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Background: Galectins from peritoneal cells of conger eel contribute to the encapsulation of nematode.
Results:Anew galectin from peritoneal cells, congerin P (Con-P), shows unusual sequence, specificity, and allosteric regulation
by mannoside.
Conclusion: Con-P is a new type of galectin with allosteric carbohydrate-binding ability.
Significance: Con-P is the first known lectin allosterically modulated by its ligands.

Conger eel has two galectins, termed congerins I and II
(Con I and II), that function in mucus as biodefense molecules.
Con I and II have acquired a novel protein fold via domain swap-
ping and a new ligand-binding site by accelerated evolution,
which enables recognition of some marine bacteria. In this
study, we identified a new congerin isotype, congerin P (Con-P),
from the peritoneal cells of conger eel. Although Con-P dis-
played obvious homology with galectins, we observed substitu-
tion of 7 out of 8 amino acid residues in the carbohydrate recog-
nition domain that are conserved in all other known galectins.
To understand the structure-function relationships of this
unique galectin, recombinant Con-P was successfully expressed
in Escherichia coli by using a Con II-tagged fusion protein sys-
tem and subsequently characterized. In the presence of D-man-
nose, Con-Pdisplayed 30-fold greater hemagglutinating activity
thanCon I; however, no activity was observedwithoutmannose,
indicating that D-mannoside can act as a modulator of Con-P.
Frontal affinity chromatography analysis showed that activated
Con-P, allosterically induced by mannose, displayed affinity for
oligomannose-type sugars as well as N-acetyllactosamine-type
�-galactosides. Thus, Con-P represents a new member of the
galectin family with unique properties.

The galectins are a group of lectins with an affinity for �-D-
galactoside that share a highly conserved carbohydrate recog-
nition domain (CRD)2 of about 130 amino acid residues. Based
on their structural features, galectins are classified into three
types: prototype (monomer or homodimer containing a single
CRD), tandem-repeat type (two CRDs on a single chain), and

chimera type (one CRD linked to an N-terminal domain on a
single chain) (1). Galectins are widely distributed among both
lower invertebrates (e.g. marine sponges) and higher verte-
brates, including humans, and have been proposed to partici-
pate in diverse physiological functions involving development,
differentiation, morphogenesis, immunity, apoptosis, and
metastasis of malignant cells (2).
The conger eel (Conger myriaster) contains two prototype

galectins, congerins I and II (Con I and II), that are found in the
skinmucus and frontier organs that delineate the body from the
outer environment, such as the epidermal club cells of the skin,
wall of the oral cavity, pharynx, esophagus, and gills (3, 4). Con
I and II are prototype galectins, composed of subunits contain-
ing 135 and 136 amino acids, respectively, and display 48%
amino acid sequence identity (4–6). Previous studies of Con I
and Con II based on molecular evolutionary and x-ray crystal-
lography analyses revealed that these proteins have evolved via
accelerated substitutions under natural selection pressure from
ancestors (4, 7–13). As a result, Con I has acquired a new
strand-swap fold, which stabilizes the dimer structure that is
essential for pathogen-coagulating activity. In addition, Con II
has acquired a unique ligand-binding site that recognizes novel
carbohydrates on pathogens (8–13).
Lectins and lectin-likemolecules have been found in the skin

mucus of fish (14) and may participate in innate or acquired
immunity through their agglutinating activity. Indeed, Con I
and II recognize somemarine bacteria, includingVibrio anguil-
larum (15). Their localization profiles in fish tissues suggest
that congerins are expressed both in the skin and also in the
upper digestive tract and gill filament (16, 17). Furthermore, we
demonstrated that the rate of peritoneal macrophages ingest-
ing latex microspheres was significantly increased by recombi-
nant Con I, suggesting that congerins act as opsonins (3). These
observations indicate that congerins participate in the immune
defense system, including innate immunity, on the internal and
external body surface of the conger eel.
Cucullanidae nematodes are intra-alimentary canal parasites

of marine and freshwater fish. Glycoconjugates, recognized by
some lectins, are distributed on the surface of nematodes (19–
23). Thus, we postulated that congerins in the abdominal cavity
bind to glycoconjugates on nematodes, thereby facilitating
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their encapsulation. Indeed, we found that nematodes parasit-
ized the abdominal cavity of Japanese conger eel intensively and
were frequently encapsulated, damaged, and killed by the peri-
toneal leukocytes (24). Immunohistochemical staining of peri-
toneal cells with anti-congerin antibody showed distinct stain-
ing, which was depressed by lactose. Furthermore, Con I, Con
II, and conger eel C-type lectins were detected in parasitic nem-
atodes and peritoneal cells by MALDI-TOF-MS/MS analysis
(24). These results indicate that several lectins, including con-
gerins, exist in the peritoneal cells of the conger eel.
In this study, we identified a new isotype of congerin from the

peritoneal fluid of the Japanese conger eel. The cDNAencoding
the novel conger eel galectin, termed congerin P (Con-P), was
cloned from the peritoneal cells by RT-PCR and rapid amplifi-
cation of 5� and 3� complementary DNA ends (5�- and
3�-RACE). The nucleotide sequence and deduced amino
acid sequence of Con-P included 130 amino acid residues, and
Con-P shared 21.9 and 22.6% sequence identity with Con I and
Con II, respectively. Con-P differed significantly from Con I
and Con II due to the presence of a cysteine residue at position
58 and the replacement of seven amino acid residues in CRD,
including Trp at position 70, which is conserved among all
known galectins. The primary structure of Con-P was eluci-
dated; however, its biological functions and carbohydrate bind-
ing activity remained unexplained due to its low expression
efficiency and instability in the conger eel and consequent dif-
ficulty in the purification of native Con-P. Thus, to understand
the biological functions of this unique galectin, a recombinant
expression system for Con-P was developed by using the Con
II-tag fusion protein system, which was recently developed for
the expression of venomous proteins (25). As a result, active
recombinant Con-P was prepared and characterized.

