EDTA. Fractions containing protein 

were identified by analyzing aliquots by SDS- 

polyacrylamide gel electrophoresis. 

 
Streptavidin complex formation 
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Biotin-tagged  proteins  were  incubated 

overnight at 4 ºC with fluorescently labeled 

streptavidin (Invitrogen) or streptavidin-alkaline 

phosphatase  conjugate  (Sigma  Chemical 

Company) at a ratio of approximately 2 moles of 

CRD to 1 mole of streptavidin monomer: 200 µg/ml 

of CRD and 100 µg/ml streptavidin. Complexes of 

cow CRD were isolated by gel filtration on a 

Superdex S200 column, 1 x 30 cm, eluted at 0.5 

ml/min with 100 mM NaCl, 10 mM Tris-Cl, pH 7.8, 

2.5 mM EDTA. Complexes of mouse protein were 

re-purified  on  1-ml  columns  of  mannose- 

Sepharose, which were washed with 1 ml of 150 

mM NaCl, 25 mM Tris-Cl, pH 7.8, 25 mM CaCl2 

and  eluted  with  5  0.25-ml  aliquots  of  150  mM 

NaCl, 25 mM Tris-Cl, pH 7.8, 2.5 mM EDTA. 

 
Solid phase binding assays 

Biotin-tagged  proteins,  diluted  to  a 

concentration of approximately 10 µg/ml in binding 

buffer (150 mM NaCl, 25 mM Tris-Cl, pH 7.8, 2.5 

mM CaCl2) containing 0.1% bovine serum albumin 

(Cohen Fraction V, Sigma Chemical Company), 

were applied to streptavidin-coated 96-well assay 

plates  (Pierce  Chemical  Company).  After 

incubation overnight at 4 ºC with 100 µl of this 

coating solution, the wells were washed 3 times 

with binding buffer. Competing sugars were added 

to  individual  wells  in  binding  buffer  containing 

0.1%  bovine  serum  albumin  in  the  presence  of 

horseradish peroxidase (Sigma). The concentration 

of horseradish peroxidase was 0.1 µg/ml for cow 

CD23 assays and 25 µg/ml for mouse CD23 assays. 

After incubation for 2 h at 4 ºC, wells were washed 

5  times  with  binding  buffer  and  incubated  with 

3,3',5,5'-tetramethyl benzidine peroxidase substrate 

(BioLegend). After color development for 5-30 min 

at room temperature, the reactions were stopped by 

addition of an equal volume of 100 mM H2SO4 and 

the absorbance was read at 450 nm in a Victor3 

plate reader (PerkinElmer). 

Disaccharides and oligosaccharides for 

competition  assays  and  crystallization  were 

obtained from Dextra Laboratories, except that the 

Man9GlcNAc2  oligosaccharide from soybean 

agglutinin  was  isolated  as  previously  described 

(38). For determination of pH dependence, Tris in 

the binding buffer was replaced with a mixture of 

25 mM MES and 25 mM MOPS adjusted to 

appropriate pH values. 

Glycan array 

Oligosaccharide arrays immobilized on glass 

slides were from the MicroArray Core Facility of 

The Scripps Research Institute (La Jolla, CA). The 

microarrays were comprised of 600 defined glycans 

from the Consortium for Functional Glycomics 

printed on NHS-activated microarray slides using a 

contact printer in replicates of 6 as previously 

described (39). Absence of binding of uncomplexed 

streptavidin was checked on each batch as part of 

quality control with plant lectins (39). Labelled 

proteins were diluted in 150 mM NaCl, 20 mM 

Tris-Cl, pH 7.4, 2 mM CaCl2, 2 mM MgCl2, 0.05% 

Tween 20, 1% bovine serum albumin and incubated 

with the slides. Slides were washed with 150 mM 

NaCl, 20 mM Tris-Cl, pH 7.4, 2 mM CaCl2, 2 mM 

MgCl2  and scanned with an InnoScan 1100AL 

scanner    with  data  processed  using Mapix  8.2.5 

software (Innopsys, Chicago, IL). For each set of 

six  replicate  spots,  the  mean  and  standard 

deviations were calculated after the highest and 

lowest values were excluded. Glycan microarray 

analyses  were  carried  out  according  to  the 

guidelines  proposed  by  the  MIRAGE  initiative 

(40). 

 
Glycoprotein blotting experiments 

Glycoprotein resolved by SDS-polyacrylamide 

gel electrophoresis were blotted onto nitrocellulose 

membranes,  which  were  blocked  for  30  min  at 

room temperature with 5% bovine serum albumin 

in binding buffer as defined above for solid phase 

binding assays. CRD-streptavidin-alkaline 

phosphatase complexes were added to a final 

concentration of 0.1-0.2 μg/ml and incubated for 60 

min at room temperature. Following four 5-min 

washes with binding buffer, blots were developed 

with nitroblue tetrazolium/5-bromo-4-chloro-3- 

indolyl phosphate phosphatase substrate (Merck). 

