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Background: CEL-I is a galactose/N-acetylgalactosamine-specific C-type lectin isolated from the sea cucumber
Cucumaria echinata. Its carbohydrate-binding site contains a QPD (Gln-Pro-Asp) motif, which is generally recog-
nized as the galactose specificity-determining motif in the C-type lectins. In our previous study, replacement of
theQPDmotif by anEPN (Glu-Pro-Asn)motif led to aweak binding affinity formannose. Therefore, we examined
the effects of an additional mutation in the carbohydrate-binding site on the specificity of the lectin.
Methods: Trp105 of EPN-CEL-I was replaced by a histidine residue using site-directed mutagenesis, and the
binding affinity of the resulting mutant, EPNH-CEL-I, was examined by sugar-polyamidoamine dendrimer
assay, isothermal titration calorimetry, and glycoconjugate microarray analysis. Tertiary structure of the EPNH-
CEL-I/mannose complex was determined by X-ray crystallographic analysis.
Results: Sugar-polyamidoamine dendrimer assay and glycoconjugate microarray analysis revealed a drastic

change in the specificity of EPNH-CEL-I from galactose/N-acetylgalactosamine to mannose. The association
constant of EPNH-CEL-I for mannose was determined to be 3.17 × 103 M−1 at 25 °C. Mannose specificity of
EPNH-CEL-I was achieved by stabilization of the binding of mannose in a correct orientation, in which the EPN
motif can form proper hydrogen bonds with 3- and 4-hydroxy groups of the bound mannose.
Conclusions: Specificity of CEL-I can be engineered by mutating a limited number of amino acid residues in
addition to the QPD/EPN motifs.
General significance: Versatility of the C-type carbohydrate-recognition domain structure in the recognition of
various carbohydrate chains could become a promising platform to develop novel molecular recognition proteins.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lectins (carbohydrate-binding proteins) are known to play impor-
tant roles in molecular and cellular recognition systems in organisms.
While many plant lectins have been isolated from storage tissues such
as seeds and tubers, animal lectins have been found in various tissues
and body fluids, reflecting their diverse structures and functions. Among
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a).
the animal lectin families, C-type lectins, which were named because
of their Ca2+ dependence, contain C-type carbohydrate-recognition
domains (CRDs)2 usually composed of 110–130 amino acid residues,
which share a common amino acid sequence homology as well as similar
tertiary structures [1–3]. While the C-type CRDs often function as
carbohydrate-recognition modules in cooperation with distinct domains
having different biological activities [3], particularly in immune systems
[4–8], invertebrate organisms also utilize C-type lectins in the innate
immune system [9]. We have been investigating three Ca2+-dependent
lectins, CEL-I, CEL-III, and CEL-IV, from the sea cucumber Cucumaria
echinata [10]. Among these, CEL-III is a unique ricin-type (R-type) lectin
that exerts strong hemolytic and cytotoxic activities by forming mem-
brane pores in target cells [11], whereas CEL-I and CEL-IV belong to the
C-type lectins [12,13]. These lectins may play important roles in defense
against foreign organisms through their cytotoxicity or opsonization by
binding to surface carbohydrates.

The carbohydrate-binding site of many C-type CRDs contains the
sequence motifs QPD (Gln-Pro-Asp) and EPN (Glu-Pro-Asn), which
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are known to be closely related to galactose or mannose specificities.
Strong evidence for this has been demonstrated by the site-directed
mutagenesis study on the mannose-binding lectin MBP-A [14], in
which its EPN motif was changed to a QPD motif. The resulting mutant
exhibited galactose specificity, although it was relatively weak. In addi-
tion, the replacement of the residues on the basis of the structures of
other galactose-binding CRDs resulted in a much increased affinity for
galactose or N-acetylgalactosamine [15,16], suggesting the importance
of stabilization of the bound carbohydrates by surrounding residues in
the binding site. Other reports have also shown alterations in the spec-
ificity of the C-type CRDs in surfactant proteins frommannose to galac-
tose by changing the EPNmotif to a QPDmotif [17,18]. However, to our
knowledge, no report has described a specificity change from galactose
to mannose in the C-type CRDs. We have previously described that the
site-directed mutant EPN-CEL-I, in which the EPN motif (residues
101–103) was replaced by a QPDmotif, exhibited relatively weakman-
nose specificity, although there was a substantial affinity for galactose
[19]. This observation also suggested that the specificities of the C-
type CRDs are not only exclusively specified by the EPN or QPD motifs
but also largely supported by other residues situated nearby in the bind-
ing site, as suggested by the MBP-A mutants [15]. In the present study,
we have prepared another CEL-Imutant, inwhich Trp105 in the binding
site of EPN-CEL-I was replaced by a histidine residue (EPNH-CEL-I), to
further develop an engineered CEL-I with enhanced mannose specifici-
ty. X-ray crystallographic analysis of the EPNH-CEL-I/mannose complex
also revealed the mannose-recognition mechanism of EPNH-CEL-I.