EXPERIMENTAL PROCEDURES

Materials—Restriction endonucleases and other enzymes
were purchased from Takara Bio Inc. (Kyoto, Japan). Synthetic
oligonucleotide primerswere custom-synthesized by FASMAC
Co., Ltd. (Kanagawa, Japan). Anti-Con-P polyclonal antibody
was manufactured by Medical and Biological Laboratories
(MBL) Co., Ltd. (Ina, Japan). All reagents used were of the pur-
est grade commercially available.
Preparation of Peritoneal Cells and Fluid from the Conger

Eel—Japanese conger eels were purchased from a commercial
fish seller and reared in fiberglass-reinforced plastic tanks with
running seawater until use. Fish were fed on a commercial diet
for eels (Nosan Kogyo, Co., Japan) ad libitum. A total of 21 fish
were fasted for 2 days, anesthetized with 2-phenoxyethanol,
and sacrificed as reported previously (24). Briefly, whole blood
was collected from the caudal vein using a 21-gauge needle
attached to a syringe. The ventral skin was inactivatedwith 70%
ethanol and removed before laparotomy to avoid contaminat-
ing the peritoneal fluidwith skinmucus. Following longitudinal
incision of the ventral muscle and peritoneum, the abdominal
cavity was washed with 2 ml of ice-cold PBS (10 mM sodium
phosphate (pH7.2), containing 0.15MNaCl), and the peritoneal
cell suspension was recovered.
After washing the abdominal cavity with PBS, the lavage was

centrifuged at 700 � g for 15 min. The precipitated cells were

immediately frozen and stored at �80 °C for further
experiments.
Molecular Cloning and Sequence Determination of Isogalec-

tin cDNA—Total RNA was extracted from the peritoneal cells
of conger eel by the guanidinium thiocyanate/phenol/chloro-
form extractionmethod (26). Poly(A)� RNAwas purified using
the Micro-FastTrack kit (Invitrogen), and cDNA synthesis was
performed using poly(A)� RNA (1 �g) and the Marathon
cDNA Amplification kit (Clontech). PCR was conducted using
a Takara PCRThermal Cycler, Pfu turboDNApolymerase, and
the following conditions: 94 °C for 3 min, followed by 30 cycles
of 94 °C for 1 min, 50 °C for 1 min, and 72 °C for 1 min.
Oligonucleotide primers (Galco-S, 3�UTRco-A, Con2sp-S,

and Con2sp-A) were designed based on the aligned nucleotide
sequences of Con I, Con II, and Anguilla japonica lectin 1
(AJL1) from the Japanese eel (27). Common primers used for all
three galectins were Galco-S (5�-CGTTTCTCGRTCAAT-
GTGGG-3�) and 3�UTRco-A (5�-ATACTCWGTGAGTTTG-
CACAGATC-3�), which correspond to the conserved
sequences at the N-terminal and 3�-untranslated regions,
respectively. RT-PCR was conducted using the Access Quick
Master Mix (Promega, Madison, WI) in combination with Pfu
Turbo DNA polymerase (Toyobo, Japan) and the appropriate
primers (Galco-S and 3�UTRco-A). PCRwas conducted using a
Takara PCR Thermal Cycler and the following conditions:
94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for
30 s, and 72 °C for 1 min.
The 5�- and 3�-RACE method was used to determine the

flanking regions and the full sequence of the novel isogalectin,
Con-P. For 5�- and 3�-RACE, adaptor primers, AP1 (5�-CCAT-
CCTAATACGACTCACTATAGGGC-3�) and AP2 (5�-ACT-
CACTATAGGGCTCGAGCGGC-3�) as well as gene-specific
primers, GSP1-S (5�-TGGCGTAGTCCTCCATACGCAA-
ACG-3�) and GSP2-AS (5�-TCCTGGTGGGTCTTCAGTTG-
ATACT-3�), were used. PCR products were subcloned into the
pCR-TOPO vector by using a TOPO cloning kit (Invitrogen),
and the nucleotide sequences of cloned DNA fragments were
determined by the dideoxy chain-termination method using
universal T7 and SP6 primers and an Applied Biosystems
Model 377 and 310 DNA sequencers. The nucleotide sequence
data reported in this study were deposited in GenBankTM data-
base under accession number AB109240 (cDNA encoding the
novel isogalectin, Con-P, from the peritoneal cells of Japanese
conger eel). Multiple sequence alignments were performed
with the ClustalW program (28).
Preparation of Anti-Con-P Antibody—Anti-Con-P poly-

clonal antibody wasmanufactured byMBLCo., Ltd., using car-
rier protein-conjugated synthetic oligopeptide derived from
Con-P sequence. Peptide sequence for Con-P antigen was
assessed by total antigenic score, including secondary structure
prediction (Robson and Gamier), accessibility, flexibility, sur-
face probability, hydrophilicity, dipole and antigenicity, and
consequently the peptide, HTQTETSFPFQKSRSFE(C), corre-
sponding to the putative loop region (66th to 82nd) of Con-P
was designed. Synthetic peptidewas purified by reversed phase-
HPLC, using Merck C18 (250 � 4.6 mm inner diameter) col-
umn, confirmed byMALDITOFMS, and then conjugatedwith
carrier protein, keyhole limpet hemocyanin, via C-terminal
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additional cysteine. After rabbits were immunized by carrier
protein-conjugatedCon-P peptide, anti-Con-P polyclonal anti-
body was obtained.
Expression of Recombinant Congerin P (rCon-P) in Esche-

