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CEL-I is a C-type lectin isolated from the Holothuroidea Cucumaria echinata. This
lectin shows very high N-acetylgalactosamine-binding specificity. We constructed an
artificial gene encoding recombinant CEL-I (rCEL-I) using a combination of synthetic
oligonucleotides, and expressed it in Escherichia coli cells. Since the recombinant
protein was obtained as inclusion bodies, the latter were solubilized using urea and 2-
mercaptoethanol, and the protein was refolded during the purification and dialysis
steps. The purified rCEL-I showed comparable hemagglutinating activity to that of
native CEL-I at relatively high Ca2+-concentrations, whereas it was weaker at lower
Ca2+-concentrations due to decreased Ca2+-binding affinity. rCEL-I exhibited similar
carbohydrate-binding specificity to native CEL-I, including strong GalNAc-binding
specificity, as examined by hemagglutination inhibition assay. Comparison of the far
UV-CD spectra of recombinant and native CEL-I revealed that the two proteins
undergo a similar conformational change upon binding of Ca2+. Single crystals of
rCEL-I were also obtained under the same conditions as those used for the native pro-
tein, suggesting that they have similar tertiary structures. Although native CEL-I
exhibited strong cytotoxicity toward cultured cells, rCEL-I showed low cytotoxicity.
These results indicate that rCEL-I has a tertiary structure and carbohydrate-binding
specificity similar to those of native CEL-I. Howeger, there is a subtle difference in
the properties between the two proteins probably due to the additional methionine
residue at the N-terminus of rCEL-I.
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Abbreviations: CD, circular dichroism; EDTA, ethylenediamine tetraacetate; FBS, fetal bovine serum; GalNAc, N-
acetylgalactosamine; MBP, mannose (mannan)-binding protein; α-MEM, α-minimal essential medium; RHL, rat
hepatic lectin; TBS, Tris-buffered saline.

Lectins play important roles in various tissues and body
fluids as carbohydrate recognition molecules (1, 2).
Among animal lectins, the C-type lectin family (3)
includes various proteins that exhibit carbohydrate-bind-
ing activity depending on Ca2+ ions. The C-type lectins in
vertebrates are categorized into seven groups according
to their functional domain structure (4). In contrast,
invertebrate C-type lectins are mostly single-domain pro-
teins, which form a multimeric structure. Some of them
are thought to be involved in host defense systems
through binding to carbohydrate chains on the surface of
foreign pathogens. We have isolated four Ca2+-dependent
galactose/N-acetylgalactosamine (GalNAc)-specific lectins
(CEL-I, II, III, and IV) from the marine invertebrate
Cucumaria echinata (Holothuroidea) (5). Among them,
CEL-I and CEL-IV belong to the C-type lectin family,
while CEL-III is a novel Ca2+-dependent lectin that

The smallest lectin, CEL-I, is composed of two identical
subunits of 16 kDa linked by a single disulfide bond. This
lectin exhibits very high specificity for N-acetylgalactos-
amine; the binding affinity of CEL-I for GalNAc is esti-
mated to be approximately 1,000-fold higher than that
for galactose (5, 9). So far, there is only limited knowledge
concerning the carbohydrate-recognition mechanism of
diverse C-type lectins (10–15). Therefore, investigation
for the GalNAc-specificity of CEL-I by means of muta-
tional analyses should provide valuable information
concerning the structural basis of the carbohydrate-
recognition mechanism of C-type lectins. The carbohy-
drate-recognition mechanism of C-type lectins has been
extensively investigated in the case of mannose (man-
nan)-binding protein (MBP) (16–18), by means of various
mutants and X-ray crystallographic analyses (19). Among
invertebrate C-type lectins, a tunicate (Polyandrocarpa
misakiensis) lectin (TC14) (20) is the only one whose car-
bohydrate-binding mode has been elucidated by X-ray
crystallography (21). This lectin binds to galactose essen-
tially in the same manner as in the case of MBP, whereas
Vol. 135, No. 1, 2004 101 © 2004 The Japanese Biochemical Society.

http://jb.oxfordjournals.org/


102 T. Hatakeyama et al.

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

the orientation of the bound galactose is considerably dif-
ferent from that in the case of MBP.

