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Abstract

In the present study, the entire amino acid sequence and cDNA structure encoding the D-galactose-binding lectin, SLL-2, isolated
from the octocoral Sinularia lochmodes, were determined. SLL-2 regulates the morphology of symbiotic dinoflagellates Symbiodi-

nium spp. through unknown mechanisms. Here, three cDNAs that encode SLL-2 were cloned and characterized. All the SLL-2
cDNAs encoded 142 amino acids with high similarity to each other. The mature subunit of SLL-2 was found to be composed of
94 amino acids and to contain one putative glycosylation site common to all three SLL-2. N-Glycopeptidase F treatment of
SLL-2 resulted in a protein band shift from 16.5 to 9.5 kDa in SDS–PAGE, confirming that SLL-2s are glycoproteins. Two-dimen-
sional polyacrylamide gel electrophoresis analysis of the deglycosylated SLL-2 indicated a presence of three polypeptides as encoded
in SLL-2 cDNAs. The deduced sequences of SLL-2 cDNAs had a similarity to the C-terminal region of discoidin I, the slime mold
Dictyostelium discoideum lectin.
� 2005 Elsevier Inc. All rights reserved.
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A number of lectins, carbohydrate-binding proteins,
are known to be present in a variety of animals and
plants, and their roles in various biological processes
have been characterized. In marine animals, lectins,
especially invertebrate humoral lectins, are believed to
contribute as non-self recognition factors to the defense
mechanism [1,2]. Moreover, there is a collective body of
evidence supporting that marine invertebrate lectins are
also involved in various endogenous biological events
such as biomineralization [3] and embryonic develop-
ment [4–6]. Interestingly, it has been theorized that some
marine animal lectins mediate the interaction between
symbiont and host. For example, a lectin isolated from
the marine sponge Halichondria panacea has been re-
ported to have a growth-promoting effect on symbiotic
bacteria Pseudomonas insolita [7]. It has also been pro-
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posed that the symbiosis between the tunicate Didem-

num molle and the microalga Prochloron sp. is also
mediated by D. molle lectins [8]. Tridacnin, a mitogenic
D-galactose-binding lectin that is present in the hemo-
lymph of the giant clam Tridacna maxima, reacts with
various galactans, which are constituents of symbiotic
algae, and is regarded as essential for elimination and
utilization of their symbionts, which have exposed galac-
tan structures on their surface during degeneration [9]. It
has also been reported that glycoprotein or glycoconju-
gate on the symbiont surface is important in symbiont
acquisition by hosts, since glycosidase or lectin treat-
ment of symbiont surface showed ill effects on the acqui-
sition [10–12]. These observations strongly suggest the
presence of a chemical substance, which mediates the
establishment of symbiosis between symbiotic algae
and host. We previously isolated a D-galactose-binding
lectin, SLL-2, from the octocoral Sinularia lochmodes

and found that the lectin was distributed densely on
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Table 1
PCR primer used for SLL-2 cloning

Name sequence

SLL5 TGYGARATGGGNACNWSNAC
SLL3 GGCCARAANSWDATNGCYTCRTC
SLL-RACE5 TGGAACACCGATTTAATCACAGGCAATC
SLL-RACE3 GTTGTTGGCCTCGCGAGTGCGACAC
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the surface of symbiotic dinoflagellate Symbiodinium sp.
cells [13]. Recently, SLL-2 was confirmed to transform
free-swimming stage (motile stage) Symbiodinium cells
into non-motile stage (coccoid stage) Symbiodinium cells
and keep them in their non-motile stage. These results
indicated that SLL-2 is a chemical cue in the symbiosis
between dinoflagellates and coral [14]. This is the first
experimental evidence that marine invertebrate lectin
mediates the symbiosis between symbiont and host. In
the present study, we cloned the genes encoding SLL-2
and found that SLL-2 comprised of three glycosylated
subunits named SLL-2a, -2b, and -2c. Here we describe
the entire amino acid sequence and some physicochem-
ical properties of S. lochmodes lectin SLL-2, which has
highly unique biological activity.
Materials and methods

Materials. Specimens of S. lochmodes, collected off Akajima Island,
Okinawa, in 2002, were immediately frozen with dry ice at the col-
lection site and kept at �70 �C until use.

Hemagglutination assay. Serial twofold dilutions of the test solution
(20 ll) were made in multi well microtiter plates using 150 mM NaCl/
50 mM Tris–HCl, pH 8.0 (THB). Agglutinating activity against rabbit
erythrocytes was assayed using a 4% suspension (20 ll). After allowing
the microtiter plates to stand at 37 �C for 30 min, the titer of the
maximum dilution showing positive agglutination was recorded.