richia coli—The expression plasmid for rCon-P was con-
structed by using the Con II-tagged fusion protein system as
reported previously for Protobothrops flavoviridis lysine
49-myotoxic phospholipase A2 (BPII) (25). Briefly, the pTV-
Con II-tagged plasmid vector, which contained the recognition
sequence (FAGP) of the Microbacterium liquefaciens protease
(MLP) isolated from the MIM-CG-9535-I strain (29) and an
StuI site in the linker region, was prepared by PCR using pTV-
Con II-tagged BPII as a template and the following primers: P1,
5�-CGACTAGGCCTCGGTACTAGGATTGGCCCCGCGA-
ACCCCGCTGG-3�, and P2, 5�-TGCAAGAAGGCCTATAC-
ATGCTAA-3�. PCR was performed using KOD Plus DNA
polymerase (Toyobo Co., Ltd., Osaka, Japan) and the following
conditions: an initial denaturing step at 94 °C for 2 min, fol-
lowed by 30 cycles of a 15-s denaturing step at 94 °C, a 30-s
annealing step at 55 °C, and a final extension step at 68 °C for 4
min. The PCR product encoding the pTV-Con II-tagged vector
was self-ligated after digestion with StuI, which generates blunt
ends. The mature gene encoding Con-P was amplified by PCR
to introduce the PstI site at the 3�-terminal end by using the
following primers: P3, 5�-TCTGATGCTGAGGTGAAAAAC-
3�, and P4, 5�-TCCTCCTGCAGGGTCTTCAGTTGATACT-
3�. PCR was performed using KOD Plus DNA polymerase and
the following conditions: an initial denaturing step at 94 °C for
2min, followed by 30 cycles of a 15-s denaturing step at 94 °C, a
30-s annealing step at 50 °C, and a final extension step at 68 °C
for 30 s. The amplified PCR product was digested with PstI and
ligated into the pTV-Con II-tagged vector between StuI and
PstI sites, resulting in the generation of an expression vector for
Con-P, pTV-Con II tag-MLP/thrombin-Con-P.
Expression and Purification of rCon-P—The expression plas-

mid for Con-P was transformed into E. coli JM109 cells with or
without the chaperone plasmid pG-Tf2. Transformants were
cultured at 30 °C in 2� YT medium containing either 100
�g/ml ampicillin (pTV-Con II-tagged Con-P) or 100 �g/ml
ampicillin plus 30�g/ml chloramphenicol (pTV-Con II-tagged
Con-P and pG-Tf2). The expression of recombinant protein
was induced by adding isopropyl 1-thio-�-D-galactopyranoside
(IPTG) at a final concentration of 1 mM when cells reached
logarithmic phase (optical density � 0.2). After an additional
24 h of culture, the cells were harvested by centrifugation. The
expression profiles of recombinant proteins were examined by
SDS-PAGE on 15% (w/v) gels and detected by Coomassie Blue
staining or Western blotting using anti-Con II tag or anti-
Con-P antibodies. The expressed proteins were quantified by
Western blotting using enhanced chemiluminescence detec-
tion reagents (GEHealthcare) and Scion Image software (Scion
Co., MD).
Bacterial cells expressing recombinant proteins were resus-

pended in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM

phenylmethylsulfonyl fluoride and lysed by sonication. The
supernatant containing soluble Con II-tagged rCon-P was
adsorbed toHCl-treated Sepharose 4Bbeads by a batchmethod
at 4 °C. The beads washed with 50 mM Tris-HCl (pH 7.5) con-

taining 0.15 MNaCl, and Con II-tagged rCon-P was eluted with
0.2 M lactose. Con II-tagged rCon-P was digested withMLP at a
concentration of 1 �g per 500 �g of fusion protein for 10 h at
15 °C to remove the Con II tag. Subsequently, rCon-P was puri-
fied by affinity chromatography using mannose-Toyopearl
AF-650 M beads by a batch method at 4 °C. Briefly, the beads
absorbed to Con-P were washed with 50 mM Tris-HCl (pH 7.5)
containing 0.15 M NaCl, and rCon-P was eluted with 0.2 M

mannose.
MALDI-TOFMS/MS Analysis—To confirm the structure of

rCon-P, purified Con II-tagged rCon-P was reduced, car-
boxymethylated, and digested with Achromobacter protease I
(lysyl endopeptidase) (Wako, Japan) at 37 °C. The digest was
desalted, applied to a Sep-Pak column (Waters Associates,Mil-
ford,MA), and then separated by using aDiNaNano LC system
equipped with a DiNa MALDI spotting device (KYA Technol-
ogies Co., Tokyo, Japan). The peptides were eluted from a
reversed phase-HiQ sill C18 column by using a binary gradient
of acetonitrile in 0.1% trifluoroacetic acid. The column effluent
was mixed directly with the MALDI matrix solution (4 mg/ml
of �-cyano-4-hydroxycinnamic acid and 80 �g/ml of ammo-
nium citrate in 70% acetonitrile containing 0.1% trifluoroacetic
acid) at a flow rate of 2.5 �l/min before spotting onto MALDI
target plates (Opti-TOFTM 384-well insert; AB Sciex, Foster
City, CA). The molecular mass and sequence of peptides on
MALDI target plates were analyzed by using an AB SCIEX
TOF/TOF 5800 Analyzer and 4000 Series Explorer software
(version 3.5.1) (AB Sciex). Protein identificationwas performed
with ProteinPilot software (version 3.0; AB Sciex) using the
Paragon method. Each MS/MS spectrum was searched against
a protein sequence database (NCBInr, downloaded from
ftp.ncbi.nih.gov).
Dynamic Light Scattering Technique—Dynamic light scatter-

ing was employed to estimate the apparent molecular weights
of Con-P and Con II-tagged Con-P by using a DynaPro 99
instrument (Protein Solutions). Protein samples were dissolved
in 50 mM Tris-HCl (pH 7.5) at a final concentration of 500 �M.
The sample solution was titrated against D-mannose (0.5 �M to
10 mM) at 25 °C.
Hemagglutination Assay—Hemagglutination activity was

determined by a serial 2-fold dilution method on a 96-well
microtiter plate using rabbit erythrocytes. Each well contained
50 �l of 2-fold serial dilutions of lectin solution, to which 50 �l
of 2% (v/v) rabbit erythrocytes was added. Agglutination activ-
ity was assessed after incubation for 1 h at room temperature.
The maximum dilution with hemagglutination activity was
defined as the hemagglutination titer.
Frontal Affinity Chromatography (FAC)—The carbohydrate

