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Abstract The vertebrate Xlink domain is found in two
types of genes: lecticans and their associated hyaluronan-
and-proteoglycan-binding-link-proteins (HAPLNs), which
are components of the extracellular matrix, and those
represented by CD44 and stabilins, which are expressed on
the surface of lymphocytes. In both types of genes, Xlink
functions as a hyaluronan binding domain. We have
already reported that protochordate ascidians possess only
the latter type of gene. The present analysis of the
expression of ascidian Xlink domain genes revealed that
these genes function in blood cell migration and apoptosis.
While the Xlink domain is found in various metazoans,
including ascidians and nematodes, hyaluronan is believed
to be specific for vertebrates. In comprehensive genome
surveys for hyaluronan synthase (HAS), we found no HAS
gene in ascidians. We also established that hyaluronan is
absent from the ascidian body biochemically. Therefore,
ascidians possess the Xlink domain, but they lack HA. We
recovered one ascidian Xlink domain gene that encoded a
heparin-binding protein, although it shows no affinity for
hyaluronan. Based on these findings, we conclude that in
invertebrates, the Xlink domain serves as heparin-binding
protein domain and functions in blood cell migration and
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apoptosis. Its binding affinity for HA might have been
acquired in the vertebrate lineage.
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Introduction

In vertebrates, Xlink domains (link module) are found in
two types of genes (Day and Prestwich 2002). One type
includes lecticans, such as aggrecan, neurocan, and versi-
can, and their associated hyaluronan and proteoglycan-
binding link proteins (HAPLNs) (Ruoslahti 1996; Spicer
et al. 2003; Yamaguchi 2000). These genes encode com-
ponents of the extracellular matrix (ECM) that confer
distinct physical propertied to the ECM by binding a spe-
cific glycosaminoglycan (GAG) called hyaluronan, or
hyaluronic acid (HA). The Xlink domain mediates the
specific binding of lecticans to hyaluronan (Brissett and
Perkins 1996). These lecticans and HAPLNs are charac-
terized by their possessing two tandemly duplicated Xlink
domains (Spicer et al. 2003). The other type of vertebrate
gene that possesses the Xlink domain is found on the
surface of lymphocytes, where the Xlink domain is found
in genes such as CD44, LYVEI, TNFAIP6 (TSG-6), and
stabilin (Banerji 1999; Nottenburg et al. 1989; Politz et al.
2002; Wisniewski and Vilcek 1996). These genes encode
cell surface molecules that are involved not only in lym-
phocyte migration, such as homing in lymphoid tissues and
recruitment to sites of inflammation, and also mediate
signal transduction to regulate cellular behavior (Cichy and
Pure 2003; Kzhyshkowska et al. 2006; Lesley et al. 2004;
Ponta et al. 2003; Prevo et al. 2001). The Xlink domain
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plays a central role in the migration of lymphocytes by
binding specifically to hyaluronan.

Recent advances in comparative genome analyses have
shed new light on molecular evolution in metazoans. One
observation is that while the Xlink domain is found in a
wide variety of animals, such as Caenorhabditis elegans, sea
urchins, ascidians, and amphioxus (Finn et al. 2006; http://
pfam.sanger.ac.uk/), hyaluronan synthase (HAS), which is
responsible for the biosynthesis of hyaluronan (Weigel et al.
1997), is thought to have been acquired by the ancestor of
vertebrates (Salzberg et al. 2001). These observations imply
that the vertebrate Xlink domain acquired its specific bind-
ing affinity for hyaluronan relatively soon after the diver-
gence from invertebrate chordates, such as in ascidians.

To examine the molecular evolution of the Xlink
domain, we examined hyaluronan and the Xlink domain of
ascidians. Our previous comprehensive analyses of domain
shuffling in the chordate lineage revealed that the genes for
lecticans evolved via domain shuffling, which occurred in
the vertebrate ancestors, and that ascidians possess genes
having a single Xlink domain (Kawashima et al. 2009).
One ascidian gene, Ci-Linkl, is expressed in certain blood
cells, and so its gene structure and putative function are
more similar to those of the second type of vertebrate Xlink
domain genes, such as CD44, or those expressed on the
surface of lymphocytes (Kawashima et al. 2009). In this
report, we present evidence that hyaluronan does not exist
in ascidians and that the Xlink domain of Ci-Linkl shows
binding affinity for heparin. Based on these results, we
discuss the evolution of Xlink domain genes and their role
during vertebrate evolution.