 
Crystallization, data collection, and structure 

determination 

Crystals  of  CD23  complexed  with  α-methyl 
mannoside were grown by hanging drop vapor 

diffusion at 16.5 °C using a mixture of 0.9:0.9 μl of 

protein:reservoir solution in each drop, with the 

protein solution comprising 4.2 mg/ml protein, 5 

mM CaCl2, 10 mM Tris-Cl, pH 8.0, 25 mM NaCl, 

and 50 mM α-methyl mannoside. The reservoir 

solution contained 16% polyethylene glycol 4K, 0.1 

MES, pH 5.5. Crystals were dipped in a freezing 



10  

 

 
 

solution containing 30% polyethylene glycol 4K, 

0.1 MES, pH 5.5, 25 mM NaCl, 5 mM CaCl2  and 
50 mM α-methyl mannoside, before being frozen in 

liquid  nitrogen  for  data  collection.  Crystals  of 

CD23 with GlcNAcβ1-2Man were grown at 22 °C 

using a mixture of 0.9:1.8 μl of protein:reservoir 

solution, with the protein solution containing 5 

mg/ml protein, 5 mM CaCl2, 10 mM Tris-Cl, pH 
8.0, 25 mM NaCl, and 50 mM GlcNAcβ1-2Man. 

The reservoir solution contained 24% polyethylene 

glycol 8K, 0.1 HEPES pH 7.0. Crystals were frozen 

directly from the drop in liquid nitrogen for data 

collection. Crystals of CD23 complexed with 

GlcNAc2Man3  were grown at 16.5 °C using a 

mixture of 0.9:0.9 μl of protein:reservoir solution. 

The protein solution comprised 5 mg/ml protein, 5 

mM CaCl2, 10 mM Tris-Cl, pH 8.0, 25 mM NaCl, 

and 10 mM GlcNAc2Man3. The reservoir solution 

contained 22% polyethylene glycol 8K, 0.1 M 

HEPES pH 7.0. Crystals were frozen directly from 

the drop in liquid nitrogen for data collection. 

Diffraction data were measured at 100 K on 

Beamline 12-2 at the Stanford Synchrotron 

Radiation Laboratory. Diffraction data were 

integrated  with XDS and scaled with AIMLESS 

(41) to a maximum resolution of 1.0 Å for the 

complex with α-methyl mannoside, 1.2 Å for the 

complex with GlcNAcβ1-2Man, and 2.7 Å for the 

complex with GlcNAc2Man3. Data statistics are 

summarized in Table 1. 

The  structure  of  CD23  complexed  with  α- 

methyl mannoside was solved by molecular 

replacement with Phaser (42). The model used for 

molecular replacement was prepared from the 

coordinates of the human CD23 structure, Protein 

Data Bank entry 2H2T, using the protein chain and 

the Ca2+ ion. The molecular replacement solution 

confirmed that the space group was P212121, with 

one CD23 molecule in the asymmetric unit. 

Difference Fourier maps revealed that in addition to 

the primary Ca2+, there is an additional Ca2+ ion and 

that  the  α-methyl  mannoside  is  bound  to  the 

primary Ca2+ ion in two orientations. 

The crystals of CD23 complexed with 

GlcNAcβ1-2Man had the same symmetry and unit 

cell parameters as the complex with α-methyl 

mannoside,  so the structure was solved by rigid 

body refinement starting with the CRD from the 

model of the α-methyl mannoside complex, with 

two Ca2+  ions and with one water molecule bound 

to the secondary Ca2+  ion. The carbohydrate and 

other  water  molecules  were  removed  from  the 

initial  model.  The  same  Rfree    reflections  were 

chosen for both complexes. 

The structure of CD23 complexed with 

GlcNAc2Man3   was  solved  by  molecular 

replacement using the same initial model used for 

the  CD23  GlcNAcβ1-2Man  complex.  The 

molecular replacement solution confirmed that the 

space group was P3121, with one CD23 molecule in 

the asymmetric unit. Difference Fourier maps 

revealed that the GlcNAc2Man3 oligosaccharide 

crosslinks two symmetry-related CD23 molecules. 

The sugar, which can be described as a central Man 

residue with two GlcNAcβ1-2Man moieties linked 

to the 3- and 6-OH groups, sits on a two-fold axis. 

The two GlcNAcβ1-2Man groups of the 

carbohydrate superimpose closely on one another 

and are well defined in the electron density maps. 

The mannose moiety of each GlcNAcβ1-2Man 

branch bind the primary Ca2+  in one unit cell and 

the primary Ca2+  in a symmetry-related unit cell. 

The central mannose residue of the pentasaccharide 

has two conformations, each at 50% occupancy, 

with the GlcNAcβ1-2Man moiety from either the 

α1-3 or α1-6 linked branch bound to the protein. 

Since the carbohydrate is on a two-fold axis, it is 

defined with 0.5 occupancy and the non-bonded 

interactions for the carbohydrate with symmetry 

related carbohydrate were turned off. 

Model building and refinement were performed 

with Coot and PHENIX (43,44). Refinement 

included individual positional, and isotropic 

temperature  factor  refinement  of  the  sugar  and 

water molecules and the protein of the GlcNAcβ1- 

2Man and GlcNAc2Man3  complex. Anisotropic 

temperature factor refinement was used for the 

protein in the high-resolution α-methyl mannoside 

complex. For the α-methyl mannoside complex, 

riding hydrogen atoms were added to the protein 

and the carbohydrate. TLS refinement, secondary 

structure restraints and reference model restraints 

were used in the refinement of the GlcNAc2Man3 

complex. Refinement statistics are shown in Table 

2. 