binding activity of Con-Pwas analyzed by FAC according to the
previously reported method (30, 31). Purified rCon-P was dis-
solved in coupling buffer (0.2 M NaHCO3 (pH 8.3), 0.5 M NaCl,
and 0.1Mmannose) and immobilized ontoHi-TrapN-hydroxy-
succinimide (NHS)-activated matrix (GE Healthcare) accord-
ing to the manufacturer’s instructions. To deactivate excess
active NHS groups, the resin was blocked and washed with 0.5
M ethanolamine (pH8.3) in 0.5MNaCl and 0.1M sodiumacetate
buffer (pH 4.0) containing 0.5 M NaCl, respectively. The resin
was equilibrated with 1 mM EDTA in 20 mM Na2PO4 (pH 7.2)
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and packed into a stainless steel column (inner diameter, 4.0 �
10 mm). The column was connected to an HPLC system con-
sisting of an LC9A pump, a fluorescence detector RF-550 (Shi-
madzu Co., Kyoto, Japan), and a data processing system.
Various pyridylaminated (PA) oligosaccharides (10 nM) were

dissolved in elution buffer and applied to the Con-P-immobi-
lized column through a 2-ml sample injection loop at a flow rate
of 0.25ml/min at 25 °C. The elution profiles of PA oligosaccha-
rides were monitored by a fluorescence detector connected
with Dynamix Compare Module system (Rainin Instrument
Co., Inc.). PA-rhamnose, which had no specific interactionwith
the immobilized congerins, was used as a negative control in
FAC analysis.
Fluorescence Spectroscopy—The fluorescence spectra of

Con-P, which contained a single Trp residue at position 117,
were measured using a spectrofluorophotometer (RF-5300 PC;
Shimadzu Co., Kyoto, Japan). The tryptophan excitation wave-
length was set at 280 nm, and the emission spectra were
recorded from 300 to 400 nm. The concentration of Con-P was
determined by UV spectroscopy using an absorption value of
331 for 1% solution at 280 nm in a 1-cm path length. Samples
were dissolved in 50mMTris-HCl (pH 7.5) at a final concentra-
tion of 250 �M. Mannose was titrated to the sample solution at
a concentration ranging from 1 to 100 �M and 5 to 125 mM,
respectively. The association constants Ka of Con-P toward
mannose were calculated from the Scatchard plots, �F/F0 ver-
sus �F/F0/[Man], where �F is the difference (F � F0) of the
fluorescence emission intensity, F0 and F, in the absence and
presence of a ligand mannose at a concentration [Man],
respectively.

RESULTS

Detection and Sequencing of a Novel Galectin from the
Abdominal Cavity of Conger Eel—We recently demonstrated
that galectins are present in the abdominal cavity of the conger
eel and contribute to the encapsulation of nematode parasitic
worms (24). To confirm the expression of congerins in the
abdominal cavity, RT-PCR was carried out on peritoneal cells
using a pair of primers (Galco-S and 3�UTRco-A) that con-
tained sequences conserved in both Con I and Con II. As a
result, a DNA band was amplified with the predictedmolecular
mass of 500 bp (supplemental Fig. S1A). However, the amplified
DNA fragment encoded a novel galectin-like amino acid
sequence, which differed from that of Con I or Con II (Fig. 1).
This novel galectin from the peritoneal cells of conger eel was
termed congerin P (Con-P).
The full cDNA sequence encoding Con-P, determined by the

RACEmethod, included 672 nucleotideswith a 5�-untranslated
region (UTR) of 93 bp, a protein-coding region of 393 bp, and a
3�-UTR of 186 bp. The open reading frame encoded a mature
protein of 131 amino acid residues (Fig. 1). Alignment of the
amino acid sequences of Con-P with those of Con I and Con II
is shown in Fig. 2. Con-P shared only 21.9 and 22.6% amino acid
sequence identity with Con I and Con II, respectively. Remark-
ably, 7 out of 8 amino acid residues in theCRDofCon-P that are
conserved among all known galectins, including Trp-70, were
substituted to other amino acids. Mutations observed in key
amino acids included Lys-44, Ser-61, Val-70, Thr-73, and Thr-

75, whereas Arg-48 remained unsubstituted. Greater sequence
similarity between Con-P and Con I or Con II was seen for the
UTRs compared with that for the protein-coding regions; sec-
tional homologies between Con-P and Con I or Con II were 67
and 54% for the 5� UTR, 47 and 48% for the coding region, and
64 and 63% for the 3�-UTR, respectively.Mathematical analysis
was carried out to compare Con-P and Con I or II cDNA; spe-
cifically, the number of nucleotide substitutions per site (KN)
for the UTR and the number of nucleotide substitutions per
nonsynonymous site (KA) or synonymous site (KS) for the pro-
tein-coding region were analyzed. As shown in Table 1, non-
synonymous substitutions have occurred frequently in the pro-
tein-coding region, as theKA/KS values of the coding region for
pairs of Con-P and Con I or Con-P and Con II were close to 1.
The KN/KS values were �0.5–0.6, suggesting that the protein-
coding region of congerins is more variable than the noncoding
regions and that Con-P has evolved without any constraint or
accelerated substitution.
Gene Expression Analysis—Gene expression of Con-P in var-

ious tissues was examined by RT-PCR using specific primers,
which distinguishCon-P expression from that of Con I andCon
II (supplemental Fig. S1B). In general, Con-P was expressed in
almost all of the various tissues analyzed except for spleen;
however, expression of Con I and Con II was restricted to the
skin and upper digestive tract as reported previously (4, 24). In
some specimens, Con-P was the only congerin isotype
expressed in the peritoneal cells and was also transcribed in
encapsulated bodies in the abdominal cavity.
Expression and Purification of rCon-P—Given the drastic