Here we report the expression and characterization of
recombinant CEL-I (rCEL-I) in Escherichia coli cells
using an artificial synthetic gene. Although the protein
was initially obtained as inclusion bodies, it was success-
fully refolded after solubilization with a denaturant. The
resulting lectin exhibited Ca2+-dependent carbohydrate-
binding ability with specificity similar to that of native
CEL-I. However, some differences in its properties were
also observed compared to those of the native protein.

MATERIALS AND METHODS

Construction and Expression of Recombinant CEL-I in
E. coli Cells—A nucleotide sequence for rCEL-I was
designed based on the amino acid sequence previously
determined by means of protein chemical techniques (9),
taking into account the codon usage for E. coli. The 5′-ter-
minal and 3′-terminal halves of rCEL-I DNA were pre-
pared by PCR using eight synthetic oligonucleotides
(Espec Oligo Service). The two double-stranded frag-
ments were ligated at the BglI site to form the entire cod-
ing region, and amplified by PCR using oligonucleotides
FS1 and RS2. The amplified fragment was cloned into E.
coli JM109 using the pGEM-T vector (Promega). The
nucleotide sequence of the rCEL-I gene was confirmed by
sequencing with a Hitachi DNA sequencer SQ5500E. The
inserted rCEL-I gene was digested with NdeI and
BamHI, and then ligated with the pET-3a vector (Nova-
gen) previously digested with the same enzymes. Since
the recombinant protein was expressed in E. coli
BL21(DE3)pLysS (Novagen) as inclusion bodies, they
were collected by centrifugation from the cells after soni-
cation in TBS, and immediately solubilized with 20 mM
Tris-HCl buffer, pH 8.5, containing 8 M urea and 1% 2-
mercaptoethanol. The solubilized protein was directly
applied to a DEAE-Cellulofine column (3 × 3 cm) in 20
mM Tris-HCl, pH 8.5, containing 4 M urea, and eluted
with a NaCl gradient, 0 to 0.5 M. The rCEL-I fractions
were pooled and dialyzed against TBS for three days. The
active protein exhibiting carbohydrate-binding activity
was purified by affinity chromatography on a GalNAc-
Cellulofine column (1.5 × 3 cm) (6). The rCEL-I dimer
was finally purified by gel filtration on a Sephadex G-50
column (2.5 × 46 cm) in TBS.

Purification of Native CEL-I—Native CEL-I was puri-
fied from the protein extract of C. echinata by column
chromatography on lactosyl-Cellulofine, GalNAc-Cellu-
lofine, and Sephadex G-75, essentially as reported earlier
(6).

N-Terminal Amino Acid Sequence Analysis—The N-
terminal amino acid sequence of the expressed protein
was determined with a protein sequencer PPSQ-21 (Shi-
madzu).

Determination of Protein Concentrations—Protein con-
centrations were determined from the molar absorption
coefficients at 280 nm calculated from the amino acid
compositions of the proteins.

Circular Dichroism (CD) Spectroscopy—Far-UV CD
spectra of the proteins were obtained with a JASCO J-
720 spectropolarimeter. The spectra were measured in a

quartz cell of 1-mm path length at 20°C. The protein con-
centration was 0.12 mg/ml.

Hemagglutination Assay—Serial two-fold dilutions of
a sample (50 µl) were mixed with the same volume of a
5% (v/v) suspension of rabbit erythrocytes in round-bot-
tomed microtiter plate wells. Incubation was performed
in TBS containing 10 mM CaCl2. The extent of agglutina-
tion was determined visually after incubation for 1 h at
room temperature. The hemagglutinating activity was
expressed as a titer, i.e., the reciprocal of the highest dilu-
tion giving detectable agglutination. The hemagglutina-
tion inhibition assay was performed by incubating 50 µl
aliquots of the protein solutions (titer 2) containing vari-
ous concentrations of carbohydrates with the same vol-
ume of a 5% (v/v) suspension of rabbit erythrocytes in
TBS containing 10 mM CaCl2.