Materials and Methods
Molecular Phylogenetic Analyses

Phylogenetic analyses of the amino acid sequences of
HAS-glycosyl transferase and the sequences of the link
modules were performed using PhyML ver. 3.0 (Guindon
and Gascuel 2003). The evolutionary model was selected
using PROT-TEST ver. 2.0 (Abascal et al. 2005) and
LG+G was applied according to the Akaike information
criterion (AIC). Confidence values for each node were
calculated using bootstrapping.

In Situ Hybridization

In situ hybridization of Ciona embryos was performed
following the previous reports (Ogasawara et al. 2002;
Yasuo and Satoh 1994). Probes for Ci-Linkl and Ci-Link2
were prepared using a clone from the Ciona Gene Col-
lection (Cluster 02838 for Ci-Linkl and Cluster 15981 for

@ Springer

Ci-Link2; (Satou et al. 2002). Because ascidian tunic shows
strong non-specific binding of RNAs, in situ hybridization
for the specimens of metamorphosis stage was usually
suffered from high background. We overcome this problem
by increasing yeast RNA up to 1 mg/ml in hybridization
buffer and by decreasing the amount of probes. By this
method, almost no background staining was observed as
shown in Wada (2010).

Biochemical Analysis of Ascidian Hyaluronan

Hyaluronan was examined in two ascidian species: Ciona
intestinalis and Halocynthia roretzi. Adult C. intestinalis
were incubated overnight in artificial seawater containing
185 kBg/ml [*H]-glucosamine (specific activity 1.48 TBg/
mmol). The acidic polysaccharide fraction was collected
from the specimens by actinase digestion, acetylpyridinium
chloride precipitation, and 80% ethanol precipitation. The
fraction was digested with Streptomyces hyaluronidase
(Seikagaku, Tokyo, Japan; (Ohya and Kaneko 1970). The
radioactivity of the 80% ethanol-soluble fraction of the
hyaluronidase digests was measured using a liquid scin-
tillation counter.

In order to detect hyaluronan from H. roretzi, the acidic
polysaccharide fraction was analyzed by electrophoresis on
a cellulose acetate membrane. Chondroitin 6-sulfate from
shark cartilage (Seikagaku), dermatan sulfate from pig skin
(Seikagaku), and hyaluronan from Streptococcus zooepi-
dimicus (Sigma, St. Louis, MO) were used as standard
control. The acidic polysaccharides were detected by
staining with toluidine blue (0.05% in 75% ethanol) fol-
lowed by Alcian blue (0.05% in 75% ethanol).

Biochemical Analysis of the Ascidian Xlink Domain

Protein extracts from two adult C. intestinalis were density-
fractionated under associative conditions at a density of
1.37 g/ml with the addition of CsClI (Tang et al. 1979). Each
fraction was assayed for uronic acid (Bitter and Muir 1962),
the ethanol-precipitated proteins were subjected to SDS-
PAGE, and the gel was subsequently silver-stained (Bio-
Rad) or transferred to a Hybond'™-C Extra membrane
(Amersham) for the heparin-binding assay. The affinities to
heparin and hyaluronan were assayed by applying biotin-
ylated heparin or biotinylated hyaluronan, respectively.
Twelve adult C. intestinalis were minced and extracted
with 6 M guanidine HCI solution [6 M guanidine HCI
containing 50 mM Tris—HCI (pH 8.0), 0.15 M NaCl, and
protease inhibitors]. After dialysis against 50 mM Tris—
HCI (pH 7.4) and 0.15 M NaCl, the solution was filtered
through a membrane (pore size: 0.45 pm). The filtered
solution was applied to HiTrap™ Heparin (Amersham).
The sample was eluted from the heparin column with 2 M
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NaCl/50 mM Tris—HC1 (pH 7.4) and subjected to two-
dimensional gel electrophoresis (Mini-Protean II 2-D
system, Bio-Rad) after ethanol precipitation. The electro-
transferred protein was visualized with Coomassie Brilliant
Blue R-250 or used for the heparin-binding assay. The
amino acid sequences of the separated proteins were ana-
lyzed with the Model Procise® 494 cLC protein sequencing
system (Applied Biosystems).