amino acid changes observed in the CRD of Con-P, it was of
interest to investigate its biological functions and molecular
properties. However, intact Con-P protein could not be
obtained, whichwas probably due to its low expression or insta-
bility in the conger eel. Thus, rCon-P was successfully
expressed as a fusion protein in E. coli by using a Con II tag
expression system, which was previously developed to allow
expression of the intractable snake venom phospholipase A2
protein (Fig. 3A) (25). The expression level of Con II-tagged
Con-P was increased by co-expression with chaperones
(GroES-GroEL-Tf) at 18–24 h post-IPTG induction, and
expression reached a maximum at 24 h after IPTG induction
(Fig. 3B). As a result, the Con II-tagged rCon-P fusion protein
was obtained in soluble form and purified by affinity chroma-
tography on anHCl-treated Sepharose 4B column (supplemen-
tal Fig. S2). Subsequently, purified Con II-tagged rCon-P was
enzymatically cleaved, as the linker region contains recognition
sites for both MLP (GPAG/FAGP) and �-thrombin (LVPR).
Although �-thrombin could not cleave the Con II tag, MLP
effectively cleaved the Con II tag within 30 min at the optimal
temperature range of 37–42 °C (Fig. 4A). However, lectin activ-
ity was completely lost following incubation at 40 °C for 60min.
Thus, to prevent inactivation ofMLP and nonspecific digestion
(inactivation) of Con-P, the cleavage reaction was conducted at
15 °C for 10 h, resulting in successful cleavage of the Con II tag
from fusion proteins without degradation or inactivation of
Con-P (Fig. 4B). Active rCon-Pwas purified by affinity chroma-
tography on a mannose-Toyopearl AF-650 M column (Fig. 5)
and was obtained with a typical yield of 2.5 mg from 1 liter of
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culture. Using anti-Con II tag antibody, two positive bands cor-
responding to the Con II tag and rCon-P, respectively, were
detected due to the cross-reactivity of antibody against Con-P
in addition to Con II (Fig. 5B). Hence, the purification of
rCon-P was also confirmed by using specific anti-Con-P anti-
body, indicating that rCon-P was successfully obtained as a sin-

gle band (Fig. 5C). Furthermore, the structure of rCon-P was
confirmed by MALDI-TOF MS/MS using ProteinPilot soft-
ware with the Paragon method after digested with Achromo-
bacter protease I and subsequently separated by a nano-LC sys-
tem. As a result, the 27 peptide fragments were detected with
95% confidence intervals, and 82.3% of rCon-P sequence was

FIGURE 1. Nucleotide sequences and deduced amino acid sequences of Con-P and congerins. Con-P, congerin P; Con I, congerin I; Con II, congerin II. Dashes
indicate gaps introduced to maximum sequence identity, and dots and asterisks represent the positions identical to Con-P in the nucleotide and amino acid
sequences, respectively. The nucleotide sequences of Con I and Con II were from GenBankTM database with accession codes AB010276 and AB010277,
respectively.

Allosteric Regulation of a Novel Conger Eel Galectin

SEPTEMBER 7, 2012 • VOLUME 287 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 31065



covered with nonredundant 10 peptide fragments, including
QLTINGVPDDSFTINVGK (16–33), YEVRFGK (42–48), ANE-
QSVIIMSCIK (49–61), DGVVLHTQTETSFPFQK (62–78),
SRSFEVSIS (79–87), INSHVMYFSN (97–106), FSNSLDAQD-
YDYIWSHGK (104–121), and VSIEGISIN (122–130) (supple-
mental Fig. S3).
Carbohydrate BindingActivity of rCon-P—Although purified

rCon-P alone showed no hemagglutination activity, it adsorbed
to a D-mannose-immobilized column and could be eluted from
the column with D-mannose during the purification steps. To
clarify the effect of mannose on rCon-P, its hemagglutinating
activity with or without 25 mM mannose was assessed. rCon-P
showed strong hemagglutinating activity with 25mMmannose,
but no activity was observed in the absence of mannose (Fig. 6).
Furthermore, in the presence of mannose, rCon-P displayed
32- and 256-fold greater hemagglutination activity than Con I
and Con II, respectively. These results indicate that Con-P has
the ability to bind to carbohydrate chains in the presence of
mannose and that mannose acts as a modulator of binding.
However, the hemagglutinating activity of rCon-P decreased
with time and was completely lost after incubation for more
than 4.5 h, even at 4 °C (supplemental Fig. S4). In contrast, Con
II-tagged Con-P retained its activity. Thus, the hemagglutina-
tion assay and sugar inhibition test were carried out immedi-
ately after MLP digestion of Con II-tagged Con-P. The strong
mannose-activated hemagglutinating activity of Con-P was
inhibited by lactose (Fig. 6B), suggesting that Con-P contains a
mannose-binding site that affects the binding of �-galactoside
ligands via an allosteric mechanism.
To further elucidate the mechanism of instability and inacti-

vation of Con-P, the process of inactivation of Con-P in solu-
tion and the effects of the Con II tag were evaluated by a

dynamic light scattering technique (supplemental Fig. S5).
Con-P formed a multimer with a high hydrodynamic radius
(Rh), indicating that it was in a state of micro-aggregation. This
aggregation could not be inhibited by mannose; in contrast, it
was somewhat promoted by mannose (supplemental Fig. S5A).
Conversely, Con II-tagged Con-P showed a much smaller
apparent molecular weight, corresponding to the monomer
subunit, compared with Con-P with and without mannose,
indicating that the Con II tag plays a role in preventing aggre-
gation of Con-P (supplemental Fig. S5B).
Because purified Con-P was extremely unstable and inacti-

