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A B S T R A C T

We here report the novel primary structure of a new member in the galectin family, the β-galactoside-binding 
lectin HOL-30, from the marine sponge Halichondria okadai, whose full-length sequence was determined thanks 
to the combination between Edman degradation and transcriptome analysis. The HOL-30 polypeptide is a 
tandem-repeat dimeric galectin, consisting of 281 amino acids, which includes two carbohydrate recognition 
domains (CRDs). Unlike most other galectins described in Porifera, HOL-30 did not have a signal peptide 
sequence for secretion. In solution, HOL-30 exhibited a molecular weight of 60 kDa, indicating a dimeric or
ganization consisting of two 30 kDa tandem-repeat subunits stabilized by non-covalent interactions. Although 
the two CRDs had a similar predicted 3D structure, they displayed low pairwise sequence identity, approximately 
20 %. HOL-30 exhibited glycan-binding affinities for type-1 (Galβ1–3GlcNAc) and type-2 (Galβ1–4GlcNAc) 
LacNAc. Furthermore, it also recognized blood type B-oligosaccharides on type-1 and type-2 LacNAc 
(Galα1–3Gal[Fucα1–2]β1–3/4GlcNAc), and blood type H-oligosaccharide on type-3 (Gal[Fucα1–2]β 
1–3GalNAcα). The glycan-binding properties of HOL-30 were compared with those of the hRTL galectin, pre
viously identified in Chondrilla australiensis, consisting of tetrameric 15 kDa prototype subunits. The two sponge 
galectins displayed similar, but not identical, carbohydrate-binding properties, as evidenced by the fact that 
despite effectively binding to vertebrate cultured cells, HOL-30 had minimal impact on cell growth. Antiserum 
analysis revealed a mosaic distribution of HOL-30 in the parenchymal cells of sponge tissues within dense cell 
clusters surrounding the spicules.

1. Introduction

HOL-30, a β-galactoside-binding lectin purified from the sponge 
Halichondria okadai, belonging to the phylum Porifera, subclass Heter
oscleromorpha, consists of two non-covalently bound 30 kDa poly
peptides. Although this protein was previously shown to belong to the 
galectin family [1], its moleculat characterization was limited to a 
partial amino acid sequence.

Galectins, one of the most representative lectin families, can be 
classified among three sub-types based on the structural features of their 
carbohydrate recognition domain (CRD). The prototype sub-type has a 
single CRD and functions as an oligomer. Notable examples include 

human galectin-1 and galectin-2, which have a 15 kDa CRD with β-sheet 
structures consisting of two layers: six strands form a concave surface, 
and five forms a convex surface. The concave surface contains a 
carbohydrate-binding site. The chimera sub-type, exemplified by human 
galectin-3, has a 15 kDa CRD at the C-terminus, accompanied by N- 
terminal domains that support multimerization. Finally, the tandem- 
repeat sub-type has two distinct CRDs arranged in tandem within the 
same polypeptide. These sub-types share the β-sandwich fold as the core 
structure of their CRD, which is the foundation of their carbohydrate- 
binding properties and diverse functions [2,3].

The study of the evolution and functional diversification of metazoan 
galectins would clearly benefit from the study of homologous sequences 
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present in the other major lineages of Opisthokonta, such as Fungi and, 
above all, Choanoflagellata, which are recognized as the sister group of 
Metazoa [4]. However, without any characterized galectin from this key 
class of flagellate unicellular eukaryotes, Porifera emerges as a key 
phylum for evolutionary studies due to its basal placement in the animal 
tree of life. With this regard, several galectins, belonging to both the 
prototype [5–9,11] and tandem-repeat [10] sub-types, have been pre
viously reported in marine sponges. The prototype galectin from the 
Pacific Ocean-dwelling genus Cinachyrella, which shares the same 
tetrameric structure as the prototype galectin hRTL (Chondrilla austral
iensis tetramer galectin) [6] and C. caribensis galectin CCL [8], currently 
represents the only sponge galectin whose 3-D crystal structure (PDB 
4AGG) has been elucidated to date [12]. The structural comparisons 
between different poriferan galectins may undoubtedly provide clues for 
understanding the origin of the different galectin sub-types in meta
zoans, as well as the acquisition of a β-sandwich fold in galectins.

