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We previously demonstrated that the gene for a member of the humoral C-type lectin
family is transiently expressed in the regenerating legs of the American cockroach
[Arai et al., Insect Biochem. Mol. Biol. 28, 987-994 (1998)]. To identify candidate
lectin(s) involved in tail regeneration in the Xenopus laevis tadpole, we isolated a
35-kDa Ca?"-dependent lectin (XCL-1) from adult Xenopus serum and cloned its
cDNA. Although XCL-1 gene expression was not induced in the regenerating tails,
we isolated a ¢cDNA for an XCL-1-related protein (XCL-2) by reverse transcription-
polymerase chain reaction. In contrast to the XCL-1 gene, XCL-2 gene expression was
significantly increased in the regenerating tails, suggesting its role in tail regenera-
tion. Although both XCL-1 and XCL-2 belong to a recently identified Xenopus lectin
family (X-lectins), XCL-1 and XCL-2 exhibit distinct developmental gene expression
from two other known X-lectin members, both of which are expressed principally
in the embryonic stage, whereas the XCL-1 and XCL-2 genes are predominantly
expressed in the adult and middle/late tadpole stages, respectively, suggesting
multiple functions of X-lectin family members. Thus, the presence of multifunctional
Ca®'-dependent lectin family and the induction of the member gene in regenerating

organs are conserved among insects and vertebrates.
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Many serum/hemolymph lectins have been identified
from vertebrates and invertebrates (I-10). Although
some of them are involved in innate immunity (3, 7,
10-13), the biologic function of the serum lectins remains
obscure.

The hemolymph of the American cockroach
Periplaneta  americana  contains multiple lectins
(14, 15). We previously purified four lectins, termed
Periplaneta lectin, lipopolysaccharide (LPS)-binding
protein, regenectin and 26-kDa lectin, all of which are
C-type lectins with different sugar specificities, from
the hemolymph of the American cockroach (16-19).
Among them, Periplaneta lectin and LPS-binding protein
function as defense proteins (20, 21). In contrast,
regenectin and 26-kDa lectin are suggested to be
involved in leg regeneration (I8, 19, 22). Cockroaches
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possess high ability to regenerate lost appendages such
as legs, eyes and antennae in their nymphal stages (23).
The regenectin gene is transiently activated in the newly
formed epidermis in the late stage of leg regeneration,
and regenectin protein accumulates around the young
muscle cells (22, 24). The 26-kDa lectin, however,
appears transiently outside of the newly formed epider-
mis in the middle stage of leg regeneration (19).
The stage- and tissue-specific localization of regenectin
and 26-kDa lectin in regenerating legs suggests that
they have different roles in leg regeneration.
Furthermore, reverse transcription-polymerase chain
reaction (RT-PCR) analysis revealed that there are
many mRNAs encoding proteins structurally related
to Periplaneta lectin in this insect and the above four
lectins belong to the same protein family, which
we termed the Periplaneta lectin-related protein
family (25). These results suggest that the family
contains two functionally distinct types of lectins: some
participate in innate immunity and others in organ
regeneration.

© 2007 The Japanese Biochemical Society.
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We hypothesized that a serum lectin(s) might also
participate in organ regeneration in vertebrates.
The African clawed frog Xenopus laevis has high ability
to regenerate lost legs and tails at the tadpole stage
(26, 27). When a tadpole loses its appendage, wound
healing occurs within 1day, which is followed by the
formation of a blastema (a small regenerating limb/tail
bud) on the tip of the remaining appendage at an early
stage and extension of the regenerating appendage
continues for more than a week to complete regeneration.
Although some genes are expressed transiently in
the regenerating tails of the Xenopus tadpole (28, 29)
and adult Xenopus serum also contains a lectin (4),
the involvement of serum lectin(s) in organ regeneration
has not been examined in X. laevis.

In the present study, we attempted to isolate
Ca®*-dependent lectin(s) from adult Xenopus serum and
analyse its possible involvement in tail regeneration.
We identified two novel members (XCL-1 and XCL-2) of
the Xenopus Ca®"-dependent lectin family, previously
called X-lectins’ (30), and demonstrated their distinct
gene expression patterns during tail regeneration and
development.

MATERIALS AND METHODS

Animals and Manipulations—Xenopus tadpoles at
stages 55-58 (31) were anaesthetized on ice and
approximately two-thirds (~20mm) of each tail was
amputated with a surgical knife. The most anterior
portions (~5mm in length) of the removed tails were
dissected immediately after amputation and stored at
—80°C as control samples for normal tails. The tadpoles
were kept in a plastic water tank at 21°C and fed boiled
spinach. After 7 to 9 days, the regenerating tail tissues
(blastemas) of ~2mm in length that were swollen at the
wound site were dissected. All the samples were stored
frozen at —80°C until use. Embryos were bred in our
laboratory.