vated within 4.5 h, it was difficult to examine the function of
Con-P when expressed alone (supplemental Fig. S4). Thus, to
determine the carbohydrate specificity of Con-P by FAC,
rCon-P was obtained byMLP digestion on the column after the
more stable Con II-tagged Con-P was immobilized onto
HiTrap NHS-activated HP resin. Although active Con II tags
were contained in theCon-P-immobilized column, the effect of
Con II tags on the FACassay can be considerednegligible due to
the strong activity of Con-P compared with that of Con II. FAC
analysis of Con-Pwithoutmannose showed that the chromato-
gramswere similar to those of the negative control (rhamnose).
In contrast, Con-P activated with mannose showed a strong
interaction with the PA sugars, even at low concentrations,
whereas Con II displayed no or very weak affinity with PA sug-
ars at the same concentrations (Fig. 7 and supplemental Fig.
S9). In fact, the immobilized Con-P (also Con II tag) on the
column, of which concentration was estimated to be 65 pmol
from the Bt value (total amount of immobilized ligands) of
Woolfe-Hofstee-type plots (supplemental Fig. S7 and supple-
mental Table S2), was 98.5 times lower than the Con II-conju-
gated column (Bt, 6.4 nmol) used for FAC assay. Furthermore,
no accelerated effect ofmannose onCon IIwas observed, rather
Con II showed the competitive inhibitory effects (supplemental
Fig. S6). Thus, the Con II tag had no effect on the FAC analysis
of Con-P.
The carbohydrate binding specificity of activated rCon-P

was analyzed by FAC using 22 types of PA sugars, and the asso-

FIGURE 2. Amino acid sequence alignment of galectins from fish and human galectin-1. Con-P, congerin P; Con I, congerin I; Con II, congerin II; AJL1,
Japanese eel galectin; Eele, electric eel galectin; hGal-1, human galectin-1. Asterisks show conserved amino acid residues in the CRD. The arrow indicates the
Trp-117 residue of Con-P.

TABLE 1
KN/KS and KA/KS values for pair of congerin P, Con I, and Con II

Pair of genes KN KS KA KN/KS KA/KS KA/KN

Con-P vs. Con I 0.505 0.956 0.906 0.53 0.95 1.79
Con-P vs. Con II 0.493 0.854 0.757 0.58 0.89 1.53
Con I vs. Con II 0.098 0.130 0.389 0.75 2.98 3.95
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ciate constants (Ka) were calculated (Fig. 7 and supplemental
Table S1). Con-P displayed high affinity for complex-type
N-acetyllactosamine carbohydrates, including NA3, NA3 (type
1), NA4, NA2 (1–6Fuc), NA3 (1–6Fuc), NA2 (monosialo), and
NA2 (monosialo) (sugar numbers 2–4, 9, 10, 21, and 22, respec-
tively). Similar to Con I, high affinity of Con-P for specific oli-
gosaccharides, including lacto-N-biosyl (Gal�1–3GlcNAc) or

lacto-N-neobiosyl (Gal�1–4GlcNAc) moieties such as LNnT,
LNT, and LNFP-I (sugar numbers 41–43), was observed.
Con-P also displayed affinity for NA4 (1–6Fuc), NA2 (disialo),
GM2, Forssman pentasaccharide, and 2�-Fuc-Lac (sugar num-
bers 11, 23, 31, 40, and 49) but not for GA2 or Gb3 (sugar
numbers 27, 38), which Con I and Con II could not recognize.
Interestingly, Con-P showed affinity for oligo (high) mannose-

FIGURE 3. Recombinant expression of Con II-tagged Con-P. Schematic representation of the expression plasmid for Con II-tagged Con-P (A) and time course
expression levels of recombinant protein in E. coli in the absence (GroEL(�)) or presence (GroEL(�)) of chaperones (B) are shown. SDS-PAGE analysis with
Coomassie Brilliant Blue staining (left) and Western blot analysis using anti-Con II antibody (right) are shown. Monomeric Con II-tagged Con-P appears at �28
kDa. The asterisk indicates native Con II.

FIGURE 4. Restriction protease digestion of Con II-tagged Con-P fusion protein. Restriction digestion of Con II-tagged Con-P with �-thrombin and MLP at
37 °C (�) and time course digestion of Con II-tagged Con-P with MLP at 15 °C (B) are shown. nCon II, native Con II. Following MLP digestion, cleaved Con II tag
was detected by the presence of a 15-kDa band by using anti-Con II antibody.

FIGURE 5. Purification of recombinant Con-P. SDS-PAGE analysis (A) and Western blot analysis of Con-P by using anti-Con II-tag antibody (B) or anti-Con-P
antibody (C) for each purification step are shown. Restriction digestion of recombinant Con II-tagged Con-P with MLP was at 15 °C. Following MLP digestion,
rCon-P was purified by mannose-immobilized TOYOPEARL AF-650 M column. The following are shown: E. coli lysate (lane i); soluble fraction containing Con
II-tagged Con-P (lane ii); Con II-tagged Con-P purified by affinity purification on an HCl-treated Sepharose 4B column (lane iii); MLP-digested products of Con
II-tagged Con-P (lane iv); purified rCon-P by mannose column (lane v), and native Con II (lane vi).
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type carbohydrates (sugar numbers 16–18, 20, and 59). In con-
trast, galectins, including Con I and Con II, do not recognize
mannose, with the exception of the human eosinophil Charcot-
Leyden crystal protein (human galectin-10) (32) and human
placental protein-13 (human galectin-13) (33). Thus, the car-
bohydrate-binding specificities of Con-P differ significantly
from those of other galectins.
In general, Trp residues in galectins play an important role in

carbohydrate binding through stacking interactions. Con-P
contained a single Trp residue at position 117 instead of Trp-66
(Fig. 2). To assess the binding properties of Con-P and the effect
of mannose on binding, the fluorescence spectra of Con-P in
the presence of different concentrations of mannose were
measured (Fig. 8). The fluorescence intensity of Con-P gradu-
ally increased in response to increasing concentrations of man-
nose, indicating thatmannose binds to Con-Pwith dual affinity
in the ranges of 10–100 �M and 5–125 mM mannose, respec-
tively. TheKa values of Con-P withmannose were estimated by
Scatchard plots to be 2.0 � 104 and 5.4 M�1 in the first (corre-
sponding to a range of 10–100 �M mannose) and the second
(corresponding to a range of 5–125 mMmannose), respectively
(Fig. 8). Furthermore, the yeast mannan also showed the
increasing fluorescence intensity in a concentration-dependent
manner (supplemental Fig. S9).