 
Flow cytometry 

Peripheral blood mononuclear cells were isolated 

by density gradient centrifugation (Lymphoprep, 

STEMCELL technologies, Cambridge, UK), using 

whole blood from cattle sampled under home office 

license  (PPL7009059),  and then stored  in liquid 
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nitrogen. Prior to staining, the cells were defrosted 

and rested for 2 hours at 37°C with 5% CO2   in 

RPMI 1640 medium (Gibco, Thermo Fisher 

Scientific, Hemel Hempstead, UK) supplemented 

with 10% FBS (Sigma-Aldrich, Poole, UK). The 

following antibodies were used to stain the cells in 

this study: CD23 (9p25, IgG1, Dendritics, Lyon, 

France), CD21 conjugates with R-phycoerythrin 

(CC51, IgG2b, Bio-Rad Laboratories, Watford, 

UK),  IgG1  isotype  control  (15H6, 

SouthernBiotech, Birmingham, USA), IgG2b 

conjugates with R-phycoerythrin  isotype control 

(Bio-Rad Laboratories), rabbit F(ab’)2 anti-mouse 

IgG  conjugates  with  fluorescein  isothiocyanate 

(Bio-Rad  Laboratories).  Staining  with  each 

antibody was performed in phosphate-buffered 

saline containing 2% bovine serum albumin for 30 

min at 4°C. Flow cytometry data were acquired on 

a FACSCalibur  (BD  Biosciences,  Reading,  UK) 

and analysis was performed using FlowJo V10 

(FlowJo, LLC, Ashland, USA). 

 
Sequence identification and alignment 

CD23 sequences were identified in the National 

Center for Biotechnology Information database and 

were aligned manually and arranged by animal 

phylogeny (45). 

 
References 
1.    Sutton,  B.  J.,  and  Davies,  A.  M.  (2015) 

Structure and dynamics of IgE-receptor 

interactions: FcepsilonRI and 

CD23/FcepsilonRII. Immunol. Rev. 268, 222- 

235 

2.    Aubry, J.-P., Pochon, S., Graber, P., Jansen, K. 

U., and Bonnefoy, J.-Y. (1992) CD21 is a 

ligand for CD23 and regulates IgE production. 

Nature 358, 505-507 

3.    Kijimoto-Ochiai, S., and Noguchi, A. (2000) 

Two   peptides   from   CD23,   including   the 

inverse RGD sequence and its related peptide, 

interact with the MHC class II molecule. 

Biochem. Biophys. Res. Commun. 267, 686- 

691 

4.  Hermann, P., Armant, M., Brown, E., Rubio, 

M., Ishihara, H., Ulrich, D., Caspary, R. G., 

Lindberg,  F. P., Armitage,  R., Maliszewski, 

C., Delespesse, G., and Sarfati, M. (1999) The 

vitronectin receptor and its associated CD47 

molecule mediates proinflammatory cytokine 

synthesis in human monocytes by interaction 

with soluble CD23. J. Cell Biol. 144, 767-775 

5.  Montagnac, G., Molla-Herman, A., Bouchet, 

J., Yu, L. C., Conrad, D. H., Perdue, M. H., and 

Benmerah, A. (2005) Intracellular trafficking 

of CD23: differential regulation in humans and 

mice by both extracellular and intracellular 

exons. J. Immunol. 174, 5562-5572 

6.  Yokota,  A.,  Yukawa,  K.,  Yamamoto,  A., 

Sugiyama, K., Suemura, M., Tashiro, Y., 

Kishimoto, T., and Kikutani, H. (1992) Two 

forms of the low-affinity Fc receptor for IgE 

differentially mediate endocytosis and 

phagocytosis: identification of the critical 

cytoplasmic domains. Proc. Natl. Acad. Sci. 

U.S.A. 89, 5030-5034 

7.  Weis, W. I., Taylor, M. E., and Drickamer, K. 

(1998) The C-type lectin superfamily in the 

immune system. Immunol. Rev. 163, 19-34 

8.  Drickamer,  K.,  and  Taylor,  M.  E.  (2015) 

Recent insights into structures and functions of 

C-type lectins in the immune system. Curr. 

Opin. Struct. Biol. 34, 26–34 

9.  McCloskey, N., Hunt, J., Beavil, R. L., Jutton, 

M. R., Grundy, G. J., Girardi, E., Fabiane, S. 

M., Fear, D. J., Conrad, D. H., Sutton, B. J., 

and Gould, H. J. (2007) Soluble CD23 

monomers  inhibit  and  oligomers  stimulate 

IGE synthesis in human B cells. J. Biol. Chem. 

282, 24083-24091 

10.  Dhaliwal, B., Yuan, D., Pang, M. O., Henry, 

A. J., Cain, K., Oxbrow, A., Fabiane, S. M., 

Beavil, A. J., McDonnell, J. M., Gould, H. J., 

and Sutton, B. J. (2012) Crystal structure of 

IgE bound to its B-cell receptor CD23 reveals 

a mechanism of reciprocal allosteric inhibition 

with high affinity receptor FcεRI. Proc. Natl. 