Isolation of the Xenopus Serum Lectins—Twenty adult
female X. laevis were anaesthetized on ice.
Approximately 20 ml of blood was collected by a syringe
from the hearts and incubated at room temperature for
1h and then centrifuged for 15min at 4°C to collect the
serum. The serum was diluted 5-fold with Tris-buffered
saline (TBS) (10mM Tris/HCI pH 7.4, 130mM NaCl,
5mM KCl and 1mM CaCly) and then applied to a
sucrose—Sepharose column (¢0.8cm x 10cm), which was
prepared as described previously (I18) and equilibrated
with TBS. The column was then washed with TBS
until the absorbance at 280nm dropped below 0.001.
The bound material was eluted with TBS containing
10 mM sucrose and then with TBS that contained 1 mM
EDTA instead of 1mM CaCls. Fractions (8ml each)
were collected. All procedures were performed at 4°C.
Eluted proteins were subjected to 12.5% sodium
dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) and stained with Coomassie Brilliant Blue
using the method of Fairbanks et al. (32).

Determination of Partial Amino Acid Sequences of
the 35-kDa Protein—Approximately 50 pug of the eluted
proteins, which contained ~15pg of the 35-kDa protein,

T. Ishino et al.

was subjected to SDS-PAGE and then electrically blotted
onto a nitrocellulose filter in a solution of 2.5mM Tris
base containing 19.2mM glycine and 0.01% SDS. After
staining with Ponceau S, the part of the filter corres-
ponding to the 35-kDa protein band was excised and
destained with 0.2N NaOH for 1min. The 35-kDa
protein was then incubated with lysyl-endopeptidase
(Lys-C) in 100pl of 50mM Tris/HCI buffer, pH 9.5, at
an enzyme protein ratio of 1: 30 by weight overnight
at 37°C. The mixture was then applied to a reverse
phase high performance liquid chromatography (HPLC)
Synchropak RP-P  column (Cig, ¢4.1mm x 250 mm;
Synchropak Inc., Leiden) connected to a Water’s HPLC
system. Peptides were eluted with a linear gradient of 0
to 70% solution B [0.09% (v/v) trifluoroacetic acid in 70%
acetonitrile] in solution A (0.09% trifluoroacetic acid).
The resulting peptides were applied to a Shimadzu
PPSQ-10 protein sequencer (Shimadzu, Tokyo).

¢DNA Cloning of the 35-kDa Protein (XCL-1)—RT-PCR
was performed using total RNA extracted from adult
Xenopus liver and degenerate primers, each correspond-
ing to the partial amino acid sequences of the 35-kDa
protein (XCL-1), AVPIVYD and EITEAAYV, respectively,
to obtain a c¢cDNA fragment for the 35-kDa protein.
The resulting 308-bp PCR product was cloned, labelled
with [0->2P] dCTP using a random primer labelling
kit (BcaBEST; Takara, Tokyo), and used as a probe
for screening a Xenopus liver tumour c¢DNA library
(Uni-ZAP; Stratagene). Plaque hybridization was used to
screen 5 x 10° clones. Positive clones were isolated,
sequenced using an automatic DNA sequencer
(ABI 373A, Applied Biosystems) with a Taq dye primer
cycle sequencing kit (Applied Biosystems), and deter-
mined to be the same clones (pXCL-1). To obtain a cDNA
fragment corresponding to the 5-upstream region of
pXCL-1, PCR was performed using a Xenopus liver
tumour c¢cDNA library. The initial PCR was performed
with a gene-specific primer 1 corresponding to +167 to
+185 of pXCL-1 and an adapter primer 1 (M13-20
primer), followed by a nested PCR with a gene-
specific primer 2 corresponding to +31 to +54 of pXCL-
1 and an adapter primer 2 (T7 primer). The resulting
301-bp PCR product was subcloned and sequenced.
The nucleotide sequences of both strands were
determined.

¢DNA Cloning for a Subtype of XCL-1 (XCL-2)—
To obtain a partial cDNA fragment for a new subtype
of XCL-1, nested RT-PCR was performed with total RNA
extracted from regenerating tails of Xenopus tadpoles
and primers designed based on the amino acid sequences
conserved among XCL-1, oocyte cortical granule lectin
and mouse intelectin. They were sense primer 1: 5-GA
(TC)GGTAA(TC)TGGGC(ATCG)AA(TC)TA-3/, sense
primer 2: 5-(TA)CG)YATCG)GA(TC)GA(TC)TA(TC)AA
(AG)AA(TC)CC-3" and an antisense primer: 5'-ATAACC
TCCTCC(ATCG)CC(AGT)AT(AG)CA-3’, each corres-
ponding to DGNWANY, SDDYKNP and CIGGGG,
respectively. The 402-bp PCR product (pXCL-2) was
subcloned and sequenced. To obtain a ¢cDNA fragment
corresponding to the 5'-upstream and 3’-downstream
regions of pXCL-2, 5'- and 3'-rapid amplification of the
cDNA-end (RACE) was performed using total RNA
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extracted from the regenerating Xenopus tadpole tails
and a commercial kit (Marathon cDNA Amplification Kit,
Clontech). For the 5'-RACE, the initial PCR was
performed with gene-specific primer 1 corresponding to
+79 to +99 of pXCL-2 and an adapter primer 1, followed
by a nested PCR with gene-specific primer 2 correspond-
ing to +19 to +45 of pXCL-2 and adapter primer 2. For
the 3'-RACE, the initial PCR was performed with gene-
specific primer 3 corresponding to +249 to +274 of
pXCL-2 and adapter primer 3, followed by a nested PCR
with gene-specific primer 4 corresponding to +347 to
4373 of pXCL-2 and adapter primer 2. The respective
494 and 375-bp PCR products obtained were subcloned
and sequenced, respectively.

