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Lectins are a group of proteins that recognize complex carbo

hydrates present in cells and tissues. They are involved in various 

regulatory phenomena, including cell–cell and cell–matrix inter

actions, based on their recognition of the carbohydrates. Animal 

lectins are classified into several families such as C-type lectin, 

galectin, and I-type lectin families [1,2]. The C-type lectins con

tain C-type carbohydrate recognition domains (C-type CRDs) and 

require Ca2+ for the binding of carbohydrates. In the genome of 

Caenorhabditis elegans, one of useful model animals to study the 

functions of lectins from the molecular level to the whole body 

level, almost 300 genes encoding proteins containing C-type lectin-

like domain (CTLD) have been assigned. CTLDs do not necessarily 

correspond to C-type CRDs. A portion of CTLDs that exhibit Ca2+-

dependent carbohydrate-binding activity are termed as C-type 

CRDs [3,4]. Some C. elegans CTLD proteins have been reported to 

be involved in immunity and axon guidance [3,5]. Drickamer and 

Dodd suggested that 19 C. elegans CTLD-containing proteins may 

have carbohydrate-binding activity based on the deduced primary 

structures [6]. However, to the best of our knowledge, no report 

has appeared that confirms the carbohydrate-binding activity of 

any one of the CTLD-containing proteins in C. elegans.

In the present study, we successfully prepared the recombinant 

protein CLEC-79, a CTLD-containing protein in C. elegans, and demon

strated its carbohydrate-binding activity using a recently developed 

glycoconjugate microarray, an extremely sensitive and high-through

put tool that provide binding data for a wide variety of oligosaccha

rides [7]. CLEC-79 exhibited preferential binding to sugars containing 

b-galactoside, especially Galb1-3GalNAc in the presence of Ca2+.

Materials and methods

Construction of a recombinant CLEC-79 expression plasmid: The 

open-reading frame of CLEC-79 containing the EcoRI and XhoI sites, 

except for the region corresponding to the signal peptide predicted 

by SMART (http://smart.embl-heidelberg.de/), was amplified by 

PCR from the cDNA mixture prepared from mixed-stage culture of 

C. elegans N2 strain. The primers 59-GAATTCCTCTTGCTCAATTCTG 

ATG-39 and 59-CTCGAGCTAGTCACAATTTTCCTC-39 were used as 

forward and reverse primers, respectively. The PCR fragment thus 

obtained was cloned into the pGEM-T plasmid (Promega). The DNA 

fragment that had been produced from the above pGEM-T-CLEC-79 

vector by digestion with the EcoRI and XhoI was inserted into the 

EcoRI and XhoI sites of the pET-Flag vector. The pET-Flag vector 

had been generated by inserting a fragment encoding the Flag-tag 

sequence into the NdeI and BamHI sites of pET-21a Escherichia coli 

expression vector (Novagen).

Preparation of recombinant CLEC-79 protein: The expression of 

the recombinant CLEC-79 protein was induced as described [8], 

with the exception that E. coli Rosetta-gami 2(DE3) cells (Novagen) 

transformed with pET-Flag-CLEC-79 plasmid were used in this 

study. The cells were then harvested and suspended in Tris-buf

fered saline (TBS; 20 mM Tris–HCl, pH 7.5, and 150 mM NaCl), and 
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disrupted by sonication. After centrifugation, the precipitate con

taining inclusion body was washed with TBS containing 4% Triton 

X-100 and deionized water. The soluble form of Flag-CLEC-79 was 

obtained from the inclusion body after refolding process basically 

as described [9,10]. In brief, the prepared inclusion body was sol

ubilized with a buffer consisting of 8 M urea, 10 mM dithiothrei

tol, and 50 mM Tris–HCl, pH 8.0. The concentration of solubilized 

protein was determined by using a Bio-Rad Protein Assay (Bio-

Rad) using BSA as a standard. The protein concentration was then 

reduced to 7.5 lM by diluting with 8 M urea in 50 mM Tris–HCl (pH 

7.5) containing 150 mM NaCl and 5 mM CaCl2, and subjected to the 

refolding process. Urea was gradually removed by dialysis over 3 

days at 4 °C during which the urea concentration of the dialysis 

buffers was reduced stepwise from 8 to 4, 2, 1, 0.5 M, and finally 

0 M. At the 1 M and 0.5 M urea stages, 0.4 M l-arginine and 375 lM 

oxidized form of glutathione were added to the dialysis buffers.

Affinity chromatography on an asialofetuin-sepharose column: 

Affinity purification of Flag-CLEC-79 was performed on an asia

lofetuin-sepharose column prepared as described previously 

[8,11]. The solution after the refolding process was applied to an 

immobilized asialofetuin column. After extensive washing of the 

column with TBS-Ca (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 

5 mM CaCl2), the adsorbed protein was eluted with TBS-Ca con

taining 0.1 M lactose. The combined eluted fraction was subjected 

to ultrafiltration using Amicon® filter device (Millipore) to concen

trate the protein and remove lactose. The Flag-CLEC-79 thus puri

fied was used for subsequent analyses.