Acad. Sci. U.S.A. 109, 12686-12691 

11. Borland, G., Edkins, A. L., Acharya, M., 

Matheson, J., White, L. J., Allen, J. M., 

Bonnefoy, J. Y., Ozanne, B. W., and Cushley, 

W.  (2007)  alphavbeta5  integrin  sustains 

growth of human pre-B cells through an RGD- 

independent interaction with a basic domain of 

the CD23 protein. J. Biol. Chem. 282, 27315- 

27326 

12.  Hibbert,  R.  G.,  Teriete,  P.,  Grundy,  G.  J., 

Beavil, R. L., Reljic, R., Holers, V. M., 

Hannan, J. P., Sutton, B. J., Gould, H. J., and 

McDonnell,  J.  M.  (2005)  The  structure  of 



12  

 

 
 

human CD23 and its interactions with IgE and 

CD21. J. Exp. Med. 202, 751-760 

13. Yuan, D., Keeble, A. H., Hibbert, R. G., 

Fabiane, S., Gould, H. J., McDonnell, J. M., 

Beavil, A. J., Sutton, B. J., and Dhaliwal, B. 

(2013) Ca2+-dependent structural changes in 

the B-cell receptor CD23 increase its affinity 

for human immunoglobulin E. J. Biol. Chem. 

288, 21667-21677 

14.  Guo, Y., Chang, Q., Cheng, L., Xiong, S., Jia, 

X.,  Lin,  X.,  and  Zhao,  X.  (2018)  C-Type 

Lectin Receptor CD23 Is Required for Host 

Defense against Candida albicans and 

Aspergillus fumigatus Infection. J. Immunol. 

201, 2427-2440 

15.  Guo, Y., Feinberg, H., Conroy, E., Mitchell, D. 

A., Alvarez, R., Blixt, O., Taylor, M. E., Weis, 

W. I., and Drickamer, K. (2004) Structural 

basis for distinct ligand-binding and targeting 

properties of the receptors DC-SIGN and DC- 

SIGNR. Nat. Struct. Mol. Biol. 11, 591-598 

16.  Feinberg, H., Mitchell, D. A., Drickamer, K., 

and Weis, W. I. (2001) Structural basis for 

selective recognition of oligosaccharides by 

DC-SIGN   and   DC-SIGNR.   Science   294, 

2163-2166 

17.  Ng, S., Bennett, N. J., Schulze, J., Gao, N., 

Rademacher, C., and Derda, R. (2018) 

Genetically-encoded   fragment-based 

discovery of glycopeptide ligands for DC- 

SIGN. Bioorg. Med. Chem. 26, 5368-5377 

18. Iobst, S. T., Wormald, M. R., Weis, W. I., 

Dwek, R. A., and Drickamer, K. (1994) 

Binding of sugar ligands to Ca2+-dependent 

animal lectins. I. Analysis of mannose binding 

by  site-directed  mutagenesis  and  NMR.  J. 

Biol. Chem. 269, 15505-15511 

19.  Mellmann,  I.,  Fuchs,  R.,  and  Helenius,  A. 

(1986) Acidification of the endocytic and 

exocytic pathways. Annu. Rev. Biochem. 55, 

663-700 

20. Wurzburg, B. A., Tarchevskaya, S. S., and 

Jardetzky, T. S. (2006) Structural changes in 

the lectin domain of CD23, the low-affinity 

IgE receptor, upon calcium binding. Structure 

14, 1049-1058 

21.  Lutteke, T., Frank, M., and von der Lieth, C. 

W.  (2005)  Carbohydrate  Structure  Suite 

(CSS): analysis of carbohydrate 3D structures 

derived from the PDB. Nucleic Acids Res. 33, 

D242-D246 

22.  Frank, M., Lutteke, T., and von der Lieth, C. 

W. (2007) GlycoMapsDB: a database of the 

accessible conformational space of glycosidic 

linkages. Nucleic Acids Res. 35, 287-290 

23.  Sopp, P., Werling, D., and Baldwin, C. (2007) 

Cross-reactivity of mAbs to human CD 

antigens with cells from cattle. Vet. Immunol. 

Immunopathol. 119, 106-114 

24.  Richards, M. L., and Katz, D. H. (1990) The 

binding of IgE to murine FcεRII is calcium- 

dependent but not inhibited by carbohydrate. 

J. Immunol. 144, 2638-2646 

25.  Aubry,  J.  P.,  Pochon,  S.,  Gauchat,  J.  F., 

Nueda-Marin, A., Holers, V. M., Graber, P., 
Siegfried,  C.,  and  Bonnefoy,  J.  Y.  (1994) 

CD23 interacts with a new functional 

extracytoplasmic domain involving N-linked 

oligosaccharides on CD21. J. Immunol. 152, 

5806-5813 

26. Shibata, N., Kobayashi, H., and Suzuki, S. 

(2012) Immunochemistry of pathogenic yeast, 

Candida species, focusing on mannan. Proc. 