Results
Absence of Hyaluronan in Ascidians

HA is a repeat of N-acetylglucosamine and glucuronic acid,
and its biosynthesis requires a specific enzyme: HAS.
Vertebrates possess three types of HAS (HAS1-3; (Weigel

Fig. 1 Molecular phylogenetic
tree of hyaluronic acid synthase
(HAS) and chitin synthase. The
tree was constructed using 183
amino acid sites. The numbers
on the nodes are the
bootstrapping values calculated
using maximum likelihood
analysis. Although we
recovered nine gene models
from amphioxus genomes, three
pairs of them had sequences
quite similar to the residues
utilized in the phylogenetic
analysis. Consequently, only six
representative sequences were
used in the analysis (hatched in
gray). The mosquito (Anopheles
gambiae) sequence is
underlined

et al. 1997), and HAS is postulated to have been acquired
by horizontal gene transfer in the vertebrate ancestors
(Salzberg et al. 2001). Indeed, a BLAST search of
the genome sequences of Drosophila melanogaster and
C. elegans retrieved chitin synthase genes (Fig. 1), while
BLAST searches of the genome sequences of the ascidian
C. intestinalis (Dehal et al. 2002) and sea urchin Strongy-
locentrotus purpuratus did not recover any similar
sequences (Sea urchin genome sequencing consortium
2006). Nevertheless, we found nine HAS homologs in the
amphioxus genome (Putnum et al. 2008). Unexpectedly,
we found that a mosquito (Anopheles gambiae) also pos-
sesses genes with sequence similarity to HAS (Holt et al.
2002), although no related sequences were retrieved from
the genomes of other mosquitos: Aedes aegygypti or Culex
quinquefasciatus (http://metazoa.ensembl.org/index.html).
Molecular phylogenetic analyses indicate that while the
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Fig. 2 Detection of hyaluronan from Halocynthia roretzi. The acidic
polysaccharide fraction collected from adult H. roretzi was electro-
phoresed on a cellulose acetate membrane. Although some acidic
polysaccharides are detected with toluidine blue stain (a), no
hyaluronan is detected with Alcian blue (b). Lane a: standard control

amphioxus HASs cluster with the vertebrate homologs, the
mosquito HAS diverged from the basal node of HAS
(Fig. 1). This suggests that the mosquito and amphioxus-
plus-vertebrates acquired HAS independently via distinct
horizontal gene transfers.

In order to confirm the absence of hyaluronan from the
ascidian body, we conducted biochemical analyses in two
species of ascidian: C. intestinalis and H. roretzi. The [3H]—
acidic polysaccharide fraction was collected from an adult
C. intestinalis that was incubated with [3H]-glucosamine
and this was digested with Streptomyces hyaluronidase. No
apparent increase in ["H]-radioactivity was observed in the
80% ethanol-soluble fraction after hyaluronidase digestion
(Ohya and Kaneko 1970; data not shown). In addition,
from the acidic polysaccharide fraction collected from
adult H. roretzi, we did not detect a band that stained with
Alcian blue at the position corresponding to hyaluronan
after electrophoresis on a cellulose acetate membrane
(Fig. 2). Therefore, ascidians definitely lack hyaluronan in
their bodies.

Xlink Domains in Ascidians

Although no genes homologous to HAS, or hyaluronan
itself, exist in ascidians, we found two genes that possess
Xlink domains in the genome sequence (Kawashima et al.
2009), which are also found in C. savignyi genome (Small
et al. 2007). The alignment of the amino acid sequence of
the Xlink domain is shown in Fig. 3a. Cysteine residues
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[chondroitin 6-sulfate (Ch6S) and dermatan sulfate (DS) were
detected using toluidine blue, and subsequent staining with Alcian
blue detected hyaluronan]; lane b: the acidic polysaccharide fraction
from the body, excluding the tunic; lane c: the acidic polysaccharide
fraction from the tunic

that are required for the three-dimensional structure were
conserved in the Xlink domain of ascidian genes (Fig. 3a;
Sandy et al. 1990). Ci-Linkl also possesses an F5_F8_
type_C functional domain (Fig. 3b; Kawashima et al.
2009). This motif is involved in binding with phospholipids
and phosphatidylserine (Foster et al. 1990; Ortel et al.
1994) and the gene product is likely expressed on the cell
surface.

We have already shown that Ci-Linkl is expressed in
certain blood cells in juveniles (Kawashima et al. 2009). In
larvae, expression is detected in endodermal tissue
(Fig. 4a). During metamorphosis, in addition to the endo-
dermal expression, it is expressed in the cell mass of the
absorbed tail, where extensive apoptosis is observed
(Chambon et al. 2002; Fig. 4b). The expression of Ci-Link2
has been detected in the neural complex of juveniles
(Fig. 4c). The expression is restricted to the neural gland
which is suggested to have function in regulation of blood
volume (Ruppert 1990; Burighel and Cloney 1997). The
epithelium of the neural gland is reported to consist of
phagocytic cells (Burighel and Cloney 1997). We do not
detect expression of Ci-Link2 in early embryogenesis or
larval stage. According to the EST analysis, Ci-Link2 also
shows expression in the adult heart as well as the neural
gland (Satou et al. 2005).