RT-PCR—Total RNA was extracted from various
tissues of Xenopus adults and embryos of various
stages. Each microgram of RNA was reverse transcribed
with or without 200 U of Superscript II (Gibco BRL) and
10 pmol of an oligo(dT) primer. PCR was performed in
20ul of LA PCR buffer containing 1U of LA-Taq
polymerase (Takara), and 400uM deoxynucleotides,
1/100 volume of the RT product and 400nM of each
gene-specific primer. The primers used were: +810/+830
and +1036/+1056 of the XCL-1 c¢DNA, +399/+418
and +669/+688 of the XCL-2 ¢cDNA and +1104/+1123
and +1353/41372 of the Xenopus EFla ¢cDNA. PCR
conditions used were: (94°C x 30s+55°C x 30s+ 72°C x
1min) x 24 to 28 cycles (for XCL-1 and XCL-2) or 16 to 20
cycles (for EF1a). To confirm that the PCR products
were amplified exponentially, aliquots were taken after
every two PCR cycles and subjected to 2% agarose
gel electrophoresis in each experiment. The gels were
stained with ethidium bromide and examined using an
FMBIO II Multi-View image analyzer (Takara).
Photographs of the gels were taken at the PCR cycles
where the DNA was amplified exponentially.

Quantitative Real-time PCR of XCL-2 in Regenerating
Tadpole Tails—Regenerating tails were collected at 0, 1,
3 and 5 days after amputation. Six samples were
prepared for each time-point. Real-time RT-PCR was
performed with Light Cycler-DNA master hybridization
probes (Roche) according to the manufacturer’s protocol,
using gene-specific primers (XCL-2; 5-GGAGGAGGCTT
CATACCAGA and 5-TTAGGGACTTGGGGTTTAGG,
EF-1a; 5-GGAACGGTGACAACATGC and 5-AGGCA
GACGGAGAGGCTTA) and fluorescent probes (XCL-2;
fluorescein probe, 5-CAGCGGCCTCAGTAATAGCTTTA
GTGCTGCTCCAT and LC-Red640 probe, 5-CATACCCT
GTCCCATATCCATTCCAGTCAAAGGCA, EF-1a; fluor-
escein probe, 5-GGTGGCAAAATGCAGTCAAGAGCTT
CCAGCA and LC-Red640 probe, 5-GGTAGTTCCGCTG
CCAGATCCCTCTTTACGTGT). The amount of XCL-2
transcript was normalized with that of EF-Io and is
shown as relative to the value of the sample at Oday
after amputation.

RESULTS

Isolation of Ca’*t-dependent Lectin(s) from Adult
Xenopus Serum—We hypothesized that serum lectin(s)
is also involved in organ regeneration in X. laevis. To test
this, we first tried to isolate Ca®*-dependent lectins
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Fig. 1. Isolation of Ca’'-dependent lectins from adult
Xenopus serum. Adult Xenopus serum (10 ml) was diluted
with TBS and applied to a sucrose-Sepharose column.
Proteins eluted in 500l of the wash (lane 1), 10 mM sucrose
(lane 2) and 1mM EDTA fractions (lane 3) were subjected to
SDS-polyacrylamide gel electrophoresis. The protein bands
detected in each fraction are indicated by arrowheads.
The band for the 35-kDa protein is indicated by an arrow.
The molecular mass markers used were: bovine serum albumin
(66.2kDa), ovalbumin (42.7 kDa), a-chymotrypsinogen (25.6 kDa)
and cytochrome ¢ (12.4kDa).

from adult Xenopus serum by sucrose—Sepharose affinity
chromatography, as this method is effective for isolating
Periplaneta hemolymph lectins (18, 19). The serum was
applied to a sucrose—Sepharose column equilibrated
with TBS containing 1mM CaCl,. After washing the
column, almost no appreciable protein was detectable in
the wash-fractions (Fig. 1). The bound material was
eluted with TBS containing 10 mM sucrose and then with
TBS containing 1mM EDTA instead of CaCls,, succes-
sively. When these fractions were subjected to SDS-
PAGE, three bands with molecular masses of 70 and
72kDa were detected in the 10-mM sucrose-fraction,
whereas more than 12 bands were detectable in the
1-mM EDTA fraction (Fig. 1). Among them, we focussed
on a 35-kDa protein in the 1-mM EDTA fraction, which
was the most prominent component of the eluted
fractions.