Jpn. Acad., Ser. B 88 

27.  Fontaine,   T.,  Simenel,   C.,  Dubreucq,   G., 

Adam, O., Delepierre, M., Lemoine, J., 

Vorgias, C. E., Diaquin, M., and Latge, J. P. 

(2000) Molecular organization of the alkali- 

insoluble  fraction  of  Aspergillus  fumigatus 

cell wall. J. Biol. Chem. 275, 27594-27607 

28.  McIntosh, M., Stone, B. A., and Stanisich, V. 

A. (2005) Curdlan and other bacterial (1-->3)- 

beta-D-glucans. Appl. Microbiol. Biotechnol. 

68, 163-173 

29. Mossalayi, M. D., Vouldoukis, I., Mamani- 

Matsuda, M., Kauss, T., Guillon, J., Maugein, 

J., Moynet, D., Rambert, J., Desplat, V., 

Mazier, D., Vincendeau, P., and Malvy, D. 

(2009) CD23 mediates antimycobacterial 

activity  of  human  macrophages.  Infect. 

Immun. 77, 5537-5542 

30.  Vouldoukis,  I., Riveros-Moreno,  V., Dugas, 

B., Ouaaz, F., Becherel, P., Debre, P., 

Moncada, S., and Mossalayi, M. D. (1995) The 

killing of Leishmania major by human 

macrophages is mediated by nitric oxide 

induced after ligation of the Fc epsilon 

RII/CD23 surface antigen. Proc. Natl. Acad. 

Sci. U.S.A. 92, 7804-7408 

31.  Kijimoto-Ochiai, S., Horimoto, E., and Uede, 

T. (1994) Demonstration of the interaction 

between the CD23 molecule and the galactose 



13  

 

 
 

residue of glycoproteins.  Immunol.  Lett. 40, 

49-53 

32.  Kijimoto-Ochiai,  S.,  and  Uede,  T.  (1995) 

CD23 molecule acts as a galactose-binding 

lectin in the cell aggregation of EBV- 

transformed human B-cell lines. Glycobiology 

5, 443-448 

33.  Shang, F., Rynkiewicz, M. J., McCormack, F. 

X., Wu, H., Cafarella, T. M., Head, J. F., and 

Seaton, B. A. ( 2011) Crystallographic 

complexes of surfactant protein A and 

carbohydrates reveal ligand-induced 

conformational  change.  J.  Biol.  Chem.  286, 

757-765 

34. Graham, S. A., Jégouzo, S. A. F., Yan, S., 

Powlesland, A. S., Brady, J. P., Taylor, M. E., 

and Drickamer, K. (2009) Prolectin: a glycan- 

binding   receptor   on   dividing   B   cells   in 

germinal centers. J. Biol. Chem. 284, 18537- 

18544 

35.  Eisenberg, S. P., Evans, R. J., Arend, W. P., 

Verderber, E., Brewer, M. T., Hannum, C. H., 

and Thompson, R. C. (1990) Primary structure 

and  functional  expression  from 

complementary DNA of a human interleukin- 

1 receptor antagonist. Nature 343, 341-346 

36.  Schatz, P. J. (1993) Use of peptide libraries to 

map the substrate specificity of a peptide- 

modifying enzyme: a 13 residue consensus 

peptide specifies biotinylation in Escherichia 

coli. Biotechnology 11, 1138-1143 

37. Fornstedt,  N.,  and  Porath,  J.  (1975) 

Characterization studies on a new lectin found 

in seeds of Vicia ervilia. FEBS Lett. 57, 187- 

191 

38.  Feinberg, H., Jégouzo, S. A. F., Rex, M. J., 

Drickamer, K., Weis, W. I., and Taylor, M. E. 

(2017) Mechanism of pathogen recognition by 

human dectin-2. J. Biol. Chem. 292, 13402- 

13414 

39.  Blixt, O., Head, S., Mondala, T., Scanlan, C., 

Huflejt, M. E., Alvarez, R., Bryan, M. C., 

Fazio, F., Calarese, D., Stevens, J., Razi, N., 

Stevens, D. J., Skehel, J. J., van Die, I., Burton, 

D. R., Wilson, I. A., Cummings, R., Bovin, N., 

Wong, C.-H., and Paulson, J. C. (2004) Printed 

covalent glycan array for ligand profiling of 

diverse glycan binding proteins. Proc. Natl. 

Acad. Sci. U.S.A. 101, 17033-17038 

40.  Liu, Y., McBride, R., Stoll, M., Palma, A. S., 

Silva, L., Agravat, S., Aoki-Kinoshita, K. F., 

Campbell, M. P., Costello, C. E., Dell, A., 

Haslam, S. M., Karlsson, N. G., Khoo, K. H., 

Kolarich, D., Novotny, M. V., Packer, N. H., 

Ranzinger, R., Rapp, E., Rudd, P. M., Struwe, 

W. B., Tiemeyer, M., Wells, L., York, W. S., 

Zaia, J., Kettner, C., Paulson, J. C., Feizi, T., 

and Smith, D. F. (2016) The minimum 

information required for a glycomics 

experiment (MIRAGE) project: improving the 

standards for reporting glycan microarray- 

based data. Glycobiology 27, 280–284 

41.  Evans, P. R., and Murshudov, G. N. (2013) 

How good are my data and what is the 

resolution? Acta Crystallogr. D69, 1204-1214 

42.  McCoy,   A.  J.,  Grosse-Kunstleve,   R.  W., 

Adams, P. D., Winn, M. D., Storoni, L. C., and 

Read, R. J. (2007) Phaser crystallographic 

software. J. Appl. Crystallogr. 40, 658-674 

43.  Emsley,  P.,  and  Cowtan,  K.  (2004)  Coot: 

model-building tools for molecular graphics. 