Purification of SLL-2. S. lochmodes was extracted with three vol-
umes of THB with 0.5% L-ascorbic acid and 0.1% kojic acid, and
centrifuged at 12,000g for 20 min at 4 �C. The supernatant was applied
to a column (1 ml bed volume) of D-galactosamine-bound HiTrap,
which was prepared by conjugating D-galactosamine with HiTrap
NHS-activated HP (Amersham Bioscience, NJ, USA) following the
manufacturer�s protocol. After washing with THB, the lectin was
eluted with THB containing 0.2 M D-galactose using a peristaltic
pump. A single protein peak was obtained, applied to a Superdex 200
HR pg column (1.6 · 60 cm, Amersham Bioscience), developed with a
buffer containing THB and 0.2 M D-galactose, and dialyzed against
distilled water to test for hemagglutination activity. The major peak
obtained was dialyzed and lyophilized to give SLL-2 in pure form.

Analytical method. Matrix-assisted laser desorption induction time-
of-flight mass spectrometry (MALDI-TOF MS) of SLL-2 and its
chemical degradation products were carried out with Voyger DE-STR
(Applied Biosystems, CA, USA) mass spectrometer using sinapic acid
as a matrix. The amino terminal sequence was analyzed using either a
Shimadzu gas-phase PSQ-1 sequencer or PPSQ-20 sequencer. For
internal sequence determination, SLL-2 fragments were digested with
Achromobacter proteinase I (Roche diagnostics, Basel, Switzerland)
and purified with reversed phase high performance liquid chroma-
tography and then the amino terminal sequence was analyzed. The
fragments obtained by cyanogen bromide (CNBr) cleavage of SLL-2
[15] were separated on sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE), blotted to polyvinylidene fluoride
membrane Fluorotrans (PALL, USA), and then analyzed for the
amino terminal sequence. Two-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE) was carried out according to the manufac-
turer�s protocol. Digestion of SLL-2 with N-glycopeptidase F
(TaKaRa Bio, Shiga, Japan) was then carried out according to the
manufacturer�s protocol with both the intact SLL-2 and denatured
SLL-2. The product obtained was then analyzed by SDS–PAGE [16]
and 2D-PAGE. Following SDS–PAGE and 2D-PAGE, the gel was
stained by zinc reverse staining [17].
Cloning of SLL-2. Degenerated primers for PCR amplification
(SLL5, SLL3 in Table 1) were synthesized according to the amino
terminal amino acid sequences (CEMGTSTH, DEAISFWP). DNA
amplification was performed using KOD Dash polymerase (Toyobo,
Osaka, Japan) under the following conditions: 96 �C for 15 s, 45 �C for
30 s, and 72 �C for 30 s for 35 cycles. PCR products were subjected to
agarose gel electrophoresis and were purified with the QIAEX II DNA
purification kit (Qiagen, Hilden, Germany). The fragments were
cloned into a pCR2.1-TOPO vector (Invitrogen, California, USA) and
sequenced. To determine the 5 0 terminal of SLL-2 cDNAs, 5 0 cDNAs
were amplified by Advantage 2 polymerase (BD Biosciences, CA,
USA) and 5 0 RACE was performed using a Marathon cDNA ampli-
fication kit (BD Biosciences). The PCR primers used were the specific
primers of SLL-RACE5 (Table 1) and the cassette primer AP1. The
amplified PCR products were cloned in pCR2.1-TOPO cloning plas-
mid (Invitrogen) and were then sequenced. Next, to determine the full
length SLL-2 cDNAs, 3 0 cDNAs were determined by the 3 0 RACE
method with SLL-RACE3 (Table 1). The nucleotide sequence ob-
tained was deposited in the DDBJ, nucleotide sequence databases
under Accession Nos. AB195426, AB195427, and AB195428. Obtained
sequences were aligned using ClustalW [18].
Results and discussion

Isolation and properties of SLL-2

Both the octocoral itself and the extract, prepared by
squeezing the fresh animal, rapidly changed to a black
color. This phenomenon is frequently accompanied by
insolubilization of the extract and results in poor recov-
ery of hemagglutination activity during the purification
procedures. We postulate that the �blackening,� which
hampers the efficient purification of SLL-2, is due to
melanin formation since the presence of dopamine is evi-
dent in this ocotocoral. Additions of kojic acid, a tyros-
inase inhibitor, and L-ascorbic acid, an antioxidant, to
the extract indeed suppressed the blackening and were
effective in preventing insolubilization. The extract was
applied to galactosamine-bound HiTrap affinity chro-
matography. Further separation of the affinity purified
specimen fraction by FPLC on Superdex 200 HR pg re-
vealed one major active protein peak. Typically, 30 mg
of SLL-2 is obtained from a 100 g specimen which is
the yield three times higher than that of our previous re-
search [13]. In SDS–PAGE, the purified specimen gave a
single protein band at 16.5 kDa. In 2D-PAGE, however,
the component of 16.5 kDa was further separated into
many spots with different pI values ranging from 3 to
5, indicating the heterogeneity of SLL-2 subunits [19]
(Fig. 1).