Crystallization and X-Ray Diffraction of rCEL-I—Crys-
tallization of rCEL-I was performed by the hanging drop
vapor diffusion method under similar conditions to as
previously reported (22). The protein solution (2 µl, 5 mg/
ml) in TBS containing 10 mM CaCl2 was mixed with an
equal volume of the reservoir solution [62% (v/v) 2-
methyl-2,4-pentanediol, 0.1 M Tris-HCl, pH 8.0], fol-
lowed by equilibration in hanging drops against 0.2 ml of
the reservoir solution at 20°C. Single crystals suitable for
data collection were obtained in two months. Data collec-
tion for X-ray diffraction of rCEL-I was performed on the
beamline BL45XU of the SPring-8 (Hyogo), using a
Rigaku RAXIS-V imaging-plate area detector. Image data
were processed with the program suite HKL2000 (23).

Cell Culture—HeLa (human epithelial carcinoma) cells
were cultured in α-minimal essential medium (α-MEM)
supplemented with 10% fetal bovine serum (FBS), 10 µg
each of adenosine, guanosine, cytidine, and thymidine
per ml of medium, penicillin (100 µg/ml), and streptomy-
cin (100 µg/ml), as described (8).

Cytotoxicity Assay—The cytotoxicity of CEL-I was
evaluated by MTT assay (24), which detects mitochon-
drial succinate dehydrogenase present in living cells. In
brief, 2 × 104 cells/well in a 96-well plate in α-MEM con-
taining 35 µM bovine serum albumin (BSA) were incu-
bated with varying concentrations of recombinant or
native CEL-I for 24 h at 37°C, and then assayed as
described (8).

RESULTS

Construction, Expression, and Purification of Recom-
binant CEL-I—Since the amino acid sequence of CEL-I
was determined by the protein chemical techniques using
the native protein purified from C. echinata (9), the gene
for rCEL-I was designed as shown in Fig. 1A, based on
the codon usage of E. coli. The rCEL-I gene was con-
structed as two fragments; the 5′- and 3′-halves were syn-
thesized by PCR using forward and reverse long oligonu-
cleotides with overlaps of 18 bases (FL1/RL1 and FL2/
RL2, respectively) (Fig. 1B). They were further amplified
using short oligonucleotide pairs (FS1/RS1 and FS2/RS2,
respectively). The resulting double-stranded DNA frag-
ments were ligated at the BglI site, and the entire gene
was finally amplified by PCR using oligonucleotides FS1
and RS2. The nucleotide sequence of the rCEL-I gene was
J. Biochem.
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confirmed after cloning using the pGEM-T vector in E.
coli JM109, and expressed using the pET-3a vector in E.
coli BL21(DE3)pLysS, as described under “MATERIALS
AND METHODS.” After induction with isopropyl β-D-thi-
ogalactoside, the recombinant protein was obtained
exclusively in inclusion bodies. Therefore, the latter were
solubilized in 20 mM Tris-HCl buffer, pH 8.5, containing
8 M urea and 1% 2-mercaptoethanol, and then applied to
a DEAE-Cellulofine column pre-equilibrated with 20 mM
Tris-HCl buffer, pH 8.5, containing 4 M urea (Fig. 2A).
Proteins were eluted with a linear gradient of NaCl, 0 to