Ascidians possess genes that contain the Xlink domain,
but they lack hyaluronan. Therefore, we sought to identify
the ligand to which the Xlink domains of Ci-Link genes
bind. We tested whether either of the Ci-Link genes could
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A
MoAggrecan-1 1 IVFHYRAISTRYTLDFDRAQRAELQONSAIIATPEQLQARYE -DFHQ@DA@WLADQTVRY 59
MoAggrecan-2 1 GEVFYATSPE--KFTFQEMANE[@RRLGARLATTGQLYLAWQ-GEMDMESAEGWLADRSVRY 57
MoNeurocan-2 1 GEVFYVGPAR--RLTLAGARAQEQRQGAALASVGQLHLAWH-E[@LDQEDPWLADGSVRY 57
MoHAPLN1-1 1 VVFPYFPRLGRYNLNFHEMNRQA[®LDQDAVIASFDQLYDAWR-G[ELDWENAEGWLSDGSVQY 59
MoHAPLN1-2 1 GRFYYLIHPT--KLTYDEMVQAMLNDGAQIAKVGQIFAMWKLL[GYDR@DAMWLADGSVRY 58
MoCD44 1 GVFHVEK-NGRYSISRTEMADL(@QAFNSTLPTMDQMKLAL S-KE@FET@RY|FI-EGNVVI 57
MoLYVE1 1 GVALVGR-NKNPQMNFTELNEA@KMLGLTLASRDQVESAQK-S[EFET@SYEWVGEQFSVI 58
MoTNFAIPG 1 GVYHREARAGRYKLTYAEMKAV@EFEGGRLATYKQLEAMNRK-I{§FHVE@AAGWMAKGRVGY 59
MoStabilinl 1 GVFHIQATSGPYGLTFSENKEAMEGQGAVLASLPQLSAMNQQ-L[EFHVEFVIgWLANGSAAH 59
Ci-linkl 1 EVFPVGG-RGQYALNYWQMRAKE@ASLGASLASTIQELDQMARL -N{EL SHE@S CWL L EKKAGY 58
Ci-Link2 1 PRDAILFVPG--PFNFNELEKA@SDIGQRMALKHDMENAFE-Q(EYER@®TYEWLGDMHAGY 57
MoAggrecan-1 60 PIHT--PREG@®YGDKDEFPGVR------- TYGIRDT-NETYDVY[®F 95
MoAggrecan-2 58 PISK--ARPN@GGNL---LGVRTVYLHANQTGYPDP-SSRYDAI[®Y 97
MoNeurocan-2 58 PIQT--PRRR@GGPA---PGVRTVYRFANRTGFPAP-GARFDAY[§F 97
MoHAPLN1-1 60 PITK--PREP@GGQNTV-PGVR------- NYGFWDKDKSRYDVF{@F 95
MoHAPLN1-2 59 PISR--PRRRM@SPTE---AAVR------- FVGFPDKKHKLYGVY[WF 92
MoCD44 58 PRIH--PNAI@AANH---TGV--------- YILVTSNTSHYDTY{®F 89
MoLYVE1 59 PRIF--SNPR@GKNG---KGV--------- LIWNAPSSQKFKAY[@H 90
MoTNFAIPG6 60 PIVK--PGPNEGFGK---TGII------- DYGIRLNRSERWDAY[®Y 93
MoStabilinl 60 PVVT--PAAD@GNNR---VGVV------- SLGVRKNLSELWDAY[®Y 93
Ci-link1 59 PMNE--TKAG@GNR----PGVH---------- LCNWR-ETWDAF(®Y 87
Ci-Link2 58 VMQKEGARQA®G------ GGIIG----LIYTPLKKSNDVVSGVY[ES 93
B
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Fig. 3 Alignment of the amino acid sequences of Xlink domains and
the domain architecture of Xlink-positive genes. a Alignment of the
amino acid sequences of Xlink domains constructed using Clustal
X (Thompson et al. 1997) and corrected by eye. Residues with