Acta Crystallogr. D60, 2126-2132 

44.  Adams, P. D., Gopal, K., Grosse-Kunstleve, R. 

W., Hung, L.-W., Ioerger, T. R., McCoy, A. J., 

Moriarty, N. W., Pai, R. K., Read, R. J., Romo, 

T. D., Sacchettini, J. C., Sauter, N. K., Storoni, 

L. C., and Terwilliger, T. C. (2004) Recent 

developments in the PHENIX software for 

automated crystallographic structure 

determination. J. Synchrotron Rad. 11, 53-55 

45.  Feldhamer, G. A., Drickamer, L. C., Vessey, 

S. H., Merritt, J. F., and Krajewski, C. (2014) 

Mammalogy:  adaptation,  diversity,  ecology, 

4th ed., John Hopkins University Press, 

Baltimore, MD 



14  

 
 

Table 1 

Crystallographic data statistics 

 
Parameters CD23 α-methyl 

mannoside complex 

CD23 GlcNAcβ1- 

2Man complex 

CD23 GlcNAc2Man3 

complex 

Symmetry P212121 P212121 P3121 

Wavelength (Å) 0.81566 0.97946 0.97946 

 

Unit cell lengths (Å) 
a=38.55 b=45.92 

c=69.27 

a=37.41 b=45.71 

c= 69.11 

 

a=b=33.17 c=207.81 

Resolution Å (last shell) 1.00 (1.02-1.00) 1.20 (1.22-1.20) 2.7 (2.83) 

Rsym (last shell)a
 3.3 (11.9) 6.6 (15.2) 10.5 (34.4) 

Mn(I) half-set correlation CC(1/2) 0.998 (0.990) 0.993 (0.977) 0.996 (0.985) 

Mean((I)/(I)) (last shell) 33.5 (12.3) 16.9 (9.5) 13.7 (3.1) 

% completeness (last shell) 99.7 (98.5) 99.7 (98.9) 99.5 (96.9) 

Number of unique reflections 67049 37766 4156 

Average multiplicity (last shell) 6.4 (5.8) 6.3 (5.6) 16.9 (12.9) 

 
aRsym =  100x∑h∑I  (| Ii(h) - <I(h)> |) / ∑h∑i Ii(h) where Ii(h) = observed intensity, and <I(h)> = mean intensity 

obtained from multiple measurements. 
 

 
Table 2 

Crystallographic refinement statistics 

 
 

Parameters 
CD23 α-methyl 

mannoside complex 

CD23 GlcNAcβ1-2Man 

complex 

CD23 GlcNAc2Man3 

complex 

Number of reflections used for 

refinement 
63632   [[[R-89]]] 35787    [[[R-23]]] 3926 [[[R-19]]] 

 

Reflections marked for Rfree 
3350 1890 183 

Rfree
a
 12.8 16.5 25.1 

Rcryst
a
 11.4 15.1 19.9 

Average B factor  (Å2) 10.2 10.1 85.3 

Bond length rmsd (Å) 0.006 0.006 0.012 

Angle rmsd (˚) 1.04 0.92 1.46 

Ramachandran plot: (% in 

each region)b Preferred/ 

Allowed/ Outliers 

 

94.3/5.7/0.0 
 

95.1/4.9/0.0 
 

93.7/6.3/0.0 

PDB Codes 6PWS 6PWR 6PWT 

 
aR and Rfree  = 100x∑h  |Fo(h)-Fc(h)| / ∑hFo(h), where Fo(h) = observed structure factor amplitude and Fc(h) = 

calculated structure factor amplitude for the working and test sets, respectively. 
bAs defined in Coot. 
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Figure Legends 

 
Figure 1. Expression of cow CD23. A, Domain organization of CD23. B, Sequence alignment of CD23 

from human, mouse, and cow. The transmembrane region is highlighted in violet and the a and d positions 

of the heptad repeats in the neck are highlighted in orange. Conserved cysteine residues, linked by disulfide 

bonds, are shaded yellow. Positions of residues that commonly interact with Ca2+ are indicated in green for 

the conserved sugar-binding site and in pink for an accessory site found in some C-type CRDs. Residue 

numbers correspond to the cow protein based on sequence XP_002688905.2 from the National Center for 

Biotechnology Information. C/D, SDS-polyacrylamide gel electrophoresis of fractions eluted from a 

mannose-Sepharose column with EDTA for the CRD fragment alone and with an appended biotin tag. Gels 

were stained with Coomassie blue. 