To determine the N-terminal and partial amino acid
sequences of the 35-kDa protein, we blotted the protein
separated by SDS-PAGE onto a nitrocellulose filter.
The part of the filter corresponding to the protein was
excised and incubated with lysyl-endopeptidase. The
resulting peptides were then applied to a reverse phase
HPLC column and three partial amino acid sequences:
TVGDRXTSQGN, DHGPAVPIVYDLGNPDLT and
EITEAAVLLFY (where Xs indicate unidentified amino
acid residues) were determined by subjecting the HPLC
fractions to a protein sequencer. The N-terminal amino
acid sequence, XDNFSLDQ, was determined by subject-
ing the filter corresponding to the 35-kDa protein
directly to the protein sequencer.
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Identification of the 35-kDa Protein (XCL-1)—To obtain
a cDNA fragment of the 35-kDa protein, RT-PCR
was performed using total RNA extracted from adult
Xenopus liver and degenerate primers corresponding to
two parts of the above partial amino acid sequences,
AVPIVYD and EITEAAV. We used the liver total RNA,
because a 69-kDa lectin, which was previously purified
from the Xenopus serum, is synthesized in the liver (4).
The resulting 308-bp PCR product was cloned and used
to screen an adult Xenopus liver tumour ¢cDNA library
(5 x 10° clones) with plaque hybridization. Six positive
clones were isolated and nucleotide sequencing revealed
that they were the same clones (pXCL-1). As pXCL-1
lacked the sequence corresponding to the N-terminal
amino acid sequence, nested PCR was performed using
primers corresponding to the 5 regions of pXCL-1 and
the same ¢cDNA library, and a 310-bp PCR product was
isolated. The assembled cDNA was 1196-bp in length and
contained an open reading frame (ORF) encoding 338
amino acid residues (Fig. 2A). An in-frame termination
codon and a poly(A) addition signal were located in the
5'- and 3'-untranslated regions, respectively. All of the
N-terminal and the three partial internal amino acid
sequences determined were present in this sequence.
Furthermore, the predicted molecular mass of the
mature protein was 35.4kDa, which corresponded well
with that determined by SDS-PAGE (35kDa), indicating
that this is the ¢cDNA for the 35-kDa protein. The
20 amino acid residues upstream of the N-terminus were
hydrophobic and likely comprise a signal peptide.

A database search revealed that the 35-kDa protein
had high sequence similarity with two Xenopus lectins:
embryonic epidermal lectin [XEEL (33, 34)] and oocyte
cortical granule lectin [XCGL (30, 35, 36)], with overall
sequence identities of 64 and 57%, respectively (Fig. 2B),
indicating that these three lectins belong to the same
family, which was previously called X-lectins’ (30).
The 35-kDa protein also had high sequence identities
(~58-60%) with mouse and human intelectins (37-40)
and lamprey serum lectin (47%, Genbank accession no.
ABO055981), as do XEEL and XCGL (30). In contrast to
the Periplaneta lectin-related protein family, XCL-1 did
not contain the carbohydrate-binding domain character-
istic of the C-type lectins, but contained the fibrinogen-
related domain, which is conserved among X-lectins (30;
Fig. 2B). We termed this 35-kDa protein XCL-1 (Xenopus
Ca®*-dependent serum lectin-1).

Identification of a New Member (XCL-2) of the Xenopus
Lectin Family—RT-PCR wusing gene-specific primers
revealed that the XCL-1 gene was not induced in
regenerating tadpole tails please see (Fig. 4A). By
analogy with Periplaneta lectin-related proteins (25), we
hypothesized that the gene(s) for other X-lectin mem-
ber(s) might be induced in regenerating tadpole tails. To
test this, we designed primers corresponding to the
highly conserved amino acid sequences of XCL-1, XCGL
and mouse intelectins, and performed nested RT-PCR
using total RNA extracted from the regenerating tadpole
tails. The resulting 420-bp PCR product was subcloned
and sequenced. Among the 10 subclones sequenced,
1 coincided with the XCL-1 c¢DNA, whereas the
other 9 (pXCL-2) had similar but distinct sequences
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with XCL-1, XEEL and XCGL ¢DNAs (60, 44 and 43%
identities, respectively), suggesting that pXCL-2 encodes
a novel X-lectin member.