Table 2
Amino terminal sequence analysis of SLL-2

Fragment Sequence

N-terminal RLIHVSRXEMGTSTHRXWPREXD
TSSDEAISFWPPFEN

Achromobacter
protease I digests

LIWIAXD

CNBr degradation LDVDNSNNLRVXSSA

Fig. 1. Purification of SLL-2. Two-dimensional-PAGE of SLL-2.
Purified SLL-2 was applied to 2D-PAGE. The isoelectric focusing of
the first dimension was over a pH range of 3.0–6.0. The second
dimension was SDS–PAGE in a 15% polyacrylamide gel.
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Cloning of cDNA encoding SLL-2

Despite the complex profile indicated by 2D-PAGE,
up to 38 residues of the amino terminal of SLL-2 were
successfully sequenced [13]. Achromobacter proteinase
Fig. 2. The nucleotide sequences of SLL-2 cDNA. A representative SLL-2 cD
below the nucleotide sequences. Position 1 of the deduced amino acid sequen
N-terminal sequence analysis. An arrow indicates the starting point of the ma
the corresponding regions determined by amino terminal sequence analysis o
indicates a stop codon.
I digestion and CNBr degradation of SLL-2 also al-
lowed us to determine some internal amino acid se-
quences of SLL-2 (Table 2). On the basis of these
amino acid sequences, the primers were designed, and
RT-PCR and RACE were performed. As a result, three
closely related cDNA sequences were obtained (Fig. 2),
indicating that the SLL-2 molecule comprises three
kinds of subunits, which we denoted as SLL-2a, b, and
c. All the clones contained poly(A)+ signal sequence
AATAAA at position 585–590. Each open reading
frame was composed of 420 bp encoding 46 and 94 res-
idues of each hydrophobic signal sequence and the ma-
ture protein, respectively (Fig. 2). The deduced amino
acid sequences were found to have more than 78% iden-
tity. The N-glycosylation site (NSS) at position 60 was
present in each of the subunits. The calculated molecular
weights for each of SLL-2a, -2b, and -2c were 10,827,
10,641, and 10,786, respectively. The deduced N-termi-
nal amino acid sequences for SLL-2a–c corresponded
mostly with that determined by amino acid sequencer.

Glycosylation of SLL-2

In MALDI-TOF MS, SLL-2 showed a cluster of
molecular ions at about m/z 13,200 (Fig. 4), while the
calculated molecular weight for SLL-2 subunits was
around 10,800, with a difference of approximately
2500 Da. It is strongly suggested that the SLL-2
molecule is N-glycosylated because this site is present
in all of three subunits of SLL-2 along with a 7% sugar
content estimated by the phenol–sulfuric acid method.
NA sequence is shown. The deduced amino acids of SLL-2a are shown
ce indicates the first amino acid of the mature SLL-2 as determined by
ture SLL-2. A thick line indicates poly(A)+ signal. A thin line indicates
f the digested SLL-2. A box indicates the N-glycosylation site. Asterisk
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Thus, we treated samples of SLL-2 with N-glycopepti-
dase F. Only denatured SLL-2 was digested with the
glycopeptidase while the intact protein was resistant to
the treatment. As expected, the N-glycopeptidase F-trea-
ted SLL-2 showed a protein band shift from 16.5 to
9.5 kDa, which was close to the molecular weight of
subunits (10.8 kDa) observed on SDS–PAGE (Fig. 4A).