be isolated as a heparin-binding protein, another glycos-
aminoglycan that is present in ascidians (Cavalcante et al.
2000). First, we tested whether any proteins in Ciona exist
that can bind hyaluronan or heparin. In the density-
fractionated proteins, we detected a 45-kDa heparin-
binding protein (Fig. 5a). However, the 45-kDa protein
did not show affinity for hyaluronan, and no other hya-
luronan-binding protein was detected (data not shown).
Then, we examined whether Ci-Linkl or Ci-Link2 encodes
the 45-kDa heparin-binding protein. The 45-kDa protein

identical amino acid are shown in dark, and residues shared by more
than half of the sequences are light. b Domain architecture of genes
with the Xlink domain

was isolated as a spot from a two-dimensional electro-
phoresis gel (Fig. 5b), and its amino acid sequence was
analyzed. The resultant amino acid sequences were
SLXEVF and SSXQEV, which match Ci-Linkl com-
pletely (Cluster 02838; Satou et al. 2002). No other gene
models of C. intestinalis possess the stretch of amino acid
sequence, including Ci-Link2. Therefore, we concluded
that Ci-Linkl encodes the 45-kD heparin-binding protein
and that it does not show binding affinity for hyaluronan
(Fig. 6).
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Fig. 4 Expression pattern of
the ascidian Xlink domain genes
Ci-LinklI (a, b) and Ci-Link2
(c). a The expression of
Ci-Linkl in larval endoderm
(arrow). b In a metamorphosing
juvenile, Ci-Linkl is expressed
in the cell mass of the absorbed
tail (arrowhead). Endodermal
expression is still detected
(arrow). ¢ The expression of
Ci-Link2 in the neural complex
of a juvenile (double arrow)
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Fig. 5 The heparin-binding protein of Ciona intestinalis. a Density-
fractionated proteins were assayed for affinity with heparin using
biotinylated heparin. The densities of fractions a through ¢ are 1.371,
1.412, and 1.455, respectively. A 45-kDa protein shows affinity for
biotinylated heparin (arrow). b In a two-dimensional electrophoresis
gel of heparin-affinity purified protein, two spots are detected using
biotinylated heparin (arrows). These two spots turned out to have
identical N-terminal amino acid sequences, which are also encoded by
CiLink

Discussion

The Xlink domain and hyaluronan have two distinct roles
in vertebrates. First, through binding with hyaluronan via
the Xlink domain, lecticans confer distinct physical prop-
erties to the ECM (Ruoslahti 1996; Yamaguchi 2000). The
other role of Xlink domain genes is in lymphocyte
migration. In some cases, lymphocytes recognize their
target site through hyaluronan, and this recognition is
mediated by Xlink-positive cell surface molecules, such as
CD44 and LYVE-1 (Banerji 1999; Cichy and Pure 2003;
Ponta et al. 2003; Prevo et al. 2001). Vertebrate Xlink
domains perform their role through specific binding to
hyaluronan (Brissett and Perkins 1996).

@ Springer

From an evolutionary perspective, our previous analyses
indicated that the Xlink domain was originally involved in
blood cell migration because one of the ascidian Xlink-
domain genes had a gene structure similar to cell surface
Xlink genes in terms of a single Xlink domain for each gene.
In addition, Ci-Linkl is expressed in certain blood cells
(Kawashima et al. 2009). Ci-Linkl is also expressed in the
tail cell mass, which undergoes apoptosis during metamor-
phosis (Fig. 4b). Therefore, Ci-LinkI might also be involved
in apoptosis. Notably, Ci-Linkl possesses the F5_F8_
type_C domain (Kawashima et al. 2009), which shows
binding affinity to phosphatidylserine (PS) (Foster et al.
1990; Ortel et al. 1994). The exposure of PS on the cell
surface is used as a recognition signal for phagocytosis. PS is
also used as a recognition signal in ascidian apoptosis (Cima
et al. 2003). In vertebrates, this process is mediated by
stabilins, which also possess the Xlink domain (Fig. 3b;
Park et al. 2008). From this aspect, the expression of
Ci-Link2 in the neural gland is interesting, because the neural
gland contain phagocytic cells (Burighel and Cloney 1997).
Although itis mere speculation based only on the expression,
Ci-Link2 may also be involved in the phagocytosis.