To obtain a full-length XCL-2 ¢cDNA, 5- and 3'-RACE
were performed. The assembled ¢cDNA sequence was
1106 bp in length and contained an ORF consisting of
315 amino acid residues (Fig. 3A). The N-terminal
sequence consisting of 19 amino acid residues starting
from the putative first Met was hydrophobic and likely
to be a signal peptide. XCL-2 had 59, 61 and 59%
sequence identities with XCL-1, XEEL and XCGL,
respectively, and one of the putative N-glycosylation
sites was conserved among XCL-1 and XCL-2 (Fig. 3B).
Furthermore, in addition to the fibrinogen-related
domain, all eight cysteine residues conserved in the
X-lectin family were also conserved in both XCL-1 and
XCL-2 (Fig. 2B and 3B) (36). A phylogenetic analysis
of four Xenopus lectins: XCL-1, XCL-2, XCGL (35)
and XEEL (33); two intelectins from each of mouse and
human (37-40); and lamprey serum lectin (Genbank
accession no. ABO055981) confirmed that these nine
lectins belong to the same lectin super family and
formed clusters according to their species (Fig. 3C).

Expression of the XCL-1 and XCL-2 Genes in
Regenerating Tadpole Tails—Next, to test whether
XCL-1 and/or XCL-2 is involved in tail regeneration in
Xenopus tadpoles, we examined whether expression of
the XCL-1 and XCL-2 genes was induced in regenerating
tadpole tails. RT-PCR was performed using gene-specific
primers for XCL-1 and XCL-2 and total RNA extracted
from the blastemas of ~100 tadpoles 7 to 9 days after
amputation. The intensity of the band for the XCL-2
mRNA was ~1.6-fold stronger in the blastemas than that
in the normal tails, whereas band intensities for the
XCL-1 and Xenopus EF1o. mRNAs were almost the same
between the blastema and normal tails (Fig. 4A and B).
For further analysis of the inducible expression of XCL2
during tail regeneration, we performed quantitative
expression analysis using real-time PCR and total
RNAs extracted from regenerating tadpole tails at 0, 1,
3 and 5 days after amputation (N=6 for each sample).
The XCL-2 gene expression gradually increased in the
early phase of regeneration and the level reached ~2-fold
by day 3 compared to day 0, which was a statistically
significant increase (p~0.036). The expression level
decreased by day 5 to that comparable to day O
(Fig. 4C). These results indicated that expression of the
XCL-2 gene, but not the XCL-1 gene, is transiently
induced in regenerating tails.

Developmental Stage-specific Expression of the XCL-1
and XCL-2 Genes—X-lectin member genes so far identi-
fied are expressed only in the early developmental
stages; the XCGL gene is expressed from oogenesis to
embryo (35, 36), and the XEEL gene is expressed from
gastrula to early tadpole (33, 34). Therefore, we exam-
ined the expression of the XCL-1 and XCL-2 genes
during the development of X. laevis by RT-PCR. The
XCL-1 gene was strongly expressed in the adult stage
(Fig. 5A), which is consistent with the fact that XCL-1
was isolated from adult serum. We also examined the
tissue-specific expression of the XCL-1 gene in the adult
Xenopus laevis by RT-PCR and found that the gene was
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XCL-1 NFSLDOKKQK-ILGLLASWEDYES - CSKNGFCSHNNKE SSKR Bl
XCGL BVVIVASKN--MVEQLDC-================== D--K- 56
XEEL B85
HsIntll 56
HsIntl2 67
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XCL-1 169
XCGL 144
XEEL 173
HsIntll 144
HsIntl2 155
MmIntll 144
MmIntl2 144
Lamprey 162
XCL-1 LGUWHVEN, 258
XCGL n"tmw:mgm SV 233
XEEL THVENEK RN 262
HsIntll 233
HsInt12 244
MaIntll 233
MmIntl2 233
Lamprey 252
XCL-1 338
KCGL 313
XEEL 342
HsIntll 313
HsIntl2 324
MmIntll 313
MmIntl2 313
Lamprey 333
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Fig. 2. Nucleotide and amino acid sequences of the 35-kDa
protein (XCL-1) and its alignment with the other X-lectin
super family. (A) Nucleotide and deduced amino acid sequence of
the XCL-1 ¢cDNA. The deduced amino acid sequence is shown under
the nucleotide sequence. Numbers on the right represent nucleotide
positions starting from the 5-end. N-terminal and partial
amino acid sequences of XCL-1 are boxed. The putative signal
sequence is underlined. Three possible N-glycosylation sites are
indicated by inverted boxes. The termination codons and possible
poly(A) addition signals are shown by asterisks and underlined
italics, respectively. (B) Comparison of amino acid sequences
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of XCL-1, XCGL, XEEL, human intelectinl, 2 (HsIntl1l, HsIntl2),
mouse intelectinl, 2 (MmIntl1, MmIntl2) and lamprey serum lectin
(Lamprey). Numbers indicate the positions of amino acid residues
starting with the first methionine of each putative protein. Amino
acid residues conserved in more than half of these proteins are
indicated by inverted box. The conserved fibrinogen-related domain
is shown by solid line. Three possible N-glycosylation sites
are indicated by arrowheads. The first site is found only in XCL-1,
while the second site is highly conserved in all of these lectins and
the last site is also highly conserved. Stars indicate eight cysteine
residues conserved in all family members.
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100 Mouse intelectin1

