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LEC-1 is the first tandem repeat-type galectin isolated from an animal system; this galectin has two carbo-
hydrate recognition domains in a single polypeptide chain. Because its two lectin domains have different sugar-
binding profiles, these domains are thought to interact with different carbohydrate ligands. In our previous
study, we showed that a mutant of LEC-1 in which a cysteine residue was introduced at a unique position in the
N-terminal lectin domain (Nh) can be cross-linked with a model glycoprotein ligand, bovine asialofetuin, by
using a bifunctional photoactivatable cross-linking reagent, benzophenone-4-maleimide. In the present work, we
applied the same procedure to the C-terminal lectin domain (Ch) of LEC-1. Cross-linked products were formed

in the cases of two mutants in which a cysteine residue was introduced at Lys

177 268

and Ser™™, respectively. This

method is very useful for capturing and assigning endogenous ligand glycoconjugates with relatively low affini-
ties to each carbohydrate recognition domain of the whole tandem repeat-type galectin molecule.
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Galectins are a group of animal lectins characterized by
their specificity for S-galactosides and an evolutionarily con-
served sequence motif in the carbohydrate-binding site.
Galectins are involved in a wide variety of biological phe-
nomena, including development, cell differentiation, tumor
metastasis, apoptosis, RNA splicing, and regulation of im-
mune functioning.'~® Galectins can be classified into three
types on the basis of their molecular architecture: proto,
chimera, and tandem-repeat types. LEC-1, the 32-kDa
galectin of the nematode, Caenorhabditis elegans (C.
elegans), was the first example of a tandem repeat-type
galectin composed of two homologous regions.”®

A variety of pyridylaminated oligosaccharides were used
as analytes in frontal affinity chromatography,” and the result
showed that the two lectin domains of LEC-1 have different
sugar-binding profiles.'” This finding suggests that the en-
dogenous ligand glycoconjugates for the two domains of
LEC-1 differ. However, it is difficult to confirm this finding,
especially when the binding ability of each domain is not ad-
equately strong. We developed a new approach to overcome
this problem. We prepared LEC-1 mutants in which a cys-
teine residue was introduced near the binding site of the N-
terminal half domain; after incubation with a model glyco-
protein ligand, asialofetuin, cross-linked products were
formed using a photoactivatable bifunctional reagent, ben-
zophenone-4-maleimide (BPM). Among the five LEC-1 mu-
tants produced, one of them (LEC-1 Q38C) produced the
cross-linked product.'” This method was also applied to
human galectin-1 (Gal-1). At first, all cysteine residues were
substituted with Ser residues, and Lys®® of the resultant cys-
teine-less Gal-1 was substituted with a cysteine residue. The
position of Lys*® corresponds to GIn*® of LEC-1. Cross-
linked products between hGal-1 K28C and asialofetuin via
BPM were observed.'” In the present study, we produced
several LEC-1 mutants, each with a cysteine substitution in

* To whom correspondence should be addressed. e-mail: arata@josai.ac.jp

galectin; LEC-1; ligand; cross-link; maleimide; benzophenone

the C-terminal lectin domain (Ch) to detect interactions with
asialofetuin. Two mutants, K177C and S268C, produced
cross-linked products. This procedure is very promising for
capturing and identifying endogenous ligands for each lectin
domain of the tandem repeat-type galectin, LEC-1.

MATERIALS AND METHODS

Chemicals Rabbit anti-bovine fetuin polyclonal anti-
body was purchased from Chemicon International (Temec-
ula, CA, US.A)). BPM and bovine fetuin were purchased
from Sigma (St. Louis, MO, U.S.A.). Sialidase and S-galac-
tosidase were purchased from Seikagaku Co. (Tokyo, Japan).

Construction of Mutant Lectin Genes A cysteine
residue was introduced using site-directed mutagenesis of
LEC-1 ¢cDNA (LEC-1 contains no cysteine residues).”
Residues subjected to substitution were selected on the basis
of the X-ray crystal structure of LEC-1 in complex with
galactose.'” To facilitate cross-link formation, hydrophilic
amino acid residues with side chains extending from the sur-
face of the protein toward the bound galactose but not con-
tacting it were selected. Site-directed mutagenesis was per-
formed as described previously.!"!? The following oligonu-
cleotide primers were used for mutagenesis (substitution sites
are underlined): E153C, 5'-ACCCGGTACCATACTGCAG-
CGGACTCGCCAACGGAC-3'; K177C, 5'-GTTGAGAAG-
AAGGCATGCCGCTTCCACGTCAACCTTCTCCGC-3';
D199C, 5'-TCCACTTCAACCCGCGGTTCTGTGAGAAG-
CACGTCATC-3'; N211C, 5'-AACTCTCTTGCCGCATGC-
GAATGGGGAAATGAGGAGCGCGAGGGA-3'; and
S268C, 5'-ACATTGCCGGGCTGCAGATCTGTGGAGA-
CATTGAGCTGTCTGGAA-3'".