2. Materials and methods

2.1. Materials

Oligonucleotides used in this study were purchased from Sigma-
Aldrich. The plasmid vectors pTAC-2 and pET-3a were obtained from
DynaExpress and Novagen, respectively. Polyamidoamine dendrimers
(PDs) with 64 amino surface groups (ethylenediamine core, generation
4.0, M.W. 14,214) (amino-PD) were obtained from Sigma-Aldrich. All
the other chemicals were of analytical grade for biochemical use.
Carbohydrate-immobilized Cellufine (mannose-Cellufine and GalNAc-
Cellufine) columns were prepared by attaching carbohydrates to
Cellufine gels (JNC Corp., Tokyo, Japan) using the cross-linking reagent
divinyl sulfone (Sigma-Aldrich), as described previously [10].

2.2. Expression and purification of the recombinant CEL-I

The gene for EPNH-CEL-I (Supplementary figure) was synthesized
by polymerase chain reaction (PCR) using the EPN-CEL-I gene [19] as
a template and the primers listed in Supplementary table. PCR amplifi-
cation was performed using the primers W105H-F and W105H-R,
which contained themutation site His105, and the primers correspond-
ing to the 5′- and 3′-ends of the EPN-CEL-I gene (CEL-I-F and CEL-I-R),
which contained the restriction sites NdeI and BamHI. After amplifica-
tion of the 5′-terminal and 3′-terminal DNA fragments using combina-
tions of the primers CEL-I-F/W105H-R and W105H-F/CEL-I-R, the
fragments were ligated and amplified using CEL-I-F and CEL-I-R in a
similar manner as that reported previously for EPN-CEL-I [19]. The
resulting DNA encoding EPNH-CEL-I was cloned into Escherichia coli
JM109 cells using the pTAC-2 vector. The inserted EPNH-CEL-I gene
was digestedwith the restriction enzymesNdeI andBamHI and then ligat-
ed with the pET-3a vector previously digested with the same enzymes.
The resulting plasmid was introduced into E. coli BL21(DE3)pLysS cells
(Novagen), and expression of the protein was induced with 0.4 mM
isopropylthiogalactoside. Because the recombinant proteins were obtain-
ed as inclusion bodies after disrupting the cells by sonication, they were
solubilized in the solubilization buffer [50 mM Tris–HCl, pH 8.0; 0.2 M
NaCl; 1 mM ethylenediamine tetraacetate (EDTA); and 6 M guanidine
hydrochloride] and the protein was refolded in the refolding buffer
(0.1 M Tris–HCl, pH 8.0; 0.4 M L-arginine; 2 mM EDTA; 5 mM re-
duced glutathione; 0.5 mM oxidized glutathione; and 0.1 mM
phenylmethylsulfonyl fluoride). After dialysis of the refolded pro-
teins in Tris-buffered saline (TBS; 10 mM Tris–HCl, pH 7.5; 0.15 M
NaCl) containing 10 mM CaCl2, the protein was purified by affinity chro-
matography using the mannose-Cellufine column (3 × 10 cm). Wild-
type- (WT-) and EPN-CEL-I were also expressed in an essentially similar
manner, although purification was performed using GalNAc-Cellufine
(for WT-CEL-I) or ion-exchange chromatography (for EPN-CEL-I) [19].
2.3. N-Terminal amino acid sequence analysis

The N-terminal amino acid sequence of the expressed protein was
determinedusing aprotein sequencer, PPSQ-21 (Shimadzu, Kyoto, Japan).
2.4. Circular dichroism (CD) measurements

Far-UVCDmeasurements of theproteinswere performedwithin the
range of 200–250 nm using a J-720 spectropolarimeter (JASCO). The
spectra were measured using a quartz cell of 1-mm path length at
20 °C in TBS containing 10 mM CaCl2.
2.5. Measurement of carbohydrate-binding activity using sugar-PDs