DISCUSSION

Previously, we isolated and characterized two galectin iso-
types, congerins I and II, from conger eel (5, 6, 30). In this study,
we identified a novel galectin isotype, termed Con-P, from the
peritoneal cells of conger eel. Con-P shared 21.9 and 22.6%

amino acid sequence identity with Con I and Con II, respec-
tively, and 20.4% identity with human galectin-1 (Fig. 2).
Although Con-P could be classified as a prototype galectin on
the basis of sequence homology, it possessed unique amino acid
residues in the CRD. The x-ray structural analysis of galectins
co-crystallized with Gal(�1–4)GlcNAc (N-acetyllactosamine)
or its derivatives has identified several amino acid residues that
are important for the carbohydrate-binding ability of galectins,
including His-44, Arg-48, Asn-61, Trp-70, Glu-73, and Arg-75
(marked by asterisks in Fig. 2), which are conserved among all
known galectins (7, 8, 34). However, with the exception of Arg-
48, the corresponding residues in Con-P were substituted with
other amino acids, namely H44K, N61S, W70V, E73T, and
R75T. Mutations at these key sites have previously been shown
to almost completely abrogate carbohydrate binding activity
(35).
Mathematical analysis to compare Con-P with Con I or Con

II cDNA showed that nonsynonymous substitutions have
occurred frequently in the protein-coding region and that
Con-P has evolved without any constraint or via accelerated
substitutions from a common ancestor gene (Table 1). Similar
evolutionary behavior with accelerated evolution has been
observed for Con I andCon II as well as in several gene families,
including biological offense and defense systems such as snake
venom isozymes, conus peptides, and reproduction systems
(36). Con-P may also display unique biological activities due to
its novel structural characteristics, such as the replacement of 7
out of 8 amino acid residues in the CRD, including Trp-70,
which is conserved in all known galectins (Fig. 2).
Intact Con-P protein could not be obtained from conger eels

probably due to its low expression or instability. The biological
functions and molecular properties of Con-P, including the
essential carbohydrate binding (lectin) activity, are still
unknown. Thus, the expression of rCon-P protein is essential to
clarify its functions and properties. However, wewere unable to
express recombinant Con-P in E. coli by using a variety of com-
mercially available expression vector systems due to the insta-
bility or toxicity of the protein (data not shown). In this study,
active rCon-P was expressed in E. coli by using Con II as an
affinity and expression tag, which was reported previously to
permit expression of toxic proteins, such as snake phospho-
lipases A2, with the correct disulfide bonds and in the soluble
form (25). This approach also resulted in successful expression
of rCon-P, indicating that the Con II tag expression system is
useful for the recombinant expression of toxic and instable pro-
teins.MLP, a collagenase-likemetalloprotease isolated fromM.
liquefaciensMIM-CG-9535-I (29), was essential for the prepa-
ration of active rCon-P, as MLP efficiently cleaved the Con II
tag at 15 °C without inactivating Con-P (Figs. 4 and 5). Thus,
MLP demonstrated high performance cleavage activity of
unstable proteins, even at low temperatures, compared with
commercially available general proteases.
To further elucidate themechanismof inactivation ofCon-P,

the state of Con-P in solution and the effects of the Con II tag
were analyzed by a dynamic light scattering technique (supple-
mental Fig. S5). It revealed that Con-P formed a multimer in a
state of micro-aggregation. Conversely, Con II-tagged Con-P
showed a much smaller apparent molecular weight, corre-

FIGURE 6. Mannose-induced hemagglutination activity of Con-P. Relative
hemagglutination activities of congerins at 250 �g/ml (A) and hemagglutina-
tion activity of MLP-digested Con II-tagged Con-P (B) are shown. The asterisk
indicates no hemagglutinating activity. Con-P showed 30-fold greater hem-
agglutinating activity than Con I in the presence of 25 mM mannose but
not absence of mannose. MLP-digested Con II-tagged Con-P contained equal
amounts of Con-P and Con II. Hemagglutination activity of Con-P was
assessed in the absence and presence of 25 mM mannose, respectively, and
was completely inhibited by 20 mM lactose.
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sponding to the monomer subunit, compared with Con-P with
andwithoutmannose. These results indicate that the Con II tag
plays a role in preventing aggregation of Con-P (supplemental
Fig. S5B).
The most interesting findings in this study were that Con-P

showed the greatest hemagglutinating activity (0.06�g/ml) and
carbohydrate binding activity in the presence of D-mannose but
not hemagglutinating activity in the absence of mannose (Figs.
6 and 7 and supplemental Fig. S6) despite the substitution of 7
out of consensus 8 amino acids in the galectin CRD. Similarly to
the human eosinophil Charcot-Leyden crystal protein (human

galectin-10) (32) and the human placental protein-13 (human
galectin-13) (33), Con-P displayed mannose-binding specific-
ity, which is unusual among the galectin family. These results
suggest that the carbohydrate-binding ability of Con-P is regu-
lated by D-mannoside, which acts as an effectormolecule. Thus,
Con-P is a new type of galectin with allosteric carbohydrate-
binding ability. To our knowledge, Con-P is the first lectin (to
be described) that is allosterically modulated by its ligands.
However, D-galactose, D-glucose, D-fucose, D-xylose, and L-rh-
amnose could not substitute for D-mannose (data not shown).
Although D-glucose and D-mannose are similar in the direction