Purification of Recombinant Galectins Recombinant
proteins were expressed and purified as described previ-
ously.!11?
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Preparation of Asialofetuin for Cross-Linking Bovine
fetuin was treated with sialidase to remove the sialic acid at-
tached to the non-reducing galactose end residues of the
sugar chain. The resultant asialofetuin was purified as de-
scribed previously'” and used as a model glycoprotein ligand
for LEC-1.

Covalent Cross-Linking of Mutated LEC-1 Proteins to
Asialofetuin  Cysteine-introduced LEC-1 was cross-linked
to the model glycoprotein ligand, asialofetuin, as described
previously.!"'>19) In brief, purified recombinant LEC-1 or the
single cysteine-containing mutant of LEC-1 was dialyzed
against phosphate-buffered saline (PBS) containing 1 mm
ethylenediaminetetraacetic acid (EDTA) (pH 7.2) (EDTA-
PBS). BPM was dissolved in dimethylformamide, and the
solution was added to the lectin solution (final concentration,
1 um BPM). For negative controls, dimethylformamide was
added instead of the BPM solution. After incubation in the
dark for 30 min at 23 °C, unreacted BPM was quenched by
the addition of dithiothreitol (final concentration, 20 mm).
Asialofetuin in EDTA-PBS was added, and the reaction mix-
ture was irradiated with a long-wavelength ultraviolet light
for 3min at 4°C. The cross-linked products were analyzed
by western blotting using a rabbit polyclonal antibody
against LEC-1® and a rabbit polyclonal antibody against fe-
tuin.

RESULTS

Construction of LEC-1 Mutants Containing Substi-
tuted Cysteine Residues In the current study, we investi-
gated whether the model glycoprotein ligand asialofetuin is
actually recognized by the C-terminal lectin domains of
LEC-1 mutants that have a substituted cysteine residue near
the binding site of the C-terminal lectin domain and whether
they can be cross-linked to asialofetuin via BPM.

Each of the cysteine-substituted mutants was adsorbed to
the asialofetuin—Sepharose and could be eluted with 0.1 M
lactose. This confirms that the mutants retained their binding
ability (data not shown). The purity of each recombinant pro-
tein was checked by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). In the absence of other
bands with higher molecular weights, if any band appeared in
the higher-molecular-weight region after the cross-linking re-
action, it was expected that the formation of cross-linked
complexes would be easily detected.

Cross-Linking of Mutant LEC-1s to Asialofetuin
BPM primarily reacts with the introduced sulthydryl group
in the binding site region of the mutant LEC-1 via its
maleimide moiety.'> Ultraviolet irradiation activates the ben-
zophenone group at the other terminal, which can form cova-
lent bonds with nearby groups. Therefore, if lectin binds a
glycoprotein molecule, a covalently linked complex that can
be easily detected on SDS-PAGE can be formed. The fact
that no species with higher molecular mass were observed in
a control experiment wherein wild-type LEC-1 was used sug-
gests that although asialofetuin contains several cysteine
residues that can react with the maleimide group of BPM, no
cross-link formation occurred with the wild-type LEC-I.
Therefore, any cross-linked products observed in the experi-
ments using mutant LEC-1 should be attributable to BPM re-
acting with the introduced cysteine residues.
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Fig. 1. Cross-Linking of LEC-1 Mutants and Asialofetuin

LEC-1 mutants with a substituted cysteine residue were incubated in the presence
(+) or absence (—) of BPM in the dark and then irradiated with UV light in the pres-
ence of asialofetuin. The products were then analyzed by western blotting. A new band
with a molecular mass of 90 kDa was detected with antiserum against LEC-1 in mu-
tants K177C and S268C, but not in the remaining mutants E153C, D199C, and N211C.
The 90-kDa band was also detected with anti-fetuin antiserum. The molecular masses
of marker proteins are indicated on the left. The black arrowhead shows the position of
the LEC-1 mutants; the positions of asialofetuin (arrow) and the expected positions of
K177C/S268C—asialofetuin heterodimers (white arrowheads) are shown on the right.

Five LEC-1 mutants containing one cysteine residue each
at Glu'> (E153C), Lys'”7 (K177C), Asp'” (D199C), Asn?!!
(N211C), or Ser’® (S268C) were reacted with BPM in the
dark, mixed with asialofetuin, irradiated with ultraviolet
light, and analyzed by western blotting. As shown in Fig. 1,
the antibody against LEC-1 recognized an additional major
band with a molecular mass of approximately 90 kDa (white
arrowhead in Fig. 1) in the cases of mutants K177C and
S268C in the presence of BPM. The observed molecular
mass of approximately 90kDa is consistent with that of the
cross-linked complex. In contrast, no corresponding higher-
molecular-mass bands were detected in the cases of mutants
E153C, D199C, and N211C, also shown in Fig. 1.