Mannan and mannotriose were prepared as reported previously
[20]. Sugar-PDs containing mannan or mannotriose were prepared by
a reductive amination reaction between an aldehyde group of the
sugars and primary amino groups of amino-PD, as described previously
[21]; carbohydrates (110 μM)were incubatedwith amino-PD (0.17 μM)
in 1 ml of 0.2 M sodium phosphate buffer (pH 8.0) in the presence of
110 μM NaBH3CN for 24 h at 45 °C. The solution was then dialyzed
against water to remove the residual reagents, and the resulting sugar-
PDs were collected after freeze-drying. The carbohydrate-binding ability
was evaluated by the increase in Rayleigh scattering on the basis of the
complex formation between the lectin and sugar-PD. After record-
ing the initial scattering intensity of the lectin solution at 420 nm
(20 μg/ml, 1 ml) in TBS containing 10 mM CaCl2 using a fluorescence
spectrophotometer (Hitachi F-3010) at 25 °C, small volumes of the
sugar-PD solution in the samebufferwere serially added, and the changes
in the scattering intensity were recorded. Values were corrected for dilu-
tion by the addition of the sugar-PD solution. For the competitive experi-
ments, various sugars were added to the pre-formed complex between
EPNH-CEL-I (25 μg/ml) and mannotriose-PD (1.2 μg/ml). Dissociation of
the EPNH-CEL-I/mannotriose-PD complex was evaluated by the changes
in the light scattering intensity at 420 nm.
2.6. Isothermal titration calorimetry (ITC)

ITC for analyzing the interaction between EPNH-CEL-I and mannose
was performed at 25 °C using iTC 200 (MicroCal iTC200, GE Healthcare).
Aliquots of themannose solution (3.8mM)were injected into the EPNH-
CEL-I (6.1mg/ml, 0.19mM) solution in TBS containing 10mMCaCl2. The
data were analyzed using ORIGIN software, version 7.0.
2.7. Glycoconjugate microarray analysis

Binding specificities of WT-CEL-I and EPNH-CEL-I for various
glycoconjugates were examined by glycoconjugatemicroarray analysis,
as described previously [22]. In brief, Cy3-labeled lectins were incubated
overnight with the microarray, on which various glycoconjugates had
been immobilized, in TBS containing 10 mM CaCl2. After washing with
the same buffer, the fluorescence intensity of the bound lectins was
recorded.



Table 1
Diffraction statistics and refinement parameters of the EPNH-CEL-I/mannose complex
crystal. Numbers in parentheses are for the highest shell.

Crystal type EPNH-CEL-I/Man

Data collection and processing statistics
Space group P21
Unit cell dimension a = 69.29, b = 61.06, c = 80.70
a, b, c (Å) α, β, γ (°) α = γ = 90.00, β = 109.39

Wavelength (Å) 1.5418
Resolution (Å) 30.53–1.70 (1.79–1.70)
Total reflection 231026
Unique reflection 60007
I/σI 15.9 (3.9)
Redundancy 3.8 (3.8)
Completeness (%) 92.6 (88.6)
Rmerge

a (%) 5.1 (30.0)
Refinement statistics

R/Rfree (%) 15.2/19.0
Root mean square deviation

Bond length (Å) 0.019
Bond angles (°) 1.800

a Rmerge = 100Σ|I − bIN | / Σ I, where I is the observed intensity and bIN is the average
intensity of multiple observations of symmetry-related reflections.
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Fig. 1. Comparison of the carbohydrate-binding sites of CEL-I and MBP-A. (A) CEL-I/N-
acetylgalactosamine complex (PDB ID: 1WMY) [12]. (B) MBP-A/methyl α-D-mannoside
complex (PDB ID: 1KWU) [31]. The coordinate bonds and hydrogen bonds are depicted by
yellow dashed lines. The amino acid residues consisting of the QPD and EPN motifs are
shown in red.
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2.8. Crystallization and X-ray crystallographic analysis of the EPNH-CEL-I/
mannose complex