Compared to other galectins derived from more recent animal line
ages, those of Porifera display several unique structural and functional 
characteristics. For example, they were shown to activate ion channels 
in mammalian cells [9], having synergistic effects on the inhibition of 
bacterial growth [5,7,8], and being highly resistant to high temperatures 
[6,8]. Structurally, they display low primary sequence similarity with 
galectins from other animal clades, such as mammals [5–11], except for 
the highly conserved amino acids involved in glycan-binding. Besides, 
different Porifera galectins are characterized by the unusual presence of 
N-terminal signal peptides [6,13–15]. This was first reported in the 
proto-type galectin CGL-1 from the Mediterranean Sea sponge Geodia 
cydonium, the first galectin ever described in this phylum [11], where 
cDNA cloning revealed the presence of 17 N-terminal hydrophobic 
amino acids that were not part of the mature protein [13]. The presence 
poriferan galectins undergoing signal peptide-mediated secretion was 
later confirmed by the analysis of the genome of the marine sponge 
Amphimedon queenslandica, a model species for studying metazoan 
evolution [14]. Besides identifying an N-terminal signal for canonical 
secretion, this genomic resource also highlighted the peculiar gene ar
chitecture of the three sponge galectin genes (LOC105313191, 
LOC109582911, LOC105315566). In fact, unlike the typical galectin 
genes of bilaterian animals, which usually show three exons, the 
Amphimedon queenslandica genes were intronless, and were intronless 
genes [14,15]. Another evidence supporting the widespread presence of 
galectins undergoing canonical secretion in sponges was provided by the 
finding that the six prototype galectins hRTLs from C. australiensis had 
23 a.a. signal peptide sequences [6]. Furthermore, it is noteworthy that a 
few sponge galectins can recognize clinically significant glycans [6,16], 
suggesting that the characterization of additional galectins from Porifera 
may offer potential benefits for the implementation of several biotech
nological applications in different domains of life science [17,18].

Here, we report the identification of the primary structure of HOL- 
30, along with the characterization of its glycan-binding properties, 
cell regulatory activities and the determination of its tissue localization. 
The recent functional characterization of hRTL offered us a valuable 
opportunity to compare the properties of these two sponge galectins, 
addressing a key gap in the study of lectins in this early-branching an
imal phylum. These findings have important implications in the field of 
applied glycomics, since they may allow the development of galectin- 
derived diagnostic or cell-regulating molecules, possibly also contrib
uting to the development of novel glyco-drugs.

2. Materials and methods

2.1. Materials

Halichondria okadai and Chondrilla australiensis specimens were 
collected from the intertidal zone of Sagami Bay, Miura City, Kanagawa 
Prefecture, Japan. The human cell line HeLa (cervical cancer) was ob
tained from ATCC. Bovine serum albumin (BSA), Pathoprep-568, cell 

lysis buffer M, Mayer’s hematoxylin solution, eosin alcohol solution, 4 % 
paraformaldehyde phosphate buffer, 20 % glutaraldehyde solution, 
cacodylate buffer, Canada balsam, crystal violet solution, Penicillin- 
Streptomycin solution, and horseradish peroxidase (HRP)-conjugated 
β-actin mAb were acquired from FUJIFILM Wako Pure Chemical Corp. 
(Osaka, Japan). Standard protein markers for SDS-PAGE were purchased 
from Takara Bio Inc. (Kyoto, Japan). HRP-conjugated goat anti-rabbit 
IgG was obtained from Tokyo Chemical Industry Co. (Tokyo, Japan). 
FITC-labeled goat anti-rabbit IgG was bought from Abcam (Cambridge, 
UK). 4’,6-diamidino-2-phenylindole (DAPI), RPMI 1640 medium, and 
fetal bovine serum (FBS) were provided by Gibco/Thermo Fisher 
(Waltham, MA, USA). Poly-L-lysine-coated slides were acquired from 
Millipore-Sigma (Darmstadt, Germany). Cell Counting Kit-8 (including 
WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4- 
disulfophenyl)-2H-tetrazolium monosodium salt]), FITC Labeling kit- 
NH2 was secured from Dojindo Laboratories (Kumamoto, Japan). 
PVDF membrane for electroblotting, peroxidase substrate EzWestBlue, 
and Colored standard marker protein AE-1450 EzStandard PrestainBlue 
were purchased from ATTO Corp. (Tokyo, Japan).