Mouse intelectin2

A ; AGCAGTCTGCTTTTEEACARAGATGETECCCCACAGCCTTTTACTGETEETTC TEGATCTTCACTGEEACATGTCGTACTGARCCCTTCAGT S0
M v P H S L L L VYV LZIZ FTGETCRTETPTFPS
CTECACTTCGAGTATCCCACAGGGEGARCAGARAGTTCCAATGGATT TTCCAGGAACTGTARAGAGATCAAGGATTCTGACAGCAGTGCA 180
L HF E ¥ PTGGTES S NOGF S8 RVNG CIHKETIIZ KTDTSUDS S A
ARACATGGGATTTACAATCTGATCACAGCCAATCCEEAGACTTACCAAGCCTTCTETGATATGACCACTCGATCETGEAGCTTGGACCTTA 270
K DEI ¥NTILITANTUGETJVYGQQATFT CDMTTDGG GG GTWTL
GTEECCAGTGTCCATGAGRACARCATCTTTGEGARGTGCACAGTGEEGEATCGCTEGETCCAGTCAGCAGGECARCAACATAAACARACCCC 360
VA SV HEUNUNMTPFGI KT CTU VGDURUWS S Q@ Q 6 NNTIWNNHTE
GGAGGAGAGEGARRCTEEGCARATTATGCCACATTCGGTCTTCCAGAGGGAGCAACTGETGATGACTACARGAATCCGEECTATTATGAC 450
G &6 E G N WANJZYATTFGLT PEUS GATUGDTDJYUHKXKNZPGZY YD
ATTTCTGCCARAGATTTECCCATTTEECATCTGCCCAACAACACTCCARTGACT TCETCEAGGACT TCTTCCCTTCTGAGATATCGTACA 540
I s akDpLATITWEHVEPE NG “T™sWRSS SLLRTYRT
TCCAATGECTTCTTTCCCAGTGARGGAGGARATCTCTTCAATCTGTACARGRARATATCCAGTGATCTACARTACTGEEAGCTGCCAGRACC 630
§ N G F FP S EGGNTILTFNILTYZ KIEKTYTZPVTIVYNTGSTCGCOQQT
ARCAATGECCCAGCEETTCCAGTTCTETATGACTT TEEECACCCTAAGACANCTTCAATCTACTACTCTCCARATGCCAGAGGAGAATTC 720
N N G P AV PVLYDFGDZPKTTSMTYJ?YSPNG GRTGTETF
ATTGCTGGGTTTETCCACTTTCGGETGTTTAATAC TGAARGAGCTCCTCTGECGCTGTGCCCTGEEATTARGGTGACCGECTGCAATGCA 810
I AGF V QF RV FNTERA APTILATLTECTPGTIZ KTVTTGT CHNRA
GAACATCACTCCATTCEAGGACCACCCTTCATACCAGAAGGAAACCCACTCCAATCTEEAGACT TTEGCTCCCTTTGACTCGAATGGATAT 900
E HHCTIGS® GGG F I PEGNZPVQCGDFA AR AMTFUDUWHNGEGY
GGGACAGGGTATGCATGEAGCAGCAC TARAGCTAT TACTGAGGCCGC TGTGCTCCTGATGTACCGCTGATCCTCCTCCTTAGTCCCTARR 990
G T G Y AWSES S TZEKATITTEA AATYVTILTILMZTYTR *
GCCCTATGTTTTTAACCCCTAARCCCCAAGTCCCTAACCCTCAATETETTTACTTGEAATTTGTGTCCCATTAAATAAATAAATAGTCAR 1080
1106
B Fibrinogen related domain
XCL-1 90
XCL-2 67
XCL-1 WTLVASVHENNME' 180
XCL-2 GEGWTLVASVHENNMEGKCTY 157
XCL-1 2 ey E GGNLENLY S 270
XCL-2 RS SLLRYRTENEFFIZSEGGNLFNLY 247
XCL-1 ?;l:-ITERB‘.'LUa" 2 338
XCL-2 KINITEAAVLL 315
C 57 XCL-1
XCL-2
70 XEEL
85 XCGL
96 Human intelectin 1
Human intelectin2
100

Lamprey serum lectin

Fig. 3. Nucleotide and amino acid sequences of the XCL-2
and alignment with the other X-lectin super family
members. (A) Nucleotide and deduced amino acid sequence
of the XCL-2 ¢DNA. The deduced amino acid sequence is
shown under the nucleotide sequence. Numbers on the right
correspond to nucleotide positions starting from the 5-end.
The putative signal sequence is underlined. The termination
codon and possible poly(A) addition signals are shown by an
asterisk and underlined italics, respectively. XCL2 contains
only one possible N-glycosylation site indicated by inverted box.
(B) Comparison of amino acid sequences of XCL-1 and XCL-2.