EPNH-CEL-I was crystallized by the hanging-drop and sitting-drop
vapor diffusion methods. The initial screening was performed using
the screening kits Crystal Screen 1 and 2 (Hampton Research, Aliso
Viejo, CA, USA) and Wizard I and II (Emerald BioSystems, Inc., Bedford,
MA, USA). In the initial screening of crystallization, 1 μl of the protein
solution (10 mg/ml) in TBS containing 10 mM CaCl2 was mixed with
an equal volume of reservoir solution and allowed to equilibrate against
100 μl of the reservoir solution at 20 °C. X-ray diffraction data were
collected at −140 °C using the Rigaku MicroMax-007 HF/Raxis IV++
System. Data indexing, integration, and scaling were performed with
the CCP4 [23] programs Mosflm [24] and SCALA [25]. Data collection
statistics are summarized in Table 1. The data set belonged to the P21
space group, with two EPNH-CEL-I molecules per asymmetric unit.
The structures of the EPNH-CEL-I/mannose complex were determined
by the molecular replacement method using native CEL-I (PDB ID:
1WMY) [12] as the search model. Molecular replacement was per-
formed using the program Phaser [26]. The model was refined using
the program Refmac [27] from the CCP4 suite. Manual fitting of the
model was performed by the program Coot [28]. The quality of the
final model was assessed by Ramachandran plot and the program
Procheck [29]. The refinement statistics are summarized in Table 1.
Figures illustrating the protein models were prepared by PyMOL [30].

2.9. Affinity chromatography of CEL-I mutants having different amino acid
residues at position 105

Genes for two additional EPN-CEL-I mutants, in which Trp105
was replaced by tyrosine (EPNY-CEL-I) or alanine (EPNA-CEL-I), were
prepared using the QuikChange site-directed mutagenesis kit (Agilent,
Santa Clara, CA) using the primers listed in Supplementary table and
the pET-3a vector containing the EPN-CEL-I gene as a template. Expres-
sion and refolding were performed in the same manner as those for
EPNH-CEL-I. The resulting mutants, as well as WT-, EPN-, and EPNH-
CEL-I, were applied to mannose-Cellufine and GalNAc-Cellufine col-
umns (2 × 2 cm) in TBS containing 10 mM CaCl2, and after washing
the columns with the same buffer, adsorbed proteins were eluted
with TBS containing 20 mM EDTA.

3. Results

3.1. Expression and purification of EPNH-CEL-I

Fig. 1 shows the structures of the carbohydrate-binding sites of CEL-
I/N-acetylgalactosamine and MBP-A/methyl α-D-mannoside com-
plexes as examples for galactose- and mannose-specific C-type lectins,
respectively [12,31]. They exhibit completely different specificities
toward galactose and mannose despite possessing very similar struc-
tures around Ca2+. This can be partly explained by the recognition of
the orientation of 4-hydroxy groups (axial in galactose and equatorial
in mannose) by the QPD or EPN motifs. However, even after changing
themotif to EPN, themutant CEL-I (EPN-CEL-I) showed veryweak affin-
ity, suggesting that additional interactions by other residue(s) are
necessary for the recognition of mannose [19]. Therefore, we tried to
replace Trp105 in CEL-I with a histidine residue on the basis of the
comparison with MBP-A. The gene for the mutant CEL-I (EPNH-CEL-I)
was synthesized by PCR using the primers containing the mutation
site His105, as described in the Materials and methods. Because the
expressed protein was recovered in inclusion bodies, they were
refolded after complete unfolding using guanidine hydrochloride.
After the refolding process, EPNH-CEL-Iwas purified by affinity chroma-
tography using a sugar-immobilized column. AlthoughWT-CEL-I can be
purified using theGalNAc-Cellufine column, EPNH-CEL-I was not able to
bind to GalNAc-Cellufine (Fig. 2A). However, it could successfully bind
to the mannose-Cellufine column and be eluted with EDTA (Fig. 2B).
The purified protein showed single bands at 16 kDa and 32 kDa in the
presence and absence of 2-mercaptoethanol, respectively (Fig. 2C),
corresponding to the monomer and dimer linked by a disulfide bond.
These results suggested that the expressed protein was correctly folded
to adopt the native protein-like dimer structurewith a Ca2+-dependent
mannose-binding ability. N-terminal amino acid analysis confirmed the
sequence of the first five residues (Met-Asn-Gln-X-Pro) of the purified
protein, indicating that the initiator methionine residue remained
attached to the N-terminus in the recombinant protein. The unidentified
residueXwas assumed to be a cysteine (or half-cystine) residue from the
designed sequence. To examine the secondary structure, the far-UV CD
spectrum of the purified EPNH-CEL-I was measured along with that of
WT-CEL-I. As shown in Fig. 3. EPNH-CEL-I showed a CD spectrum with
a broad negative peak around the region of 210–240 nm,which is similar
to that of WT-CEL-I, confirming that EPNH-CEL-I had a correctly folded
structure. However, a slight difference in the intensity was also observed
between the 205–220-nm and 220–240-nm regions. Thismay be caused
by the replacement of a tryptophan residue (Trp105), which has a large
UV absorption around this region, by a histidine residue.
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3.2. Carbohydrate-binding specificity of EPNH-CEL-I