2.2. Purification of lectins

HOL-30 was purified following a previously described method [1]. 
Two hundred grams of sponge tissues were minced with a razor and 
homogenized in sodium bicarbonate buffer with protease inhibitors. The 
homogenates were centrifuged at 14,720 × g for one hour at four◦C, 
followed by another centrifugation at 27,500 × g for one hour at four◦C. 
The supernatant was applied to a lactosyl-agarose affinity column 
(MiliporeSigma LLC, St. Louis, Mo USA), and the lectin was eluted using 
a 100 mM lactose-containing 50 mM sodium bicarbonate in saline buffer 
(pH 8.8). Lectin purity was analyzed by SDS-PAGE [19]. Eluted fractions 
were heated and loaded into a polyacrylamide gel for electrophoresis. 
Afterward, the gel was stained with Coomassie Brilliant Blue [20]. 
Protein concentrations were measured using a BCA protein assay kit 
(Thermo Fisher/Pierce, Waltham, MA, USA) with bovine serum albumin 
as the standard, and absorbance was recorded using a microplate reader 
(model iMark; Bio-Rad Laboratories, Hercules, CA, USA) [21,22]. The 
two-fold dilution method [23] measured hemagglutination activity in 
two dimensions. The purified lectin was vertically diluted in a V-shape 
bottom 96-plastic plate from A1 to H1. Then, each lectin (A-H) was 
again horizontally diluted from columns 1 to 12. The hemagglutination 
assay used 1 % (w/v) trypsinized and 0.25 % glutaraldehyde-fixed 
rabbit erythrocytes.

2.3. Molecular mass analysis

The purified lectins (5 µg) were subjected to SDS-PAGE and gel 
permeation chromatography (GPC) utilizing a Shodex KW 402.5–4F 
column (4.6 mm × 300 mm) connected to an HPLC pump LC-2000 and 
2402 UV/VIS detector (JASCO Co., Ltd., Tokyo, Japan). HOL-30 was 
solved in 50 mM sodium bicarbonate in saline, and the elution time of 
HOL-30 from the column has monitored the absorbance at 220 nm using 
a detector UV-2070plus (JASCO Co., Ltd., Tokyo, Japan), detecting the 
peptide bond according to the vendor’s instruction [6].

2.4. RNA-sequencing and primary structure analysis of HOL-30

The RNA sequencing procedure followed a previously described 
protocol [6]. Briefly, the H. okadai tissue was cut into small pieces (20 
mg) using razor blades from the sponge (approximately 10 mm squares) 
that adhered to the rock. The sample tissue was homogenized in a vial 
with TRIzol (Thermo Fisher Scientific, Waltham, MA, USA). The total 
RNA, representing a pool of two individual sponges, was extracted 
following the manufacturer’s instructions. Following standard quality 
assessment, performed with an Agilent Bioanalyzer instrument (Agilent 
Technologies, Santa Clara, CA, USA), and quantification, the RNA was 
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used as an input for the preparation of a library compatible with 
next-generation sequencing on a single lane of an Illumina Novaseq 
6000 platform in a 2 × 150 bp paired-end configuration. GENEWIZ 
Biotechnology Co. LTD (Azenta Life Sciences, Shinagawa, Tokyo, Japan) 
carried out library preparation and sequencing.