 
Figure 2. Characterization of cow CD23 binding to sugars in solid phase binding assay. A, binding 

competition assays in which immobilized CRD was probed with horseradish peroxidase, as reporter ligand, 

at  concentrations  well  below  saturation  binding.  Under  these  conditions,  the  relative  KI   values  for 

competing monosaccharide and oligosaccharide ligands closely approximate KD values. The solid bars 

represent the KI values for various sugars relative to the KI for mannose. Error bars represent the standard 

deviations for three or more assays for each sugar. Absolute KI values are indicated at the top of each bar. 

B, Comparison of binding of α-methyl mannoside and Man9GlcNAc2  oligosaccharide. An example of a 

competition assay is shown. The average ratio of the affinities for five assays was 240 ± 50. C, pH 

dependence of binding was determined using the same solid phase assay format. 

 
Figure 3. Glycan array analysis of cow CD23. A, a glycan array comprising oligosaccharides from the 

Consortium for Functional Glycomics was probed with a tetravalent complex of biotin-tagged CRD with 

fluorescently labeled streptavidin. Results are color-coded based on the presence of reducing-end 

GlcNAcβ1-2Man epitopes (blue bars), GlcNAcβ1-2Man with galactose linked 1-3 to the GlcNAc residue 

(cyan bars), oligomannose structures (green bars), or Fucα1-2Gal disaccharide (red bars). Complete results 

for all oligosaccharides on the array are given in Table S1. B, Structures of oligosaccharide ligands that 

show the strongest signals on the glycan array. 

 
Figure 4. Probing of glycoproteins with cow CD23. Glycoproteins were separated by SDS- 

polyacrylamide gel electrophoresis. In each panel, Coomassie blue-stained gel is shown on the left and blot 

probed with CRD-avidin-alkaline phosphatase complex is shown on the right. A, serum glycoproteins. B, 

natural glycoproteins and versions that have been modified to expose novel reducing-end sugars. 

 
Figure 5. Structure of the CRD from cow CD23. A, Overall structure of the CRD bound to GlcNAcβ1- 

2Man. Protein in cartoon representation is colored from blue (N terminus) to red (C terminus). Disulfide 

bonds are shown in yellow. The disaccharide ligand is shown in stick representation, with carbon atoms in 

gray, oxygen atoms in red, and Ca2+ in orange. B, Superposition of ligand-binding sites in the three crystal 

structures, with carbon atoms shown in yellow for α-methyl mannoside, gray for GlcNAcβ1-2Man, and 

cyan for GlcNAc2Man3.  Oxygen,  nitrogen,  and Ca2+   are as in A. C-E, Fo−Fc   electron  density  maps 

calculated by omitting the sugar residue from the model, contoured at 3.0 σ, and shown as a green mesh for 

α-methyl mannoside (C), GlcNAcβ1-2Man (D), and GlcNAc2Man3 (E). F-I, close-up views of the Ca2+ and 

the ligand-binding sites. F. α-Methyl mannoside in the primary sugar-binding site, with OH groups 3 and 

4 of mannose ligated to the conserved Ca2+. For clarity, only one orientation of the sugar is shown. G, 

Accessory Ca2+ site, with ligands from 4 side chains as well as the backbone carbonyl group of Glu259. H, 

GlcNAcβ1-2Man in the primary sugar-binding site, ligated to the conserved Ca2+. I, Interactions of the 

GlcNAc moiety of GlcNAcβ1-2Man at the secondary binding site. Protein in cartoon representation as well 

as carbon atoms of stick representations are presented in gray, carbon atoms of the sugar are cyan for α- 

Methyl mannoside and yellow for GlcNAcβ1-2Man, and other atoms are as in A. 
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Figure 6. Comparison of cow and human CD23. A, Flexibility in loops 1 and 4 shown in superposition 

of the CRDs of cow and human CD23. The CRD from the complex of cow CD23 with α-methyl mannoside 

is shown in gray. Human CD23 without bound Ca2+ (PDB entries 2H2R and 4G96) are shown in blue and 

cyan and with Ca2+ bound is shown in red (PDB entry 2H2T). B, Superposition of the CRD of cow CD23, 

with GlcNAcβ1-2Man in red, human CD23 complexed with domains Cε3 and Cε4 of IgE in the presence 

of Ca2+  (PDB entry 4GKO) in blue, human CD23 complexed with domains Cε3 and Cε4 of IgE in the 

absence of Ca2+  (PDB entry 4EZM) in cyan, and CD23 complexed with domains Cε2 - Cε4 of IgE in the 

absence of Ca2+ (PDB entry 5LGK) in green. 

 
Figure 7. Crosslinking of two CRDs of cow CD23 complexed with a biantennary ligand. A, Individual 

terminal GlcNAcβ1-2Man disaccharides on two branches of the oligosaccharide interacting with sugar- 

binding sites in CRDs from CD23 and a symmetry-related molecule. Protein in cartoon representation in 

gray and cyan. Ca2+  is represented in orange spheres. The biantennary ligand is shown in stick 

representation, with carbon atoms in gray or cyan and oxygen atoms in red. B, Overall orientation of CRDs 

bound to the two branches of the bi-antennary glycan in the context of two receptor trimers. The two-fold 

axis relating the CRDs is perpendicular to the membrane. 