Binding abilities of EPNH-CEL-I for different sugarswere examined by
an assay using sugar-PD containing reducing sugar attached to the
primary amino groups at the surface of PD [21]. Fig. 4A shows the change
in the light-scattering intensity measured at 420 nm.Whenmannan-PD
was added to the solutions of WT-CEL-I, EPN-CEL-I, or EPNH-CEL-I,
EPNH-CEL-I showed a large increase in the light-scattering intensity at
420 nm,while EPN-CEL-I showed a slight increase andWT-CEL-I showed
a very little change. These results suggest that EPNH-CEL-I has a signifi-
cant binding affinity for mannose, although EPN-CEL-I also has a weak
affinity. To compare the affinities for different sugars, a competitive
assay for binding of EPNH-CEL-I with mannotriose-PD was conducted
as shown in Fig. 4B. After the formation of a complex between EPN-
CEL-I and mannotriose-PD, several simple carbohydrates were added
to compete for binding to the protein. Consequently, the strongest bind-
ing was observed for mannose and methyl α-D-mannoside, confirming
its definite affinity for mannose and its related carbohydrates. Glucose
and maltose also showed moderate affinity for EPNH-CEL-I because
glucose has the same configuration of 3- and 4-hydroxy groups as man-
nose. It seems interesting that EPNH-CEL-I still retained a considerable
degree of affinity for N-acetylgalactosamine, while galactose showed
a very weak affinity. This suggests that the acetamido group of N-
acetylgalactosamine has significant interactions with the carbohydrate-
binding site in EPNH-CEL-I. As shown in Fig. 5, the binding constant and
thermodynamic parameters for the binding of mannose with EPNH-
CEL-I were evaluated by ITCmeasurement as follows: binding stoichiom-
etry (N) = 2.14 ± 0.0858, association constant (Ka) = 3.17 × 103 ±
399 M−1, enthalpy change (ΔH) = −3.41 × 103 ± 218 J/mol, and
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Fig. 5. ITC for the binding of mannose to EPNH-CEL-I. The mannose solution was titrated
into a temperature-controlled sample cell containing the EPNH-CEL-I solution. The change
in the heat accompanying the binding (upper panel) was integrated and plotted against
the mannose/EPNH-CEL-I molar ratio (lower panel).

1461H. Moriuchi et al. / Biochimica et Biophysica Acta 1850 (2015) 1457–1465
entropy change (ΔS)= 55.7 J/mol/K. These values indicate that EPNH-
CEL-I has two binding sites and shows an affinity for mannose com-
parable to that of common lectins. However, the attempts to measure
the binding constants for other sugars were unsuccessful, probably
because their affinitieswere tooweak to be evaluated under the current
conditions.

Carbohydrate-binding specificities of EPNH-CEL-I for various larger
oligosaccharides were examined by glycoconjugate array analysis [22,
32] in comparison with those of WT-CEL-I. Fig. 6 demonstrates the
binding of the Cy3-labeled lectins to the microarray, on which various
glycoproteins and glycopolymers were immobilized. Glycoconjugates
showing a relatively high affinity for these proteins are listed in Table 2.
WT-CEL-I strongly bound to several glycoconjugates such as bovine
submaxillary mucin (BSM), GalNAcα1-3Galβ1-PAA (polyacrylamide)
(A-di), GalNAcα1-PAA (Tn), GalNAcα1-3GalNAcβ1-PAA (Forssman),
and GalNAcβ1-3GalNAcβ1-PAA (di-GalNAcβ). These glycoconjugates
contain galactose and/orN-acetylgalactosamine (Table 2). Aswe reported
previously, CEL-I is highly specific to N-acetylgalactosamine, particularly
disaccharides containing N-acetylgalactosamine at the nonreducing end
[10,12,33]. Thus, the results of glycoconjugate array analysis confirmed
such previous observations. The highest binding affinity for BSM may be
a result of the effect of clustering of the carbohydrate chains protruding
on the surface of BSM,whichmayenhance the avidity of the lectin. In con-
trast, while EPNH-CEL-I exhibited the highest affinity for di-GalNAcβ, its
binding profile for various glycoconjugates was considerably different
from that of WT-CEL-I. The affinity of EPNH-CEL-I for ovalbumin
(OVA), invertase (INV), and mannan from Candida albicans (Mannan
CA), which mainly contain terminal mannose, significantly increased,
whereas that for A-di, Tn, Forssman, BSM, and aGal, which contain
terminal N-acetylgalactosamine or galanctose, decreased. It is also con-
spicuous that EPNH-CEL-I showed a relatively high affinity for [3S]Lea