0.5 M. The fractions containing rCEL-I were pooled and
then dialyzed against TBS for three days to complete
refolding and formation of disulfide bonds. Active rCEL-I
with carbohydrate-binding ability was purified by affin-
ity chromatography on a GalNAc-Cellulofine column
(Fig. 2B). The adsorbed protein was eluted with 20 mM
EDTA. On N-terminal sequence analysis of rCEL-I, an
initiator methionine residue was found at the N-termi-
nus. The yield of rCEL-I was 20 mg per liter of culture.
Approximately 30% of the protein purified on the DEAE-
Cellulofine column was adsorbed to the GalNAc-Cellu-
lofine column. As shown in Fig. 3, the adsorbed fraction
gave a band corresponding to the rCEL-I dimer linked by
an interchain disulfide bond (between Cys37), which
appeared at the same position as the native protein (9),
while the flow-through fraction gave only a monomer
band slightly lower than that of the adsorbed rCEL-I
monomer. There appeared to be an additional faint band
at around 30 kDa on an SDS-gel in the absence of 2-mer-
captoethanol (Fig. 3A). This might also be a dimer of
rCEL-I with a different conformation in the SDS-gel,
since only a single monomer band was detected in the
presence of 2-mercaptoethanol (Fig. 3B). Approximately
30% of the adsorbed protein was estimated to be the
dimer, as determined on densitometry of the SDS-gel.
The rCEL-I dimer was finally purified by gel filtration on

Fig. 1. The nucleotide sequence of rCEL-I (A) and the syn-
thetic strategy for the entire gene (B). (A) A nucleotide
sequence of recombinant CEL-I (rCEL-I) was designed based on the
amino acid sequence previously reported (lower line) (9), taking into
account the codon usage in E. coli. An initiator methionine residue
was added to the N-terminus. (B) An artificial gene for rCEL-I was
prepared using eight synthetic oligonucleotides, which are denoted
by horizontal arrows with their names, as described under “MATERI-
ALS AND METHODS.” Restriction sites are enclosed in boxes. After
separately preparing 5′-terminal and 3′-terminal double-stranded
fragments, they were ligated at the BglI site. The obtained gene was
inserted into the pET-3a vector at the NdeI and BamHI sites.

Fig. 2. Purification of rCEL-I expressed in E. coli cells. rCEL-I
was expressed as inclusion bodies, and after solubilization with 20
mM Tris-HCl buffer, pH 8.5, containing 8 M urea and 1% 2-mercap-
toethanol, it was separated on a DEAE-Cellulofine column (A). The
fractions indicated by the horizontal bar, which contained rCEL-I,
were pooled and dialyzed against TBS for three days to complete
refolding of the recombinant protein. rCEL-I having carbohydrate-
binding activity was purified by affinity chromatography on a Gal-
NAc-Cellulofine column (B). Elution of the adsorbed protein was
performed with TBS containing 20 mM EDTA.
Vol. 135, No. 1, 2004
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a column of Sephadex G-50 (data not shown) and then
used for the following experiments.

Hemagglutinating Activity of rCEL-I—The hemagglu-
tinating activity of rCEL-I was determined using rabbit
erythrocytes. rCEL-I induced hemagglutination at 4.2
µg/ml in the presence of 10 mM CaCl2, while no aggluti-
nation was observed in the absence of CaCl2, indicating
that rCEL-I has Ca2+-dependent carbohydrate-binding
activity. The minimum concentration of rCEL-I for
hemagglutination was twice that of native CEL-I (2.1 µg/
ml in this experiment). The effects of several simple car-
bohydrates on hemagglutination by these proteins were
compared, as shown in Table 1. Hemagglutination by
rCEL-I was strongly inhibited by GalNAc, while other
galactose-related carbohydrates caused much lower inhi-
bition. Carbohydrates containing β-galactosides (methyl
β-galactoside, p-nitrophenyl β-galactoside, lactose, and
lactulose) seemed to show slightly higher inhibition than
α-galactosides (methyl α-galactoside, melibiose, and raffi-
nose), which is the same tendency as for native CEL-I.
However, the inhibition was still more than 250-fold

lower than that by GalNAc. It should be noted that galac-
tosamine caused no inhibition even at 25 mM, which is in
sharp contrast with GalNAc, and suggests that the posi-
tive charge of the amino group of galactosamine might
strongly interfere with the interaction in the carbohy-
drate-binding sites of these proteins. Although there
were some discrepancies in the order of inhibition
between rCEL-I and native CEL-I, these results indicate
that rCEL-I has similar carbohydrate-binding specificity
to that of native CEL-I.