Another notable evolutionary aspect of the Xlink—
hyaluronan complex is that although the Xlink domain is
found in a relatively wide range of animals, including
C. elegans, sea urchins, amphioxus and ascidians, hyaluronan
is found only in vertebrates. Indeed HAS was reported to
be a candidate vertebrate-specific gene acquired through
horizontal gene transfer from prokaryotes (Salzberg et al.
2001). Recent advances in genome analyses provide further
evidence that no HAS is found in C. elegans, sea urchins,
or ascidians. However, several HAS genes were detected in
the amphioxus genome. Therefore, HASs are probably not
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Amphioxus Ascidian Vertebrates

Chordate ancestors

Xlink for heparin binding
Function in cell adhesion

Fig. 6 Evolutionary scheme of the Xlink domain in chordates

vertebrate-specific genes, but were acquired in the common
ancestors of vertebrates and amphioxus. Referring to the
phylogenetic trees based on genome analyses, which sup-
port the sister grouping of vertebrates and ascidians with
amphioxus as the outgroup (Putnum et al. 2008), HAS was
likely acquired in the chordate ancestors. Ascidians are
likely to have lost the HAS genes secondarily.

Although ascidians lost HAS secondarily, they have not
lost the Xlink domain, perhaps because the ascidian Xlink
domain has functions that are not related to hyaluronan.
Supporting this idea, we present evidence that the ascidian
Xlink domain binds another type of GAG: heparin. This is
consistent with the fact that ascidians possess heparin
(Cavalcante et al. 2000), but lack hyaluronan (present
study). Ci-Linkl may be involved in regulating blood cell
migration by binding heparin. Since most invertebrates,
except amphioxus, possess Xlink domains but lack HAS
genes, the Xlink domain of invertebrates may function to
mediate binding with heparin. It should be noted that we
cannot exclude the possibility that Ci-Link1 binds heparin
not via its Xlink domain, but via distinct stretches of

N/ ,
C—1 Domain shuffling

Vertebrate ancestors

Xlink acquired binding
specificity against HA

V-set

XLink

modified with keratan sulfate
modified with chondroitin sulfate
EGF

lectin_C

Sushi

cub

Fasciclin

F5_F8_type_C

Recruited
as cartilage matrix

Duplications of the link module

Lateral gene transfer of HAS

of lymphocytes and apoptosis

aminoacids. However, we think it is quite likely that Xlink
domain is involved because SPACR binds heparin through
via hyaluronan binding motif (HABM) (Zhao et al. 2008).

Based on our results, when the Xlink domain obtained
its specific binding affinity for hyaluronan is not certain.
When the chordate ancestors acquired HAS, the Xlink
domain might have developed a binding affinity for hya-
luronan in addition to heparin. In that case, one might
imagine that the ascidian Xlink domain would show
affinity to hyaluronan. However, we found evidence that
C-Linkl does not show affinity for hyaluronan. Therefore,
we prefer the idea that the Xlink domain functioned as a
heparin-binding molecule in protochordates and acquired
hyaluronan specificity in the vertebrate ancestors. Further
analyses of the binding affinity of the Xlink domains in
amphioxus will help improve our understanding on the
evolution of the Xlink domain. Perhaps the acquisition of
hyaluronan strongly influenced the subsequent evolution of
vertebrates. For example, for vertebrate cartilage to func-
tion as a shock absorber, the molecular complex of
aggrecan and hyaluronan is essential. Without hyaluronan,
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vertebrates might not have joints between their bones.
Therefore, hyaluronan might be essential for the evolution
of the highly motile body of vertebrates. Modification of
the binding affinity of the Xlink domain may also have
played a critical role in vertebrate evolution.

Acknowledgments We thank M. Ogasawara (Chiba University) for
his valuable comment on the expression data. Ciona adults were
provided by Y. Satou (Kyoto University) and M. Yoshida (University
of Tokyo) through the National Bio-Resource Project of the MEXT,
Japan. This study was supported by KAKENHI (Grant-in-Aid for
Scientific Research) on Priority Areas ‘‘Comparative Genomics’’
from the Ministry of Education, Culture, Sports, Science and Tech-
nology of Japan to H.-W.