and di-GalNAcβ. The increase in the affinity for the former could be
attributed to its sulfated galactose structure that may have induced a
favorable interactionwith EPNH-CEL-I; however, the reason for a higher
affinity for di-GalNAcβ remains unclear. It may partly be because of its
disaccharide GalNAc structure, considering the observation that GalNAc
still showed some extent of affinity for EPNH-CEL-I (Fig. 4B), although it
was insufficient to bind to GalNAc-Cellufine columns (Fig. 2A).

3.3. X-ray crystallographic analysis of the EPNH-CEL-I/mannose complex

To elucidate the mechanism of mannose recognition, EPNH-CEL-I
complexed with mannose was crystallized and its tertiary structure
was determined by X-ray crystallographic analysis. The crystals were
obtained at 20 °C in the buffer containing polyethyleneglycol as a
precipitant (0.2 M magnesium acetate; 0.1 M sodium cacodylate,
pH 6.5; and 30% polyethyleneglycol 4000). The crystal showed X-
ray diffraction up to 1.7 Å resolution, and the structure was deter-
mined by the molecular replacement method using native CEL-I as a
search model. As shown in Fig. 7A, during the course of model refine-
ment, a distinct electron density corresponding to the bound mannose
was observed in thevicinity of the Ca2+ ion in the binding site. Therefore,
further refinement was performed including a model of mannose fitted
to each binding site. Statistics of the diffraction data collection and the
refinement parameters are summarized in Table 1. The entire structure
of the EPNH-CEL-I/mannose complex is shown in Fig. 7B with that of
native CEL-I superposed. As shown in this figure, the overall structure
of EPNH-CEL-I is similar to that of native CEL-I. Fig. 8 shows the structures
of the carbohydrate-binding sites EPNH-CEL-I, native CEL-I, and MBP-A.
In these models, bound sugars are recognized through coordinate
bonds with Ca2+ ions and hydrogen bond networks with nearby resi-
dues. As shown in Fig. 8A and B, two different orientations of boundman-
nose related by 180° rotationwere observed in the EPNH-CEL-I/mannose
complex, suggesting that both orientations can be readily accommodated
in the same binding site, although the orientation of mannose in Fig. 8B
was only found in one of the four subunits in the asymmetric unit of the
crystal. The two possible orientations of mannose are enabled by the
fact that the directions of the 3- and 4-hydroxy groups of mannose can
be the same in both cases, when hydrogen bonds are formed with the
surrounding residues Glu101, Asn103, Glu109, and Asn123. This also
suggests that specific interactions are not present between mannose
and the residues other than these four residues, although one hydrogen
bond between the 1- or 2-hydroxy group and Arg115 was observed.
Such a binding of mannose in alternative orientations has also been
observed for MBP-A and MBP-C with bound mannose oligosaccharides,
depending on their α-glycosidic linkages [31,34]. In case of the CEL-I/N-
acetylgalactosamine complex (Fig. 8C), there are additional interactions
responsible for a high N-acetylgalactosamine specificity: two hydrogen
bonds of the acetamide group of N-acetylgalactosamine with Arg115 in
addition to a van der Waals contact with Gln70 [12]. In addition, Trp105
contributes to a hydrophobic interaction with the apolar face of N-
acetylgalactosamine to stabilize the binding. In the EPNH-CEL-I/mannose
complex, the replacement of QPD by EPN caused the switch of the donor/
acceptor combination of hydrogen bonds, leading to preferable hydrogen
bonding with the 3- or 4-hydroxy group of mannose rather than the 4-
hydroxy group of N-acetylgalactosamine or galactose, as shown in
Fig. 8A and B. In case of EPNH-CEL-I, the binding of mannose is further
stabilized by His105, which is more hydrophilic than the tryptophan
residue and is therefore more suitable in the interaction with mannose.
This also coincides with the fact that there is no difference in the affinity
between mannose and methyl α-D-mannoside for EPNH-CEL-I, as
shown by the inhibition assay using sugar-PD (Fig. 4). Fig. 8D shows the
comparison of binding modes of mannose in EPNH-CEL-I and methyl α-
D-mannoside in MBP-A. As shown in this figure, the relative positions
of mannose and methyl α-D-mannoside are very similar, although the
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distance between His105 and mannose in EPNH-CEL-I is slightly larger
than that between His189 and methyl α-D-mannoside in MBP-A.