The quality of raw sequencing data was first assessed with FastQC 
v.0.12.0, which allowed for the setting of the most appropriate trimming 
parameters for Trimmomatic v.0.40 [24] to remove sequencing 
adapters, low-quality bases, and failed reads. High-quality trimmed 
reads were de novo assembled using Trinity v.3 [25] with default pa
rameters. The transcriptome assembly quality was assessed with BUSCO 
v5.7.1 [26] based on the set of conserved orthologous genes of the 
Metazoa lineage according to OrthoDB v.10 [27]. Nearly perfect 
matches with the partial amino acid sequence obtained through the 
Edman degradation were initially searched by selecting hits with 
tBLASTn matches scoring an e-value lower than 0.05 [28]. Matching 
nucleotide sequences were subjected to virtual translation to protein 
with the Expasy translate tool [29]. The full-length cDNA and protein 
sequences were deposited to GenBank, with the accession IDs PQ439878 
and XHV10860.1.

2.5. 3-D structure model of HOL-30

The HOL-30 prediction models were generated as previously re
ported [4] using ColabFold [30], a Google Colab-based implementation 
of AlphaFold3 [31]. The output models were compared with known 
galectin structures, and the figures were visualized using ChimeraX 
[32].

2.6. Structural comparison of the N-terminal and C-terminal domains

The sequence alignment was performed using BLAST. The full-length 
structure of HOL-30 was predicted using AlphaFold3 [31]. The struc
tural superposition of the N-terminal and C-terminal domains was con
ducted and visualized in PyMOL (ver. 1.8 2015, https://www.pymol. 
org/) .

2.7. Glycan-binding profiling of HOL-30

Glycan array analysis was performed by a system of Glycotechnica 
Co., Ltd. (Yokohama, Japan), as previously reported [6]. The lectin was 
fluorescence-labeled (λex/em 560/580 nm) using Cy3 labeling kit-NH2 
(Cytiva, Tokyo, Japan) per the manufacturer’s instructions. A total of 28 
glycans were immobilized on wells of a microarray. 
Fluorescence-labeled lectins at concentrations ranging from 0 to 100 
µg/mL were incubated overnight at 4◦C in the dark. The glycan-binding 
specificities of the lectin were detected by a GlycoLyte2200 Model 
evanescent fluorescence scanner (Glycotechnica Co., Ltd., Yokohama, 
Japan) with a modified version of a previously reported protocol [33,
34].

2.8. Glycan docking simulation

The structure file of HOL-30 was modeled using AlphaFold3. The 
glycan ligand evaluated for binding with HOL-30 in section 2.7 was 
retrieved from the PubChem database in its 3D structure format. 
Docking simulations were performed using SwissDock [35], utilizing the 
AutoDock Vina scoring function [36]. The search space concentrated on 
a region associated with a known binding site identified for galectins. 
The ligand with the strongest binding affinity was chosen and presented 
as a representative result among the predicted binding poses.

2.9. Binding, internalization, and cell static activities of Porifera galectins 
on HeLa cells

The FITC-labeling kit labeled HOL-30 and hRTL as per the 

manufacturer’s instructions. Human cervical cancer HeLa cells were 
chosen as the target cells to compare the lectin activities because the 
cells express both LacNAc and TF-antigen [37,38]. Cells cultured and 
maintained in RPMI 1640 supplemented with heat-inactivated FBS (10 
%, v/v), penicillin (100 IU/mL), and streptomycin (100 μg/mL) at 37◦C 
in 95 % air/ 5 % CO2 atmosphere. Cells were washed 3 × with PBS, 
incubated two h with 10 μg/mL FITC-labeled HOL-30 and hRTL, nuclei 
stained by DAPI, and cells fixed with 4 % paraformaldehyde and 
observed by fluorescence microscopy (λex/em=495/520 nm for FITC; 
364/454 nm for DAPI) [36].