Effect of Lactose on Cross-Linking As shown in Fig.
2, in the presence of 0.1wm lactose, cross-linking between
asialofetuin and mutants K177C and S268C was remarkably
reduced. These results suggest that cross-linking occurs only
when a specific lectin—sugar interaction exists. Furthermore,
no cross-linked products were observed when asialofetuin
treated with Streptococcus 6646K B-galactosidase was used
instead of asialofetuin (data not shown). This indicates that
the removal of terminal galactose moieties from glycopro-
teins results in the loss of specific interaction.
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Fig. 2. Inhibition of Cross-Linking between the Mutants K177C and
S268C with Asialofetuin by Lactose

The cross-linking of K177C and S268C with asialofetuin was significantly reduced
in the presence of 0.1 M lactose in the reaction mixture. The black arrowhead shows the
position of the LEC-1 mutants; the positions of asialofetuin (arrow) and the expected
positions of K177C/S268C—asialofetuin heterodimers (white arrowheads) are shown on
the right.

DISCUSSION

In the present study, two LEC-1 mutants with a cysteine
residue introduced into the C-terminal lectin domain (at posi-
tions Lys'”” or Ser’®®) gave rise to cross-linked products with
the model glycoprotein ligand, asialofetuin, via BPM.

According to the X-ray crystallographic analysis of LEC-1
in a complex with galactose,'® Lys'”” in the C-terminal lectin
domain (Ch), one of the positions where the introduction of a
cysteine residue resulted in cross-linking with asialofetuin via
BPM, corresponds to GIn** in the N-terminal lectin domain
(Nh), which was previously shown to yield a similar result.'?
Furthermore, a similar result was obtained when Lys? of
human galectin-1 (Gal-1), which corresponds to GIn** of Nh
of LEC-1 and Lys'”’ of Ch of LEC-1, which was substituted
with a cysteine residue.'? These positions have proved to be
suitable for substitution by a cysteine residue to form cross-
links and for identifying endogenous glycoprotein ligands in
future experiments. On the other hand, Ser*®® of LEC-1 was
shown to be a new position for cysteine substitution.

Although the Galfl1—4GIcNAc (N-acetyllactosamine)
disaccharide unit is thought to be the endogenous glyco-epi-
tope recognized by vertebrate galectins and the galectins of
protostomia species such as C. elegans also bind to the same
disaccharide structure, the existence of glycan-containing N-
acetyllactosamine units has not been confirmed in protosto-
mia.'® 2D Recently, we found that another C. elegans
galectin LEC-6 strongly interacts with N-glycans containing
a Gal-Fuc disaccharide unit attached at position 6 of the in-
nermost GIcNAc residue.”” We also found that LEC-6 inter-
acts with Galf1—4Fuc more strongly than does Galfl1—
3Fuc*® by using chemically synthesized Galf1—4Fuc and
Gal31—3Fuc.? Furthermore, the tandem repeat-type nema-
tode galectin LEC-1 also shows preferential binding to
Gal81—4Fuc.” However, the two domains of LEC-1 exhib-
ited different binding profiles when examined with Galf1—
4Fuc, Galpl—3Fuc, and Galf31—4GlcNAc. Furthermore,
both domains have significantly low affinity for LEC-6-bind-
ing endogenous glycans. This suggests that endogenous lig-
ands for LEC-1 differ from those for LEC-6.%
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We previously performed a detailed analysis with a variety
of fluorescence-labeled oligosaccharides in frontal affinity
chromatography, and reported that the two lectin domains of
LEC-1 have different sugar-binding profiles.'” The method
reported in this paper should enable us to capture and charac-
terize independent endogenous ligand glycoconjugates for
each binding site of a lectin with multiple binding sites, even
if the interactions between the lectin and its ligand glycocon-
jugates are relatively low and no other procedure is applica-
ble. LEC-1 is considered to be bound to the f-galactoside
structure of the endogenous ligand existing in the insoluble
fraction because LEC-1 was extracted from C. elegans with
lactose-containing buffer.”® We are currently working to-
ward isolating the endogenous ligand glycoproteins by
adding the Cys-introduced LEC-1 mutant recombinant pro-
teins preincubated with BPM to the insoluble fraction of C.
elegans after lactose extraction to remove the bound endoge-
nous galectins. Since cross-linking of LEC-1 mutants with
their ligands via BPM and isolation from other proteins is ap-
plicable even when the isolation process requires severe con-
ditions such as detergent treatment or use of denaturing agent
while the interaction may be relatively weak, this procedure
should enable us to isolate and assign the captured ligand
glycoproteins by using mass spectrometry. The development
of such methodology would certainly contribute greatly to
understanding of the significance of carbohydrate recognition
in biological systems.
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