3.4. Effects of the residues at position 105 on binding specificity

As revealed by X-ray crystallographic analysis, EPNH-CEL-I was
found to have a higher affinity for mannose by stabilizing the binding
Table 2
Glycans showing significant affinity for WT-CEL-I and EPNH-CEL-I.

Protein Abbreviation Structure

WT-CEL-I A-di GalNAcα1-3Galβ1-PAA
di-GalNAcβ GalNAcβ1-3GalNAcβ1-PAA
Tn GalNAcα1-PAA
Forssman GalNAcα1-3GalNAcβ1-PAA
Asialo-BSM Asialo bovine submaxillary mucin (Tn)
BSM Bovine submaxillary mucin (Sialyl Tn)
aGal Galα1-PAA

EPNH-CEL-I [3S]Lea (3OSO3)Galβ1-3(Fucα1-4)GlcNAcβ1-PAA
di-GalNAcβ GalNAcβ1-3GalNAcβ1-PAA
Asialo-TG Asialo porcine thyroglobulin

(desialylated complex-type N-glycans, high-mannose-
type N-glycans)

OVA Ovoalbumin (hybrid-type N-glycans)
INV Yeast invertase (high mannose-type N-glycans)
Asialo-GP Asialo human glycophorin MN (T)
Mannan (CA) C. albicans mannan
with histidine instead of tryptophan in native CEL-I. This suggests that
the nature of the residue at position 105 has close relationships with
binding specificity. To examine this further, we prepared two additional
mutants of CEL-I, i.e., EPNY- and EPNA-CEL-I, which contain Tyr105 and
Ala105, respectively. The specificities of these mutants were evaluated
by affinity chromatography on mannose- and GalNAc-Cellufine
columns. As shown in Fig. 9, when these mutant proteins as well
as WT-, EPN-, and EPNH-CEL-I were applied to these columns,
mannose-binding affinity was observed in the case of EPNY-, EPNH-,
and EPNA-CEL-I. On the other hand, affinity for GalNAc-Cellufine was
observed in the case of WT-, EPN-, and EPNY-CEL-I. These results sug-
gest that Tyr105 and Ala105 are available for proper interaction with
mannose beside His105. However, EPNY-CEL-I also showed a signifi-
cant affinity for GalNAc, which is probably because of the moderate
hydrophobic nature of tyrosine. These results support the assumption
that the hydrophobicity of the residue at position 105 is important for
distinguishing between galactose and mannose.

4. Discussion

The C-type CRDs show similar folding, regardless of their diverse
carbohydrate specificities [3]. They share a common domain architec-
ture consisting of the core region with two α-helices and several β-
strands and a long loop that determines the binding specificities for
carbohydrates. This long loop can be more diverse in the C-type lectin-
like domains (CTLDs), which adopt structures similar to the C-type
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CRDs but interact with other molecules such as proteins, lipids, and
inorganic molecules such as CaCO3 and water [35]. Such structural
features make the C-type CRD and CTLD versatile modules for the
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by 180°. (C) The binding site of the CEL-I/N-acetylgalactosamine complex. (D) Comparison of th
(yellow). Only residue numbers for the MBP-A/methyl α-D-mannoside complex are indicated.
recognition of various molecules in important biological processes. The
QPD and EPN motifs are located in this long loop region constituting
part of the carbohydrate-binding site and have been known to be impor-
tant characteristics to predict the binding specificity for galactose- or
mannose-related carbohydrates. These three amino acids are directly
involved in the binding of both Ca2+ and carbohydrates by forming
coordinate bonds and hydrogen bonds. In this binding model, the com-
binations of Glu/Asn in EPN or Gln/Asp in QPD are very important for
determining the orientation of the hydroxy group of bound carbohy-
drates. This has been experimentally proven by the mutagenesis
of MBP-A [14,15], in which the EPN motif in MBP-A was replaced by
QPD. The resulting mutant showed a relatively weak affinity for galac-
tose. Further mutation to introduce a tryptophan residue that forms
hydrophobic stacking with the apolar face of galactose led to a much
higher affinity for galactose, thereby demonstrating the importance of
a hydrophobic contact between an aromatic residue and galactose.
The importance of hydrophobic stacking in the recognition of galactose
has also been shown for various galactose-binding lectins, including the
other C. echinata lectins CEL-III [36] and CEL-IV [37]. Interestingly, CEL-
IV shows galactose specificity, although it contains an EPN motif in the
carbohydrate-binding site. This discrepancy was explained by the crys-
tal structure of CEL-IV complexed with galactose-containing carbohy-
drates, in which the aromatic residue Trp79 specifies the orientation
of the bound galactose by stacking interaction so that EPN can form
proper hydrogen bonds with galactose [37].