Cancer cells were maintained in RPMI 1640 supplemented with heat- 
inactivated FBS 10 % (v/v), penicillin (100 IU/mL), and streptomycin 
(100 μg/mL) at 37 ◦C. Cytotoxic effects and cell growth following 
treatment with HOL-30 at concentrations ranging from 0 to 100 μg/mL 
were determined using Cell Counting Kit-8 containing WST-8 [39]. Cells 
(2 × 104, in 90 μL solution) were seeded into 96-well flat-bottom plates 
and treated with ten μL lectin for 24 h at 37 ◦C. To assay the effect on cell 
growth, each well was added with ten μL WST-8 solution and incubated 
for 4 h at 37 ◦C. Cell survival rate was determined by measuring Abs 450 
(reference: Abs 600) with an iMark microplate reader.

2.10. Generation of antiserum against HOL-30 and Localization of HOL- 
30 in sponge tissues

Antiserum against HOL-30 was raised according to a previously 
described method [40] in rabbit serum by Sigma-Aldrich Japan (Merck, 
Darmstadt, Germany). Antigen (500 μg synthesized peptide 127-ISEN
NAIHPTVKLG-140 in HOL-30) was injected thrice for every 20 days, 
and antiserum was collected using saturated NH3SO4. Crude sponge 
extract and purified HOL-30 separated by SDS-PAGE were electroblotted 
onto the PVDF membrane [41]. Colored standard marker protein was 
used as AE-1450 EzStandard PrestainBlue by ATTO (Tokyo, Japan). 
Blotted membrane was masked with TBS containing 1 % (w/v) BSA, 
soaked with 0.2 % Triton X-100 at room temperature, applied with 
anti-HOL-30 rabbit serum (1:1000 dilution) (primary antibody) and 
HRP-conjugated goat anti-rabbit IgG (secondary antibody) for 1 hour 
each, and colored with EzWestBlue as per the manufacturer’s 
instructions.

The tissue localization of the lectin was observed using the same 
procedure [41]. Sponge tissues were excised, fixed in 4 % para
formaldehyde with 0.1 % glutaraldehyde in 0.1 M cacodylate buffer (pH 
7.4) for two hours at four◦C, dehydrated by ethanol dilution series, and 
embedded in Pathoprep-568. Sections were cut by microtome, mounted 
on poly-L-lysine-coated slides, deparaffinized by immersion in xylene, 
dehydrated ethanol, and ethanol dilution series, blocked overnight with 
1 % (w/v) BSA containing TBS, applied with anti-HOL-30 antiserum 
(diluted 1:500 with TBS) and FITC-labeled anti-rabbit goat IgG for one h, 
and observed by fluorescence microscopy (λex/em=495/520 nm). To 
show the outline of cells in the tissues, Nile Red solution was prepared 
with a concentration of 5 μg/mL in acetone, stained the slide for 30 min, 
observing the tissues by fluorescence microscopy (λex/em=553/637 nm).

2.11. Statistical analysis

Experiments were performed in triplicate, and results were presented 
as mean ± standard error (SE). Data were subjected to a one-way 
analysis of variance (ANOVA) followed by Dunnett’s test using the 
SPSS Statistics software package, v. 10 (www.ibm.com/products/spss 
-statistics, accessed on 5th Oct. 2024). Differences with p < 0.05 were 
considered significant.

3. Results

3.1. Overall RNA sequencing of H. okadai

Overall, using sponges Halichondria okadai collected at Sagami-Bay, 
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Japan (Suppl. Fig. S1A and B), RNA sequencing carried out on an Illu
mina platform, led to the generation of about 50 million high-quality 
raw paired-end reads, which were deposited in a public repository 
(NCBI BioProject: PRJNA1141218) and assembled to 147,581 unigenes. 
Both the high quality of the reads and the completeness of the tran
scriptome assembly (BUSCO scores indicated the presence of 93.8 % 
complete, 2.0 % fragmented, and 4.2 % missing conserved metazoan 
single copy orthologs) supported the reliability of this resource as a 

database for the identification of full-length protein sequences based on 
the identification of matching peptide fragments in this species (Suppl. 
Fig. S1C).