SDS–PAGE and Western blotting: The refolded Flag-CLEC-79 

protein was subjected to SDS–PAGE and stained with Bio-Safe 

Coomassie (Bio-Rad). Silver staining was performed using a Silver 

Stain II Kit (Wako). Western blotting was performed as described 

previously [12].

Glycoconjugate microarray analysis: Preparation of glycocon

jugate microarray and analysis of the sugar-binding specific

ity of CLEC-79 were performed basically as described previously 

[7]. Structures of the glycoproteins and glycoside-polyacrylamide 

(PAA) spotted on the microarray are shown in Supplementary 

Table I. Flag-CLEC-79, at a final concentration of 2.5 ng/ll, was pre

complexed with anti-Flag-tag M2 antibody and Cy3-labeled anti-

mouse IgG antibody in probing buffer (25 mM Tris–HCl, pH 7.4, 

150 mM NaCl, and 1% Triton-X100) containing 1 mM CaCl2 or 5 mM 

ethylenediamine tetraacetic acid (EDTA). For the sugar inhibition 

assay, probing buffer containing 1 mM CaCl2 and 25 mM sugar was 

used. The precomplex solution (100 ll) was applied to each cham

ber of the glass slide where dozens of glycans and oligosaccharides 

had been spotted and the slide was incubated at 20 °C for 16 h. The 

slide was then scanned using an evanescent-field activated fluo

rescence scanner (SC-Profiler; Moritex). Data were analyzed by 

Array Pro analyzer Ver. 4.5 (Media Cybernetics). The net intensity 

value for each spot was determined by subtracting the background 

value from the signal intensity. Data are shown as averages of trip

licate determinations. Error bars represent standard deviations.

Results and discussion

Preparation of recombinant Flag-CLEC-79

We selected 6 candidate CTLD genes for producing recombinant 

proteins (clec-50, clec-51, clec-79, clec-97, clec-103, and clec-126) 

considering the sequences corresponding to their putative sugar-

binding sites. However, we failed to obtain correctly folded active pro

teins for 5 of the 6 candidates used. We successfully obtained active 

protein product from clec-79 alone. CLEC-79 has a calculated molecu

lar mass of about 65 kDa, and contains a signal sequence at the N-ter

minal portion and 2 CTLDs, one of which is considered to have car

bohydrate-binding ability (Supplemental Fig. 1) [6]. The recombinant 

CLEC-79 protein was expressed as a fusion protein with a Flag-tag in 

E. coli. Since most portion of the recombinant proteins were mainly 

obtained in the insoluble fraction, the inclusion body was collected 

and solubilized under denaturing conditions. The solubilized Flag-

CLEC-79 protein was subjected to the refolding process, and the prod

uct was analyzed by SDS–PAGE and Western blotting (Fig. 1). A single 

band was detected in both experiments, indicating that the homoge

nous recombinant Flag-CLEC-79 protein was obtained.

Affinity purification of Flag-CLEC-79

The monosaccharide preference of C-type lectins can be pre

dicted from their primary structure [4]. If the sequence includes 
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Fig. 1. SDS–PAGE and Western blotting of recombinant Flag-CLEC-79. Recombinant 

Flag-CLEC-79 was expressed in E. coli. After refolding of the inclusion body, the 

sample was subjected to SDS–PAGE and detected using Coomassie brilliant blue 

(CBB) (A) or anti-Flag-tag antibody (B). Arrowheads indicate the position of Flag-

CLEC-79. M, molecular mass markers.
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Fig. 2. Affinity purification of Flag-CLEC-79. The refolded, soluble Flag-CLEC-79 was 

applied to an immobilized asialofetuin column. Following extensive washing, the 

bound material was eluted with 0.1 M lactose. Of each fraction, 5 ml was collected, 

subjected to SDS–PAGE, and detected by silver staining. The arrowhead indicates 

the position of Flag-CLEC-79. The numbers on the left of the panel are the molecu

lar masses of standard proteins.
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EPN at the specificity determining motif, the protein will be spe

cific for mannose, and if the tripeptide sequence is substituted 

by QPD, the protein will be specific for galactose. Since CLEC-79 

does not contain neither of these motif, but contains SPN at that 

position, it was not possible to predict its monosaccharide-binding 

specificity [6]. Since a preliminary experiment using a glycoconju

gate microarray suggested that Flag-CLEC-79 preferentially binds 

to sugars containing b-galactoside at the non-reducing terminal, 

we performed affinity purification in order to obtain its active 

form. The refolded protein was applied to an immobilized asia

lofetuin column, and the bound molecules were specifically eluted 

with lactose (Galb1-4Glc) (Fig. 2). Although a portion of protein 

was detected in the flow-through and washed fractions, a certain 

amount of protein was bound to the affinity adsorbent and specifi

cally eluted (fractions 10 and 11). The refolded active Flag-CLEC-79 

protein thus prepared was used for subsequent analysis.