Numbers indicate the positions of amino acid residues starting
with the first methionine of each putative protein. Amino acid
residues conserved among these two proteins are indicated
by inverted boxes. A possible N-glycosylation site conserved
among XCL-1 and XCL-2 is indicated by an arrowhead. Eight
conserved cysteine residues are indicated by stars. (C)
Phylogenetic tree analysis of XCL-1, XCL-2, XCGL, XEEL,
human and mouse intelectins and lamprey serum lectin using
the neighbour-joining method (56) with DNASIS software
(Hitachi Software Engineering Co., Ltd). The numbers at each
node represent bootstrap values as a percentage of 1000 trials.
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Fig. 4. RT-PCR analysis of XCL-1 and XCL-2 mRNAs in
regenerating tadpole tails. (A) RT-PCR was performed using
gene-specific primers for XCL-1 (upper panel), XCL-2 (middle
panel), Xenopus EFla (lower panel), total RNA extracted from
tail blastemas (lane ‘R’) and normal tail parts (lane ‘N’) of ~100
tadpoles 7 to 9 days after amputation. (B) Summary of the
results in (A). The relative intensity of the bands for XCL-1,
XCL-2 and EF1la. mRNAs in the blastemas (R) was compared to
those for the normal tails (N) as 1. (C) Quantitative analysis of
the XCL-2 transcript during tail regeneration by real-time PCR
using specific primers and fluorescent probes at 0, 1, 3 and 5
days after amputation. The expression amount of XCL-2 was
divided by that of EF-1o and is shown as relative to the mean
value at Oday after amputation. Asterisk indicates statistical
significance (p ~0.036; Student’s ¢-test). Quantitative data are
shown as the means+SEM (n =6).

preferentially expressed in the spleen, kidney and liver
(Fig. 5B), which is also consistent with our supposition
that XCL-1, a serum lectin, is synthesized at least in the
liver. Significant expression of the XCL-1 gene in the
spleen and kidney may reflect their additional roles in
these organs. In contrast, expression of the XCL-2 gene
began at stage 23 (neurula) embryo and reached a
maximum level at the late tadpole stages 54 to 60
(Fig. 5A). No significant XCL-2 gene expression was
detected in the adult stage. These results demonstrated
that these two lectins have distinct gene expression
patterns and that the XCL-1 gene is expressed in a
tissue-specific manner in the adult Xenopus.

DISCUSSION

In the present article, we identified XCL-1 and XCL-2
as novel members of a Xenopus lectin family, previously
called X-lectins (30). Phylogenetic tree analysis revealed
that the X-lectin family members, XCL-1, XCL-2, XCGL
and XEEL, are more closely related to each other
than human, mouse or fish homologues (Fig. 3C),
suggesting that these four lectin genes originally
expanded in X. laevis. Both XCL-1 and XCL-2 also
share fibrinogen-related domains, which are suggested
to be saccharide-binding motifs for X-lectins (30, 41).
Furthermore, all X-lectin family members, including
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Fig. 5. RT-PCR analysis of XCL-1 and XCL-2 mRNAs
during Xenopus development. (A) Developmental stage-
specific expression of the XCL-1 and XCL-2 genes. RT-PCR
was performed using gene-specific primers for XCL-1 (upper
panel), XCL-2 (middle panel) and EF1la (lower panel) and total
RNA extracted from whole Xenopus of various developmental
stages. (B) Tissue-specific expression of the XCL-1 gene in the
adult Xenopus. RT-PCR was performed using gene-specific
primers for XCL-1 (upper panel) and EFloa (lower panel)
and total RNA extracted from various adult Xenopus tissues.
The positions of the bands are indicated by the arrowheads
on the right.