3.2. Characterization of the primary structure of HOL-30

A tBLASTn search allowed the identification of the complete protein 
sequence of a candidate HOL-30 sequence (Suppl. Fig. S2A), confirming 

Fig. 1. Primary structure of HOL-30. a: multiple sequence alignment of HOL-30 N-terminal (HOL-30 N) and C-terminal (HOL-30 C) carbohydrate recognition do
mains and the single CRD of the C. australiensis proto-type galectin hRTL. The seven consensus amino acids of the galectin family are indicated as black asterisks. 
Highly conserved amino acids, shared by three or two CRDs, are highlighted in red and pink, respectively. b: primary amino acid sequence alignment between the 
two tandem-repeat type sponge galectins HOL-30 (H. okadai) and galectin_2 (Suberites domuncula) (GenBank: CAJ43112.1). Conserved amino acids are highlighted in 
red. The seven consensus amino acids of the galectin family are indicated as asterisks and colored depending on their conservation (black) or divergence (grey) with 
respect to the galectin consensus. The N-terminal and C-terminal CRDs are underlined with green and blue lines, respectively.
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the matching with the lysyl-endopeptidase digested peptide sequences 
(Suppl. Fig. S2B, K1 to K6) determined by the Edman degradation [1]. 
Although several other expressed sequences in this species carried one or 
more galectin domains, only a single sequence displayed high primary 
sequence identity (i.e., 70 % at the amino acid level) with HOL-30. 
However, the corresponding assembled contig was incomplete at the 
5’end and displayed a low coverage, which prevented the recovery of 
the complete amino acid sequence. Overall, these observations are 
consistent with the presence of a HOL-30 paralog in H. okadai, even 
though the biological relevance of this gene remains unclear in light of 
its low expression levels. This finding marked the first significant dif
ference between HOL-30 and the C. australiensis hRTL, which was found 
to have five closely related expressed paralogous genes. Another striking 
difference was represented by the signal peptide sequence, which was 
present in hRTL but missing in HOL-30. In addition, Edman degradation 
analysis of HOL-30 revealed that the N-terminal amino acid was blocked 
with a chemical group [1], in contrast to hRTL, which had a free ter
minus. However, these observations are consistent with that most 
galectins lack a signal peptide targeted for secretion through a 
non-canonical pathway [42], thereby being N-terminally modified. The 
HOL-30 polypeptide consisted of 281 amino acids, and the molecular 
mass of the lectin was well-matched with SDS-PAGE determination (30 
kDa). Unlike hRTL, which only displayed a single CRD, HOL-30 was a 
tandem-repeat type galectin consisting of two CRDs (Fig. 1a). The BLAST 
search showed that the primary sequence of HOL-30 displayed a mod
erate level of sequence identity with Suberites domuncula galectin-2, 
another tandem-repeat type of galectin previously described in 
another related species, belonging to the same order (Suberitida), but to 
a different family (Suberitidae) (Fig. 1b). The primary sequence of 
HOL-30 and S. domuncula Gal-2 shared ca. 28 % identical, while also 
considering conservative substitutions. In both sponge galectins, the 
linker peptide connecting the two CRDs was very short, being nearly 
absent (Fig. 1b red squares). Seven consensus amino acids used for 
glycan binding in the galectin CRD (Fig. 1 black asterisks) were also 
moderately conserved in each domain and each Porifera lectin (Fig. 1, 
red squares). There were no Cys residues in the HOL-30 polypeptide, 
though S. domuncula Gal-2 had 8 Cys residues in the polypeptide con
sisting of 293 amino acids. At the C-terminal end (residues 276–293), 
S. domuncula Gal-2 had a hydrophobic tail. However, it was absent in 
HOL-30.

3.3. 3D structure model of HOL-30

The 3D structure model of the tandem repeat HOL-30 subunit was 
graphically represented with the ChimeraX software version 1.8 
(Fig. 2B). Each domain at N- and C-terminus was connecting twisted (Fig 
2A and C). Despite a very low primary sequence identity (13 %), the 
tertiary structures of the N- and C-terminal domains were very similar 
(Fig. 3).