References

Abascal F, Zardoya R, Posada D (2005) ProtTest: selection of bestfit
models of protein evolution. Bioinformatics 21:2104-2105
Banerji S (1999) LYVE-1, a new homologue of the CD44 glycopro-
tein is a lymph-specific receptor for hyaluronan. J Cell Biol
144:789-801

Bitter T, Muir HM (1962) A modified uronic acid carbazole reaction.
Anal Biochem 4:330-334

Brissett NC, Perkins SJ (1996) The protein fold of the hyaluronate-
binding proteoglycan tandem repeat domain of link protein,
aggrecan and CD44 is similar to that of the C-type lectin
superfamily. FEBS Lett 388:211-216

Burighel P, Cloney RA (1997) Urochordata: Ascidiacea. In: Harrison
FW, Ruppert EE (eds) Microscopic anatomy of invertebrates.
Wiley-Liss, New York

Cavalcante MCM, Allodi S, Valente A-P, Straus AH, Takahashi HK,
Mourdo PAS, Pavdo MSG (2000) Occurrence of heparin in the
invertebrate Styela plicata (Tunicata) is restricted to cell layers
facing the outside environment. J Biol Chem 275:36189-36196

Chambon J, Soule J, Pomies P, Fort P, Sahuquet A, Alexandre A,
Mangeat P, Baghdiguian S (2002) Tail regression in Ciona
intestinalis (Protochordate) involves a caspase-dependent apop-
tosis event associated with ERK activation. Development
129:3105-3114

Cichy J, Pure E (2003) The liberation of CD44. J Cell Biol 161:839—
843

Cima F, Basso G, Ballartin L (2003) Apoptosis and phosphatidylser-
ine-mediated recoginition during the take-over phase of the
colonial life-cycle in the ascidian Botryllus schlosseri. Cell
Tissue Res 312:369-376

Day AJ, Prestwich G (2002) Hyaluronan-binding proteins: typing up
the giant. J Biol Chem 277:4585-4588

Dehal P, Satou Y, Campbell PK et al (2002) The draft genome of
Ciona intestinalis: insights into chordate and vertebrate origins.
Science 298:2157-2167

Finn RD, Mistry J, Schuster-Bockler B, Griffiths-Jones S, Hollich V,
Lassmann T, Moxon S, Marshall M, Khanna A, Durbin R, Eddy
S, Sonnhammer ELL, Bateman A (2006) Pfam: clans, web tools
and services. Nucleic Acids Res 34:D247-D251

Foster PA, Fulcher CA, Houghten RA, Zimmerman TS (1990)
Synthetic factor VI11 peptides with amino acid sequences
contained within the C2 domain of factor VII1 inhibit factor
VI11 binding to phosphatidylserine. Blood 75:1999-2004

Guindon S, Gascuel O (2003) A simple, fast and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst Biol
52:696-704

@ Springer

Holt RA et al (2002) The genome sequence of the malaria mosquito
Anopheles gambiae. Science 298:129-149

Kawashima T, Kawashima S, Tanaka C, Murai M, Yoneda M,
Putnam NH, Rokhsar DS, Kanehisa M, Satoh N, Wada H (2009)
Domain shuffling and the evolution of vertebrates. Genome Res
19:1393-1403

Kzhyshkowska J, Gratchev A, Goerdt S (2006) Stabilin-1, a
homeostatic scavenger receptor with multiple functions. J Cell
Mol Med 10:635-649

Lesley J, Gal I, Mahoney DJ, Cordell MR, Rugg MS, Hyman R, Day
AJ, Mikecz K (2004) TSG-6 modulates the interaction between
hyaluronan and cell surface CD44. J Biol Chem 279:25745-
25754

Nottenburg C, Rees G, John TS (1989) Isolation of mouse CD44
cDNA: structural features are distinct from the primate cDNA.
Proc Natl Acad Sci USA 86:8521-8525

Ogasawara M, Sasaki A, Metoki H, Shin-i T, Kohara Y, Satoh N,
Satou Y (2002) Gene expression profiles in young adult Ciona
intestinalis. Dev Genes Evol 212:173-185

Ohya T, Kaneko Y (1970) Novel hyaluronidase from streptomyces.
Biochim Biophys Acta 198:607-609

Ortel TL, Quinn-Allen MA, Keller FG, Peterson JA, Larocca D, Kane
WH (1994) Localization of functionally important epitopes
within the second C-type domain of coagulation factor V using
recombinant chimeras. J Biol Chem 269:15898-15905

Park S-Y, Kim S-Y, Jung M-Y, Bae D-J, Kim I-S (2008) Epidermal
growth factor-like domain repeat of stabilin-2 recognizes
phosphatidylserine during cell corpse clearance. Mol Cell Biol
28:5288-5298

Politz O, Gratchev A, McCourt PAG, Schledzewski K, Guillot P,
Johansson S, Svineng G, Franke P, Kannicht C, Kzhyshkowska
J, Longati P, Velten FW, Johansson S, Goerdt S (2002) Stabilin-
1 and -2 constitute a novel family of fasciclin-like hyaluronan
receptor homologues. Biochem J 362:155-164