Interaction of Recombinant and Native CEL-I with
Ca2+—Figure 4 shows the far UV-CD spectra of rCEL-I
and native CEL-I. Both lectins exhibited similar spectra
with a negative peak at 226 nm in the absence of Ca2+,
suggesting that they have similar secondary structures.

Fig. 3. SDS-PAGE of the proteins separated on the GalNAc-
Cellulofine column. The flow-through (Fr. 10) and adsorbed (Fr.
28) fractions were examined by SDS-PAGE in the absence (A) and
presence (B) of 2-mercaptoethanol.

Table 1. Inhibition of hemagglutinating activity of rCEL-I toward rabbit erythrocytes by simple carbo-
hydrates. All the carbohydrates used were of the D-configuration.

aThe values for native CEL-I reported previously (5).

Carbohydrate Minimum concentration of carbohydrate inhibiting hemagglutination (mM)
rCEL-I Native CEL-Ia

GalNAc 0.0061 0.0061
Galactose 6.25 6.3
Glucose >25 >25
Mannose >25 >25
Fucose 6.25 6.3
Galactosamine >25 >25
Methyl α-galactoside 12.5 12.5
Methyl β-galactoside 3.13 3.1
p-Nitrophenyl β-galactoside 1.56 6.3
Lactose (Galβ1-4Glc) 3.13 1.6
Lactulose (Galβ1-4Fru) 3.13 12.5
Melibiose (Galα1-6Glc) 12.5 12.5
Raffinose (Galα1-6Glcα1-2βFru) 12.5 25

Fig. 4. Comparison of the far UV-CD spectra of rCEL-I and
native CEL-I. Measurement was performed with 0.12 mg/ml pro-
tein in TBS at 20°C. The spectra of rCEL-I (solid circles, solid
squares) and native CEL-I (open circles, open squares) were
recorded in the presence (solid squares, open squares) and absence
(solid circles, open circles) of 10 mM CaCl2 in TBS. The values ([θ])
are expressed as the mean residue molar ellipticity.
J. Biochem.
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The shape of the spectra obviously changed upon the
addition of 10 mM Ca2+; the mean residue molar elliptici-
ties in the 200–220 nm region shifted to positive values,
indicating the binding of Ca2+ induced a definite confor-
mational change. However, the spectra of rCEL-I and
native CEL-I also exhibited some differences in intensity
around 220–240 nm after binding of Ca2+, suggesting
that there is a minor difference in the secondary struc-
tures of the Ca2+-bound forms of these proteins. The
effects of Ca2+ on these proteins were also examined by
hemagglutination assay. As shown in Fig. 5, the hemag-
glutinating activities of rCEL-I and native CEL-I were

compared with various concentrations of Ca2+. While
native CEL-I exhibited maximum hemagglutinating
activity at Ca2+ concentrations above 1 mM, the activity
of rCEL-I decreased to one-eighth with a decrease in the
Ca2+ concentration from 100 mM to 1 mM. This indicates
that rCEL-I has lower Ca2+-binding ability, compared to
the native protein.

Crystallization of rCEL-I and Measurement of Its X-Ray
Diffraction—Needle-like crystals of rCEL-I were formed
in a week with the hanging drop vapor diffusion method.
After two months, single crystals of up to 0.02 × 0.04 × 0.9
mm in size were obtained (Fig. 6). X-ray diffraction data
were corrected at SPring-8 beamline BL45XU. The crys-
tals belong to space group C2 with unit cell dimensions of
a = 90.77, b = 70.20, c = 63.87 Å, and β = 122.60°. Assum-
ing one molecule of CEL-I, which comprises two identical
subunits per asymmetric unit, the Matthews constant Vm
value (25) is 2.67 Å3 Da–1, corresponding to a solvent con-
tent of 53.94%. The space group of rCEL-I crystals is the
same as that of native CEL-I. However, the unit cell
parameters were slightly different from those for native
CEL-I (a = 92.38, b = 69.94, c = 76.69 Å, and β = 136.46°)
(22). However, the volumes of the unit cells in native
CEL-I and rCEL-I are almost the same (3.41 × 106 and
3.43 × 106 Å3, respectively).