HOL-30′s tertiary structure was overall like the human galectin-1 and 
the C. australiensis galectin hRTL (Supple Fig. S3). However, when the 
structures were superimposed, HOL-30 did not display an accessory loop 
that was present in a sponge galectin hRTL.

3.4. Molecular mass and hemagglutination activities of HOL-30

Gel permeation chromatography revealed that HOL-30 was a single 
polypeptide corresponding to a 30 kDa band (Fig. 4A, inserted an SDS- 
PAGE picture). In solution, however, HOL-30 exhibited a molecular 
mass of approximately 60 kDa (Fig. 4A), indicating a dimeric association 
of two galectin polypeptides, each containing a tandemly repeated 
carbohydrate-recognition domain (CRD). The protein concentration 
ratio to hemagglutination activity of HOL-30 was directly proportional 
(Fig. 4B), suggesting that HOL-30 binds stoichiometrically to glycans 
and cells without forming supramolecular complexes. This finding was 
used to determine the optimal concentration of HOL-30 for the glycan- 
binding property analyses described below.

3.5. The prediction of the dimeric structures

AlphaFold3 gave a high-confidence prediction for the monomeric 
structure with a pTM score of 0.84, which means the structure is well 
folded. However, the predicted scores were much lower for the dimeric 
form: ipTM = 0.27 and pTM = 0.58. The pTM score checks how similar 
the overall structure is to the proper structure, while ipTM looks at the 
accuracy of the interaction between subunits. Usually, if ipTM is below 
0.6, the interface prediction is unreliable. So, it seems that AlphaFold3 
could not predict the dimeric interaction correctly.

3.6. The glycan-binding properties

The glycan-binding profile of HOL-30 was analyzed by glycan array 
using 28 glycans (Suppl. Table S), highlighting the same pattern eluci
dated by frontal affinity chromatography [1]. In addition, critical new 
results were collected in comparison with the glycan-binding properties 
of hRTL.

Cy3 labeled HOL-30 (the titer was equivalent to 254 calculated by 
Fig. 4B) showed the highest binding to oligosaccharides of type-1 
(Galβ1–-3GlcNAc) (24) and type-2 LacNAc (Galβ1–4GlcNAc) (25) 
(Fig. 5A). HOL-30 could bind to blood type H-glycans, especially those of 
type-3 (Fucα1–-2Galβ1–-3GalNAcα1-) (11), type-1 (Fucα1–2Galβ1–- 
3GlcNAcβ1-) (9), and type-2 (Fucα1–-2Galβ1–4GlcNAcβ1-) (10). How
ever, the lectin did not recognize type-4 (Fucα1–-2Galβ1–-4GalNAcβ1-) 
(12) blood type H-glycan. HOL-30 also displayed a moderate binding to 
Thomsen–Friedenreich (TF)-disaccharide (Galβ1–-3GalNAc) (20), 
which is known as a cancer-specific glycan associated with mucin.

Another remarkable binding property of HOL-30 was the ability to 
recognize blood type B type-1 (Galα1–3[Fucα1–2]Galβ1–3GlcNAcα1-) 

Fig. 2. 3D structure model of HOL-30. The views are from the side of the N-terminal domain (A), the whole figure (B), and the views are from the side of the C- 
terminal domain (C).
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(5) and type-2 (Galα1–3[Fucα1–2]Galβ1–4GlcNAcα1-) (6). On the other 
hand, the lectin had very weak recognition of type-1 to type-4 (1–4) 
blood type A-glycans, type-3 (7), as well as type-4 (8) blood type B- 
glycans. Regarding type-1 and type-2 LacNAc, the binding of HOL-30 to 
Lea, where Fuc is bound to the C4 position of GlcNAc (13), and Leb, 
where Fuc is bound to the C3 position of Gal (14), was lost, identical to 
the binding loss observed for Lex (15) and Ley (16), which are composed 
of type-2 LacNAc. If compared to the glycan-binding pattern of hRTL, 
which specifically recognized type-1 and type-3 glycans [4], the 
glycan-binding properties of the two Porifera galectins were remarkably 
different (Fig. 5A vs B), In summary, HOL-30 preferentially recognized 
type-1, type-2 LacNAc glycans, and type-3 blood type H-glycan, in 
addition to type-1 and type-2 blood type B glycans.