Ponta H, Sherman L, Herrlich PA (2003) CD44: from adhesion
molecules to signalling regulators. Nat Rev Mol Cell Biol 4:33-45

Prevo R, Banerji S, Ferguson DJP, Clasper S, Jackson DG (2001)
Mouse LYVE-1 is an endocytic receptor for hyaluronan in
lymphatic endothelium. J Biol Chem 276:19420-19430

Putnum N et al (2008) The amphioxus genome and the evolution of
the chordate karyotype. Nature 453:1064—1072

Ruoslahti E (1996) Brain extracellular matrix. Glycobiol 6:489-492

Ruppert EE (1990) Structure, ultrastructure and function of the neural
gland complex of Ascidia interrupta (Chordata, Ascidiacea):
clarification of hypotheses regarding the evolution of the
vertebrate pituitary. Acta Zool 71:135-149

Salzberg SL, White O, Peterson J, Eisen JA (2001) Microbial genes in
the human genome: lateral transfer or gene loss. Science 292:
1903-1906

Sandy JD, Flannery CR, Boynton RE, Neame PJ (1990) Isolation and
characterization of disulfide-bonded peptides from the three
globular domains of aggregating cartilage proteoglycan*. J Biol
Chem 265:21108-21113

Satou Y, Yamada L, Mochizuki Y, Takatori N, Kawashima T, Sasaki
A, Hamaguchi M, Awazu S, Yagi K, Sasakura Y, Nakayama A,
Ishikawa H, Inaba K, Satoh N (2002) A cDNA resource from the
basal chordate Ciona intestinalis. Genesis 33:153-154

Satou Y, Kawashima T, Shoguchi E, Nakayama A, Satoh N (2005)
An integrated database of the ascidian, Ciona intestinalis;
Towards functional genomics. Zool Sci 22:837-843

Sea Urchin Genome Sequencing Consortium (2006) The genome of
the sea urchin Strongylocentrotus purpuratus. Science 314:941—
952

Small KS, Brundo M, Hill MM, Sidow A (2007) A haplotype
alignment and reference sequence of the highly polymorphic
Ciona savignyi genome. Genome Biol. 8:R41



J Mol Evol (2010) 71:51-59

59

Spicer AP, Joo A, Bowling RA (2003) A hyaluronan binding link
protein gene family whose members are physically linked
adjacent to chondroitin sulfate proteoglycan core protein genes:
the missing links. J Biol Chem 278:21083-21091

Tang LH, Rosenberg L, Reiner A, Poole AR (1979) Proteoglycans
from bovine nasal cartilage. Properties of a soluble form of link
protein. J Biol Chem 254:10523-10531

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG
(1997) The ClustalX windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools.
Nucleic Acids Res 24:4876-4882

Wada H (2010) Origin and genetic evolution of the vertebrate
skeleton. Zool Sci 27:119-123

Weigel PH, Hascall VC, Tammi M (1997) Hyaluronan synthases.
J Biol Chem 272:13997-14000

Wisniewski HG, Vilcek J (1996) TSG-6: an IL-I/TNF-inducible
protein with anti-inflammatory activity. Cytokine Growth Factor
Rev 8:143-156

Yamaguchi Y (2000) Lecticans: organizers of the brain extracellular
matrix. Cell Mol Life Sci 57:276-289

Yasuo H, Satoh N (1994) An ascidian homolog of the mouse
Brachyury (T) gene is expressed exclusively in notochord cells at
fate restricted stage. Dev Growth Differ 36:9-18

Zhao J, Yoneda M, Takeyama M, Inoue Y, Kataoka T, Ohno-Jinno A,
Isogai Z, Iwaki M, Zako M (2008) Competitive binding of
heparin with hyaluronan to a specific motif in SPACR.
J Neurochem 107:823-831

@ Springer



	Evidence for the Heparin-Binding Ability of the Ascidian Xlink Domain and Insight into the Evolution of the Xlink Domain in Chordates
	Abstract
	Introduction
	Materials and Methods
	Molecular Phylogenetic Analyses
	In Situ Hybridization
	Biochemical Analysis of Ascidian Hyaluronan
	Biochemical Analysis of the Ascidian Xlink Domain

	Results
	Absence of Hyaluronan in Ascidians
	Xlink Domains in Ascidians

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