We have previously shown that the mutation from the EPN to QPD
motif of CEL-I leads to mannose specificity, whereas the affinity of the
mutant EPN-CEL-I for mannose is so weak that it cannot bind to the
GalNAc-immobilized affinity column [19]. As demonstrated in this
study, mannose specificity was found to be significantly enhanced by
the introduction of a histidine residue instead of Trp105. This result
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suggests the importance of the nature of amino acids that stabilize bound
carbohydrates by nonspecific interactions; the hydrophilic nature of
histidine seems to be suitable for the stabilization of mannose that lacks
an apolar face in contrast to galactose. This has been further supported
by affinity chromatography of the two additional mutants EPNY- and
EPNA-CEL-I (Fig. 9). Although EPNY-CEL-I exhibited affinity for bothman-
nose and N-acetylgalactosamine, EPNA-CEL-I only bound to themannose
column, similar to EPNH-CEL-I. These results strongly suggest that the
hydrophobicity of the residue stabilizing the orientation of the bound
sugars significantly influences binding specificities; a more hydrophobic
nature is favorable for the binding of galactose.

Although EPNH-CEL-I did not bind to the GalNAc-Cellufine column,
some degree of affinity for N-acetylgalactosamine was observed in the
inhibition experiments (Fig. 4B). As revealed by X-ray crystallographic
analysis [12], native CEL-I shows strongN-acetylgalactosamine specific-
ity through two hydrogen bonds with Arg115 and van der Waals inter-
action with Gln70 (Fig. 8C). Therefore, possibly, N-acetylgalactosamine
can also bind to EPNH-CEL-I withmoderate affinity through these inter-
actions with Arg115 and Gln70. Glycoconjugate microarray analysis
also proved definite affinity for N-acetylgalactosamine-containing
oligosaccharides with an even higher intensity than that for mannose-
containing oligosaccharides. This may be due to additional interactions
with the oligosaccharides rather than with the N-acetylgalactosamine
monosaccharide. In the EPNH-CEL-I/mannose complex, Arg115 was
found to form a hydrogen bond with the 1- or 2-hydroxy group of
mannose in different conformations (Fig. 8A and B), depending on
two alternative orientations of the bound mannose, suggesting that
Arg115 has some extent of contribution in mannose recognition by
EPNH-CEL-I. In the competition assay using sugar-PD (Fig. 4), glucose
also exhibited a moderately high affinity for EPNH-CEL-I. As apparent
from Fig. 8A, the 2- and 6-hydroxy groups ofmannose are not necessary
for the binding to EPNH-CEL-I, while the 3- and 4-hydroxy groups are
essential. Therefore, it seems reasonable that glucose, which has the
same configuration regarding 3- and 4-hydroxy groups as mannose,
can bind to EPNH-CEL-I with a moderate affinity. Along with the find-
ings of the preceding studies on engineering of MBP-A to change its
specificity to galactose binding [14,15] and its applications for the iden-
tification of cell surface glycoconjugates [38–40], a reversal change in
the specificity of CEL-I from galactose (N-acetylgalactosamine) to man-
nose shown in the present study suggests the versatility of C-type CRDs.
As observed in glycoconjugate microarray analysis, mutations in CEL-I
seem to have affected the recognition of not only monosaccharides
but also oligosaccharides. Such alterations in the recognition of oligosac-
charides or glycolipids have also been reported for other C-type lectins
[31,41,42], which may involve interaction with additional sites of pro-
tein (subsites) extending from the primary binding site containing
Ca2+. The versatility of C-type CRDs appears to be closely related to
the structural features of the C-type CRDs that are composed of two
parts: a stable core structurewith a common fold and a long loop region
that can potentially accommodate various molecules. The binding
of CTLDs to various molecules strongly suggests that their molecular
architecture could be useful in the development of novel molecular
recognition proteins.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2015.04.004.
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