XCL-1 and XCL-2, have eight cysteine residues at
conserved positions (Fig. 2B and 3B) (36), strongly
suggesting that the tertiary structure, which is needed
for the sugar-binding activity of X-lectins, are also
conserved in XCL-1 and XCL-2. Although we did not
succeed to detect obvious saccharide-binding activities
using recombinant XCL-1 and XCL-2 expressed in
Escherichia coli (data not shown), the fact that XCL-1
bound to the sucrose—Sepharose column and was eluted
by EDTA suggests that, like XCGL and XEEL (34, 42),
XCL-1 also has Ca®"-dependent saccharide-binding
property (Fig. 1). The 10-mM sucrose and 1-mM EDTA
fractions from the sucrose—Sepharose column yielded
many proteins, suggesting that there are many
saccharide-binding proteins other than XCL-1 in adult
Xenopus serum (Fig. 1). Previously, Roberson et al. (4)
isolated a 69-kDa galactoside-binding lectin from adult
Xenopus serum (4). It is plausible that the 70-72kDa
proteins detected in the 10-mM sucrose fraction correspond
to the 69-kDa lectin, although the nucleotide sequences
of both of these proteins have not been determined.
Among the X-lectin members, XCGL is localized in
the oocyte cortical granules, released, and participates
in the formation of the fertilization envelope (43).
XCGL gene expression continues during the embryonic
stages, suggesting that it has another role in embryogen-
esis (35, 36). XEEL is localized in embryonic epidermal cell
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granules and secreted to extra embryonic environments,
and the XEEL gene is expressed from the gastrula to early
tadpole stage (33, 34). In contrast, the XCL-1 and XCL-2
genes exhibited distinct developmental-stage-specific
expression patterns: XCL-1 is an adult serum protein
and the gene is expressed specifically in the adult spleen,
kidney and liver, whereas the XCL-2 gene expression
is most prominent at the late tadpole stages 50-60,
indicating their functional specialization among the
X-lectin members (Fig. 5). Nagata et al. (33) also examined
XCL-1 and XCL-2 gene expression in the early embryonic
stages (from stage 1 to 35) based on the nucleotide
sequences, which we had deposited in the database.
Although they detected XCL-1 and XCL-2 transcripts
by RT-PCR as early as stage 20 or stage 10, respec-
tively (33), our report is the first demonstration of XCL-1
and XCL-2 gene expression in the whole Xenopus devel-
opmental stages and clearly shows that the primary
expressions are observed at stage 66 (adult) for the
XCL-1 gene and at stages 54-60 (middle/late-stage
tadpole) for the XCL-2 gene, respectively. RT-PCR is
highly sensitive and a lesser amount of XCL-1 and XCL-2
transcripts might have been detected in the previous
report (33). Recent large-scale survey for thyroid hormone
(TH)-regulated genes in X. laevis revealed that XCL-2
gene expression was induced in 24 h and down to the basal
level in 48h after TH-treatment, whereas XCL-1 gene
expression was not significantly affected (44). Therefore,
high XCL-2 gene expression in late tadpole stages may
partly be due to increasing TH titre during metamorpho-
sis. TH-induced XCL-2 expression was observed in every
organ examined, including tails, brains and limb-buds
(44), suggesting that XCL-2 is expressed in various tissues
in the late tadpole stage, irrespective of whether the organ
was larval (tails) or adult (limb-buds) origin.

XCL-2 gene expression increased transiently in
the regenerating tadpole tails by ~2-fold (Fig. 4C).
Although the genes for fibroblast growth factor (FGF)
(45, 46), FGF receptor (47), homeobox proteins (29,
48-50), collagens (51, 52) and neuronal pentraxin I (28)
are induced in the regenerating organs of the newt and
X. laevis, to our knowledge, this is the first report
of lectin gene induction in regenerating organs in
vertebrates. By analogy to regenectin and 26-kDa lectin
in P. americana, it is possible that XCL-2 has a role as
a cell-cementing substance in X. laevis, although we
could not determine the tissue that expresses the XCL-2
gene in the regenerating tails by in situ hybridization
(data not shown). Extracellular environments have
important roles in proper cell differentiation or main-
tenance of the cell differentiated state (53, 54). It is
possible that XCL-2 is secreted to the extracellular
spaces to bind to sugar moieties that are exposed on
the surface of regenerating cells and/or the extracellular
matrix, to provide the proper extracellular environment.
It is also possible that XCL-2, like Periplaneta lectin and
LPS-binding lectin, functions as a defense protein, acting
as an opsonin (20, 21). Even in this case, XCL-2 is unique
in that it is de novo synthesized in regenerating
tadpole tails.

The mammalian homologues of X-lectins, intelectins,
are expressed predominantly in intestinal tissues
(87, 39, 40), and human intelectinl has ability to

T. Ishino et al.

recognize arabinogalactan of bacterial cell wall (38). In
addition, the expression of mouse intelectin2 was induced
by nematode infection in BALB/c and 129/SvEv strains of
mice (40). Thus, mammalian intelectins are likely to
participate in innate immunity, especially in intestinal
tissues. Similarly, XCGL and XEEL are also thought
to be involved in innate immunity (30, 34). In this
respect, it is also possible that XCL-1 functions as
a serum defense protein that is specific to the adult
stage, whereas XCGL, XEEL and XCL-2 function as
defense proteins that are specific to the embryonic and/or
tadpole stages in X. laevis.

In summary, our present study identified two novel
members of X-lectins, and demonstrated their unique
developmental stage-specific and regenerating organ-
specific gene expression patterns. Although X-lectins
and Periplaneta lectin-related protein families represent
different protein families in that the former proteins
have fibrinogen-related domains, whereas the latter
represent typical C-type lectins, the presence of multi-
functional serum lectins and the possible involvement of
lectin family members in organ regeneration are com-
monly observed in insects and vertebrates. Functional
analysis of X-lectins and the mammalian intelectin
family in organ regeneration using reverse genetic
methods (55) will be important in our future research.
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