Conversely, the glycopeptidase-treated SLL-2 gave
three protein spots at pIs of 4.7, 5.0, and 5.3 with a
molecular weight of 9.5 kDa under reduced conditions
on 2D-PAGE (Fig. 4B). They presumably corre-
sponded to SLL2a, b, and c (theoretical pIs of 4.2,
4.9, and 5.3, respectively). Although actual and theo-
retical pI for SLLa was somewhat different, this is
within allowance considering the experimental settings
as reported by O�Farrell [20]. The size of each spot in
the 2D-PAGE was almost identical, suggesting that
three subunits were equally expressed in S. lochmodes.
This result supported the observation in the above ami-
no acid sequencing.
Fig. 3. Mass spectral analysis of SLL-2. Mass spectrometry was carried out b
as an internal control. A cluster of peaks was observed centered at m/z 13,2

Fig. 4. Polyacrylamide gel electrophoresis of deglycosylated SLL-2. Denatur
analyzed by 2D-PAGE using a 15% polyacrylamide gel. (A) SDS–PAGE on 1
2. (B) 2D-PAGE. N-glycopeptidase F treated SLL-2 was analyzed by 2D-PA
The fact that native protein gave many spots in 2D-
PAGE may reflect a microheterogeneity of SLL-2 glyco-
sylation. The low pI of some SLL-2 could be a result
from sialic acid content in the glycomoiety. Since some
glycoproteins such as a1-acid glycoprotein and invasive
trophoblast antigen have low pI due to sialic acids con-
taining carbohydrate chain [21], a further detailed study
on carbohydrate moiety attached to SLL-2 molecules is
necessary.

These results, along with the relative molecular
weight 122 kDa of SLL-2 estimated by gel filtration
[13], suggest that functioning SLL-2 is composed of nine
subunits containing equimolar of the isoforms SLL-2a,
b, and c.

Similarity search

PSI-blast analysis with three iterations [22] showed
that SLL-2 has amino acid sequence similarities to
hypothetical proteins encoded by an open reading frame
y MALDI-TOF MS with sinapic acid as a matrix, using apomyoglobin
00. Myoglobin is indicated by a peak at m/z 16950.7 and 8476.7.

ed SLL-2 was incubated with N-glycopeptidase F at 37 �C for 16 h and
5% polyacrylamide gel. Lane 1, native SLL-2; lane 2, the digested SLL-
GE. The method was the same as in Fig. 1.



Fig. 5. Multiple alignment of SLL-2 and homologous proteins. Conserved residues and identical residues against SLL-2a are indicated with gray and
black boxes, respectively. R. capsulatus R. capsulatus hypothetical protein (Accession No. CAA67912), R. blasticus; ATP synthase subunit region
ORF 7 of R. blasticus (Accession No. P05450), discoidin: Discoidin I, A chain of D. discoideum (Accession No. P02886), and Magnetococcus;
hypothetical protein of Magnetococcus sp. MC-1 (Accession No. ZP_00042742).
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of ATP synthase operon in Rhodobacter capsulatus

(40.9% similarity against SLL2a identity), R. blasticus
(41.9% similarity against SLL2a identity), and Magneto-

coccus sp. (35.2% similarity against SLL2a identity) as
shown in Fig. 3. The only biochemically characterized
protein which showed identity to SLL-2 was discoidin
I. SLL-2 has 33.0% similarity to the C-terminal region
of this protein, which is a D-galactose-binding lectin
from slime mold Dictyostelium discoideum and is re-
ported to be expressed in a developmentally regulated
manner [23]. The tripeptide Arg-Gly-Asp, which medi-
ates cell–substratum adhesion, is present in discoidin I
in a region distinct from the carbohydrate-binding re-
gion [24]. However, to date, no carbohydrate recogni-
tion domain or biological role of discoidin I in slime
mold has been identified. Our results suggested that
the carbohydrate recognition domain of discoidin I
may be present in the C-terminal region, since the amino
acid sequence and the sugar-binding properties of these
proteins share considerable similarity. The series of pro-
teins known as discoidin domain-containing proteins are
of interest in the study of cell adhesion mechanisms in
animals, however this ‘‘discoidin domain’’ resides in
the N-terminal region of the protein. SLL-2 is the first
example of a protein that has similarity to the C-termi-
nal of discoidin. The biological importance of these
structural units in both proteins must be the subject of
further studies (Fig. 5).

In a biological assay of various microalgae, differen-
tial activities of SLL-2 to symbiotic and non-symbiotic
microalgae were observed. To non-symbiotic microalgae
such as Gymnodinium catenatum and Prorocentrum lima,
SLL-2 showed highly toxic effects, including bursting the
cells. In contrast, SLL-2 arrested motile Symbiodinium

cells in the non-motile stage without any inhibition of
cell division [14]. At present, the molecular mechanisms
of the physiological modulation of Symbiodinium and
non-symbiotic dinoflagellate by SLL-2 are not known.
Structural and genetic information permits not only
the study of the structure–function relationship of
SLL-2 but also the survey of related proteins in various
soft corals by genetic means to determine which general
chemical symbiosis cues exist between corals and
dinoflagellates.
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