FIGURE 7. Carbohydrate specificity of activated Con-P. Affinity constants of Con-P, Con I, and Con II for 22 PA sugars were determined by frontal affinity
chromatography analysis using buffer containing 20 mM mannose. No data are available for the binding of Con I and Con II to oligo-mannose-type
carbohydrates.
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of hydroxy groups, and some lectins recognize both mannose
and glucose by same CRD, Con-P could not recognize glucose
moiety as a modulator. It is speculated that secondary axial
hydroxyl group of mannoside, which is only different between
mannose and glucose, is critical for the binding to Con-P.
Con-P (with the Con II tag) for FAC analysis was immobi-

lized at low concentrations (98.5 times lower) compared with
Con I and Con II, and activated Con-P displayed more than
100-fold greater hemagglutinating activity and more than
10-fold affinity for N-acetyllactosamine-type �-galactoside
than Con II (Figs. 6 and 7). Furthermore, no accelerated effect
of mannose on Con II was observed (supplemental Fig. S6B).
For these reasons, the FAC profiles of Con-P in this study
appeared to exclude the effects of the Con II tag. Con-P pos-
sessed the broad carbohydrate-binding specificity compared
with Con I and Con II, as Con-P recognized NA4 (1–6Fuc),
NA2 (disialo), GM2, Forssman pentasaccharide, and 2�-Fuc-
Lac carbohydrates (sugar numbers 11, 23, 31, 40, and 49,
respectively) as well as oligomannose-type carbohydrates
(sugar numbers 16, 17, 18, 20, and 59), which Con I and Con II
could not recognize (Fig. 7). Thus, Con-P showed significant
carbohydrate binding activity as a member of the galectin fam-
ily, even though Con-P has mutations in 7 out of 8 amino acids
in its CRD. These findings led us to question how Con-P can
recognize specific carbohydrates with an unusual CRD. To
address this question, we analyzed the mannose binding activ-
ity by using fluorescence spectra derived from a single trypto-
phan (Trp-117) near the C-terminal region (Fig. 2). Interest-
ingly, fluorescence of the Trp residue increased in a mannose
concentration-dependent manner in two phases. The binding
affinity (Ka) of Con-Pwithmannose and the number of binding
site in the first phase, corresponding to a range of 10–100 �M,

were estimated to be 2.0 � 104 M�1 and 1.45, respectively (Fig.
8). Also fluorescence of the Trp residue increased in a yeast
mannan concentration-dependent manner (supplemental Fig.
S9). These results suggest that the two binding sites for man-
nose existed in Con-P, and the Trp-117 residue in Con-P con-
tributes to the specific binding of both the effector mannose
and ligand sugars. Previously, we determined the three-dimen-
sional structure of the following: 1) Con II at 1.45 Å resolution
with a molecule ofMES, whose shape resembles sulfono-sugar,
bound to the extended cleft; 2) the complex structure of Con
II and lacto-N-fucopentaose III [Gal �1–4(Fuc �1–3)-
GlcNAc�1–3Gal�1–4Glc] at 2.2Å resolution (8, 9). The struc-
tural studies revealed that the extended sugar-binding cleft in
Con II stably binds to sugars through amino acid residues such
as Tyr-122, which corresponds to Trp-117 in Con-P. These
observations suggest that theTrp-117 residue plays a role in the
modulating effect of mannose, and mannose-induced confor-
mational changes around the Trp-117 residue might strongly
enhance the sugar-binding ability. The other examples of lectin
or lectin-like proteins with changing the carbohydrate binding
specificity have been found in galectin-related proteins from
mushroom (CGL3) and legume lectin from Dolichos biflorus
seed (DBL), respectively. In both cases, aromatic amino acid
residues in CRD (stacking with pyranose ring) are replaced by
other residues such asArg (in CGL3) and Leu (inDBL) (37–39).
In particular, in the case for DBL, it was reported that the spe-
cific binding of an N-acetylated sugar was achieved through a
give-and-take mechanism; a lack of aromatic stacking against
the sugar ring is compensated by a favorable interaction of the
N-acetyl group with the lectin, which depends on the presence
of a specific subsite, and on the correct positioning of the sugar
ring (39). Further studies such as x-ray structural analysis are

FIGURE 8. Mannose-binding ability of Con-P. Titration of mannose (A and B) with 250 �M Con-P solution and Scatchard plots (C and D) at concentrations
ranging from 1 to 100 �M (A and C) and from 5 to 125 mM (B and D), respectively. Fluorescence intensities at 320 nm between the free Trp-117 of Con-P and
mannose at a given concentration were measured. Tryptophan excitation wavelength was set to 280 nm, and emission spectrum was recorded from 300 to 400
nm. The association constants Ka of Con-P toward mannose were estimated from Scatchard plots displaying �F/F0 versus �F/F0/[S]. �F, which is the difference
in fluorescence intensity at 320 nm between free Con-P and with mannose at a given concentration [S], was normalized by F0.
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required to elucidate the detailed mechanisms of carbohydrate
recognition and modulation for Con-P by unusual CRD.
Mannose-containing sugars are key molecules involved in

pathogen infection and defense responses through binding to
lectins such as dendritic cell-specific ICAM-3 grabbing nonin-
tegrin and mannose-binding protein on macrophage cells (40).
Both Con I and Con II recognize some marine bacteria (e.g. V.
anguillarum) via a galactose or lactose sugar unit, whereas
Con-P recognizes oligo-mannose sugars via allosteric regula-
tion. Actually, some mannose-specific lectins bind strongly to
parasitic nematodes and nematode eggs (18). Furthermore,
Con-P was detected and cloned from the peritoneal cells and
the cells that encapsulated parasitic nematodes in the abdomi-
nal cavity (24), and Con-P interacted with yeast mannan (sup-
plemental Fig. S9) and mannose to induce lectin activity. Thus,
it is possible that Con-P acts as a defensemolecule by binding to
mannoside on the cell surface of invading pathogens and para-
sites as natural ligands and activated at the internal and external
body surface of the conger eel.
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