Cytotoxicity of CEL-I—As shown in Fig. 7, native CEL-
I exhibited strong cytotoxicity toward HeLa cells. The
concentration giving 50% viability was approximately 8
µg/ml (0.25 µM), and most of the cells died with above 50
µg/ml (1.6 µM). In the presence of 100 mM GalNAc, this
cytotoxic effect of native CEL-I was completely abolished,
indicating that it is mediated by the binding of CEL-I to
the cell surface carbohydrate chains containing GalNAc
or related carbohydrates. On the other hand, the cytotox-
icity of rCEL-I was much lower than that of the native
protein; only weak cytotoxicity was observed with above
100 µg/ml of the protein. This might be partly due to the
decreased carbohydrate-binding activity of rCEL-I re-

Fig. 5. Ca2+-dependence of hemagglutination by rCEL-I and
native CEL-I. The hemagglutinating activity of rCEL-I and native
CEL-I was compared in the presence of the indicated concentrations
of CaCl2. The activity was expressed as a titer, i.e. the reciprocal of
the highest dilution giving detectable agglutination. No activity
was detected for either protein at CaCl2 concentrations lower than
0.01 mM.

Fig. 6. Crystals of rCEL-I grown by the hanging drop vapor
diffusion method. A rCEL-I solution (2 µl, 5 mg/ml) in TBS con-
taining 10 mM CaCl2 was mixed with an equal volume of the reser-
voir solution, followed by equilibration against 0.2 ml of the reser-
voir solution at 20°C. The bar represents 0.5 mm.

Fig. 7. Dose-response curves for the cytotoxicity of rCEL-I
and native CEL-I toward HeLa cells. Cells in 96-well plates (2 ×
104 cells/well) were incubated with various concentrations of native
(open circles) and recombinant (open triangles) CEL-I in α-MEM
containing 35 µM bovine serum albumin for 24 h at 37°C. Incuba-
tion with native CEL-I was also performed in the presence of 0.1 M
GalNAc (solid circles). Cell viability was assessed by MTT assay
(24). Each point is the mean of duplicate determinations.
Vol. 135, No. 1, 2004
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sulting from its lower Ca2+ affinity. It seems also possible
that a slight change in the carbohydrate-binding site of
the protein might affect its specificity for complex carbo-
hydrate chains on the cell surface.

DISCUSSION

Since it was rather difficult to obtain fresh CEL-I-
expressing tissues from C. echinata for preparation of its
cDNA, we successfully attempted to construct an artifi-
cial CEL-I gene from single-stranded synthetic oligonu-
cleotides and expressed it in E. coli cells. The protein was
expressed exclusively as inclusion bodies. Therefore, the
latter were solubilized with a denaturant, and the pro-
tein was refolded during the purification and dialysis
steps. The refolding efficiency was moderately high
(30%), and most of the proteins that failed to bind to the
affinity column gave lower bands on SDS-PAGE (Fig. 3).
Such shorter polypeptides might have resulted from
unsuccessful synthesis or partial digestion by proteases
in E. coli cells. During the purification and dialysis steps,
a single interchain disulfide bond (Cys37) linking two
identical subunits was formed, as judged on SDS-PAGE
(Fig. 3), although it was not complete. The carbohydrate-
binding activity of rCEL-I was estimated to be about half
that of the native protein based on the hemagglutination
assay results. However, this was found to be mostly due
to a decrease in the Ca2+-binding ability of rCEL-I (Fig.
5). When the Ca2+ concentration was increased to ten-fold
(100 mM ) the standard concentration we were using (10
mM), rCEL-I exhibited similar hemagglutinating activity
to the native protein. The reason for this lower Ca2+-bind-
ing ability of rCEL-I is uncertain, but it seems possible
that the additional methionine residue at the N-terminus
might have affected the Ca2+-binding site and thereby
reduced its affinity. Although its Ca2+-binding ability was
lower than that of the native protein, the hemagglutina-
tion inhibition assay demonstrated the similar carbohy-
drate-binding specificities of recombinant and native
CEL-I, including strong GalNAc-specificity. Therefore, it
seems reasonable to conclude that rCEL-I has essentially
the same carbohydrate-binding site structure as the
native protein. Furthermore, comparison of the far-UV
CD spectra of rCEL-I and native CEL-I demonstrated
similar secondary structures in the absence of Ca2+. Upon
the addition of 10 mM Ca2+, the spectra of both proteins
changed, indicating a conformational change on binding
of Ca2+. Although there was a subtle difference between
the CD spectra of their Ca2+-bound forms, these results
suggest that rCEL-I and native CEL-I have similar
three-dimensional structures. On the other hand, we also
examined the effect of 100 mM Ca2+ on both proteins.
However, little change was observed in their CD spectra
(data not shown). This indicates that the increase in
hemagglutinating activity at higher Ca2+ concentrations
may not parallel the change in the secondary structure of
rCEL-I.