Sugar-binding specificity of Flag-CLEC-79 analyzed by 

glycoconjugate microarray technique

We applied a recently developed glycoconjugate microarray 

analysis [7] to Flag-CLEC-79. Glycoconjugate microarray is an 

extremely high-throughput device which generates binding data 

for dozens of oligosaccharides, and it requires extremely small 

amounts of fluorescence-labeled lectin (less than 100 ng). Further

more, since the detection principle of this technique is based on 

evanescent-field activated fluorescence, it is possible to omit the 

washing steps and detect only the bound lectin molecules. There

fore, it is possible to detect very weak binding that might be missed 

due to the washing steps. The recombinant Flag-CLEC-79 protein 

was premixed with anti-Flag-tag antibody and Cy3-labeled anti-

mouse IgG antibody in probing buffers containing Ca2+ or EDTA 

with or without various sugars. These solutions were applied to 

the array and the array was incubated at 20 °C for 16 h. Then, the 

array was directly applied to a scanner without any washing step. 

As shown in Fig. 3A, in the presence of Ca2+, Flag-CLEC-79 bound 

to various glycans. However, no binding was observed in the pres

ence of EDTA, galactose, or lactose. On the other hand, mannose 

or sucrose exhibited no influence on the binding of Flag-CLEC-79 

to glycans. These results clearly indicated that CLEC-79 recog

nizes the non-reducing terminal galactose residues of glycans in 

a Ca2+-dependent manner. Fig. 3B is a bar graph expressing inten

sities of each spot of the image obtained in the presence of Ca2+. 

Higher amounts of CLEC-79 were found to bind to asialo glycopro

teins containing complex-type asialo N-glycans (43–45), while no 

binding was observed to their sialylated or agalactosylated forms 
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Fig. 3. Glycoconjugate microarray analysis of Flag-CLEC-79. (A) Flag-CLEC-79 precomplexed with anti-Flag-tag antibody and Cy3-labeled anti-mouse IgG antibody was 

applied to the glycoconjugate microarray spotted with a variety of glycans (Supplementary Table I). The binding experiment was performed using the following probing 

buffers containing Ca2+ (1 mM CaCl2), EDTA (5 mM EDTA), Ca2+ + Gal (1 mM CaCl2, and 25 mM galactose), Ca2+ + Lac (1 mM CaCl2, and 25 mM lactose), Ca2+ + Man (1 mM CaCl2, 

and 25 mM mannose), and Ca2+ + Suc (1 mM CaCl2, and 25 mM Sucrose), respectively. (B) The scan image obtained in the presence of Ca2+ was analyzed with the Array Pro 

analyzer ver. 4.5. The net intensity value for each spot was determined as the signal intensity minus the background value. Data are the averages of triplicate determinations 

with the error bars representing standard deviation. Some examples of glycan structures are shown in the figure. Open circle, mannose; filled circle, galactose; gray square, 

N-acetylgalactosamine; filled square, N-acetylglucosamine; filled diamond, sialic acid. Positive signals: 43, asialo fetuin; 44, asialo a1-acid glycoprotein; 45, asialo transfer

rin; 59, core 1; 60, core 2; 68, asialo bovine submaxillary mucin.
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(25–27, 49–51). Among the glycan spots, CLEC-79 bound markedly 

to sugars having Galb1-3GalNAc unit (59, 60). However, the bind

ing was weak for Galb1-4Glc, Galb1-3GlcNAc and Galb1-4GlcNAc 

(31, 33 and 35). CLEC-79 scarcely bound to GalNAcb1-3GalNAc and 

Gala1-3GalNAc (40 and 65). The strongest signal was observed in 

asialo bovine submaxillary mucin (68), which is known to contain 

multiple Galb1-3GalNAc units such as core 1 (Galb1-3GalNAc) and 

core 2 (Galb1-3(GlcNAcb1-6)GalNAc) in addition to Tn (GalNAc) 

and GlcNAcb1-3GalNAc [13]. These data indicate that CLEC-79 rec

ognizes sugars containing non-reducing terminal b-galactoside, 

especially those having the Galb1-3GalNAc unit.

This is the first study that revealed the sugar-binding specificity 

of a C-type lectin of C. elegans. To the best of our knowledge, the 

Galb1-3GalNAc structure has been found in O-glycans of C. elegans, 

but not in N-glycans or glycolipids [8,14-17]. This suggests that 

CLEC-79 interacts with O-glycans in vivo, although its significance 

is yet to be elucidated. A search for the endogenous ligands of 

CLEC-79 and their subsequent structural analysis will be needed. 

The present work clearly demonstrated that CLEC-79 binds to gal

actose residues, suggesting that an uncommon SPN sequence in the 

specificity-determining motif corresponds to the galactose-bind

ing ability. In this respect, X-ray analysis of the complex between 

CLEC-79 and Galb1-3GalNAc is of particular interest.
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