 
Figure 8. Flow cytometry to demonstrate expression of cow CD23 on B cells. Peripheral blood 

mononuclear cells were isolated from cow blood and stained with monoclonal anti-CD21 and anti-CD23 

antibodies. Gating based on forward and side scattering followed by CD21 expression was used to examine 

mature B cells. 

 
Figure 9. Expression of mouse CD23. A, SDS-polyacrylamide gel electrophoresis of fractions eluted from 

a 10-ml mannose-Sepharose column for the CRD fragment of mouse CD23 with appended biotin tag. 

Following application of renatured protein, the column was washed with 10 1-ml aliquots of buffer 

containing 25 mM Ca2+ and eluted with 15 1-ml aliquots of buffer containing 2.5 mM EDTA. Fractions 11- 

12, corresponding to material weakly bound to the column, were used for coating of assay plates and 

formation of streptavidin complexes. B, SDS-polyacrylamide gel electrophoresis of fractions eluted from a 

1-ml mannose-Sepharose column for the biotin-tagged complexed with Alexa Fluor 647-labeled 

streptavidin. The column was washed with 1 ml of buffer containing 25 mM Ca2+ and eluted with 7 aliquots 

(0.25 ml) of buffer containing 2.5 mM EDTA. Gels were stained with Coomassie blue. 

 
Figure 10. Characterization of mouse CD23 binding to monosaccharides in solid phase binding assay. 

Binding competition assays were performed with immobilized CRD probed with horseradish peroxidase. 

Error bars represent the standard deviations for three or more assays for each sugar. Absolute KI values are 

indicated at the top of each bar. 

 
Figure 11. Probing of glycoproteins with mouse CD23. Glycoproteins were separated by SDS- 

polyacrylamide gel electrophoresis. In each panel, Coomassie blue-stained gel is shown on the left and blot 

probed with CRD-avidin-alkaline phosphatase complex is shown on the right. A, natural glycoproteins. B, 

glycoproteins modified to expose novel reducing-end sugars. 

 
Figure 12. Evolution of Ca2+- and sugar-binding sites in CD23. A, Monophyletic arrangement of groups 

of primates in which one or more of the residues needed to form functional Ca2+- and sugar-binding sites 

are mutated. For each genus, a green check mark indicates conservation of the sites compared to cow CD23 

while an x indicates that there are changes in one or more residues in these sites. B, Sequence alignment 

showing details of amino acid changes in representative species within each genus. Sequences for all of the 

available mammalian CD23 orthologues are given in Figure S1. Residues that ligate the conserved Ca2+ 

and sugar are indicated in green and residues forming an accessory Ca2+ binding site are indicated in pink. 
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Figure 13. Multiple binding interfaces of CD23. Two views of the cow CD23 structure highlighting 

residues that interacts with various ligands. Red indicates residues that bind to sugars. Blue corresponds to 

the portions of human CD23 that bind to IgE. Green correspond to the integrin-binding regions of human 

CD23. The binding site for CD21 in human CD23 maps to a C-terminal extension. 
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Gelada                                 WIGLRNLNLKGEFIWVDGSPVDYSNWAPGEPASQSHGKDCVMMRGSSHWNNAFC 
Pig-tailed macaque              WIGLRNLNLKGEFIWVDGSPVDYSNWAPGEPASQSHGKDCVMMRGSSHWNNAFC 
Drill                                       WIGLRNLNLKGEFIWVDGSPVDYSNWAPGEPASQSHGKDCVMMRGSSHWNNAFC 
Sooty mangabey                  WIGLRNLNLKGEFIWVDGSPVDYSNWAPGEPASQSHGKDCVMMRGSSHWNNAFC 

 
Capuchin               WIGLRNLDLKGEFIWMDGTPVDYSNWAPEEPTNRNQGEDCVMMRGSGDWNDIYC 
Marmoset                             WIGLRNLDLKGEFIWMDGTPVDYSNWAPEEPTNRNQGEDCVMMRGSGDWNDIYC 
Bolivian squirrel monkey      WIGLRNLDLKGEFIWMDGTPVDYSNWAPEEPTNRNQGEDCVMMRGSGDWNDIYC 

 
Philippine tarsier                  WIGLRDLDVEGEFIWMDGSPVDYSNWLPGEPNNHGQGEDCVMMQGSGHWNDILC 
Coquerel's sifaka                 WIGLQDLDREGQFTWMDGSPMGYSNWYPGEPNNQGQGEDCVMMRGSGQWNDAAC 
Grey mouse lemur               WIGLQDLDREGQFTWMDGTPMDYSNWSPGEPNNQAQGEDCVMMRGSGQWNDAAC 
Bushbaby                             WIGLQDLDREGQFTWMDGSPVSYSNWYPGEPNNQDQGENCVMMRGSGQWNDAAC 

 
House mouse                       WIGLQDLNMEGEFVWSDGSPVGYSNWNPGEPNNGGQGEDCVMMRGSGQWNDAFC 

ow  WIGLRDLDIEGEFIWMDNQPLDYSNWQPGEPNDAGQGENCVMMLGSGKWNDAFC 
. . . . . 
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