rCEL-I was crystallized under the same conditions as
native CEL-I (22). The space group of rCEL-I crystals
(C2) was the same as that of the native protein, and the
unit cell volumes were very similar. These results also
seem to support the similarity of the structures of the two
proteins. Differences in the unit cell dimensions between

the two proteins might be due to a slight change in the
conformation caused by the additional methionine resi-
due at the N-terminus of rCEL-I. Since the crystal struc-
ture of native CEL-I was recently solved by means of the
molecular replacement method using human lithostath-
ine, which belongs to the C-type lectin superfamily, as a
search model (H. Sugawara et al., unpublished), the crys-
tal structure of rCEL-I should be solved in the near
future by using the data for native CEL-I.

Some plant lectins are known to exhibit cytotoxicity
toward cultured cells (26–28). Such cytotoxicity is assumed
to be mediated by intracellular signals that are triggered
by the binding of lectins to cell surface carbohydrates. As
demonstrated in this study, native CEL-I was found to
exhibit strong cytotoxicity. This cytotoxicity was com-
pletely inhibited by GalNAc, suggesting that it was
brought about by the binding of CEL-I to the specific car-
bohydrate chains on the target cell surface. Unexpect-
edly, the cytotoxicity of rCEL-I was considerably weak,
although it showed very similar carbohydrate-binding
specificity, as demonstrated by the hemagglutination
inhibition assay. This might be caused by the lower bind-
ing affinity of rCEL-I arising from the decreased affinity
for Ca2+, as mentioned above.

The carbohydrate-recognition mechanism of C-type
lectin has been extensively studied in the case of MBP.
This protein basically recognizes mannose at its 3- and 4-
hydroxyl groups, which form coordinate bonds with a
Ca2+ ion in the carbohydrate-binding site as well as
hydrogen bonds with amino acid residues in the vicinity
(29). In addition to wild-type MBP, several mutants,
whose amino acid residues were altered by site-directed
mutagenesis, have been constructed (30). For the Gal-
NAc-binding mutant, a histidine residue making van der
Waals contact with the acetoamide group of GalNAc was
introduced in addition to replacement of several amino
acid residues and insertion of a glycine-rich sequence
(19), based on comparison with rat hepatic lectin RHL-1
(31), which binds to GalNAc 60-fold stronger than to
galactose. These observations suggest that the specificity
of various C-type lectins could be changed by replacing
only a limited number of amino acid residues around the
carbohydrate-binding site. Since CEL-I exhibits much
higher GalNAc-specificity (1,000-fold higher affinity for
GalNAc than for galactose) than RHL-1 does, it should
provide valuable clues for enhancing the specificity for
particular carbohydrates using protein engineering tech-
niques. With the data on the X-ray crystallographic
structure of CEL-I, it should become possible to develop
artificial lectins with novel carbohydrate-binding specifi-
cities in the future.
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