3.7. Binding, incorporation, and cytotoxic activities of HOL-30 on HeLa 
cells

FITC-labeled HOL-30 bound to the surface of HeLa cells expressing 
both LacNAc and TF-antigen [25,26], being subsequently internalized 
(Fig. 6A). However, HOL-30 did not influence the cell proliferation of 
HeLa cells (Fig. 6B).

3.8. Localization of HOL-30 in sponge tissues

Anti-HOL-30 antiserum raised in rabbits was used to identify the 
lectin by western blotting analysis (Suppl. Fig. S5). A band with a mo
lecular mass of 30,000 was detected in the crude extract of H. okadai by 
adding HRP-conjugated goat anti-rabbit IgG (Suppl. Fig. S5, columns 
1–3). The position of the band was consistent with that of purified HOL- 
30 (Suppl. Fig. S5, columns 4 and 5). This antiserum allowed the 
detection of the localization of HOL-30 localized with a mosaic pattern 
in the parenchyma cells (oranges are cells in the sponge tissue stained by 
Nile Red) within sponge tissues (Fig. 7A). Further magnification 
revealed that the distribution of HOL-30 corresponded to the around 
spicules located in the parenchyma cells (Fig. 7A and B). HOL-30 was 
present in the cells and tissues covering the spicule fragments (Fig. 7C), 

which may be involved in the construction of the skeletal structures of 
the sponge. The location of HOL-30 seemed to be associated with these 
dense cells, suggesting that the spicules did not directly express HOL-30.

4. Discussion

Here, we report the de novo assembly of a highly complete tran
scriptome from Halichondria okadai, a well-known species due to its 
ability to bio-accumulate algal toxins, such as okadaic acid, in its tissues. 
We determined the complete primary structure of the tandem repeat- 
type galectin HOL-30 (Fig. 1, Suppl. Fig. S2), whose sequence analysis 
provided novel insights into the evolution of this lectin family in an 
early-branching metazoan phylum, as well as into the carbohydrate- 
binding properties of this lectin family.

From a comparative perspective, almost all sponge galectins 
discovered to date were prototypes (i.e. included a single CRD) [4–9,
11], except for a tandem repeat-type galectin previously described in 
S. domuncula [10]. The analysis of the newly generated transcriptome 
revealed the presence of multiple prototype galectins in H. okadai (data 
not shown), confirming the general notion that this galectin sub-type is 
the most widespread in sponges. It is generally believed that the 
tandem-repeat type galectins, which are found in several different ani
mal phyla, evolved from the duplication of the CRD-encoding exon of an 
ancestral prototype gene. The discovery of HOL-30 confirms that this 
evolutionary process has also occurred in Porifera, even though it cannot 
clarify whether this CRD duplication event happened ancestrally, or in 
an independent manner in different phyla. However, no multi-tandem 
galectin, present in mussels [42] as well as in other bilateral symmet
rical animals, was found in H. okadai. This is consistent with the notion 
that galectins underwent further diversification during animal evolu
tion, in parallel with the occurrence of whole genome duplication 
events, the acquisition of bilateral symmetry, and the development of 
advanced physiological functions, including a more complex immune 
system [15].

Porifera offer an invaluable resource for investigating the reasons 
underlying the loss of the signal peptide sequence, that characterizes the 

Fig. 3. Structural comparison of the N-terminal and C-terminal domains of HOL-30. The sequence alignment of the N-terminal and C-terminal domains highlights 
conserved and similar residues, with identical side chains shown in yellow and similar side chains in green. The structure model of HOL-30 was predicted using 
AlphaFold3, and the individual domain structures were subsequently superimposed to illustrate their similarity. The structural alignment resulted in a root-mean- 
square deviation (RMSD) of 2.6 Å, indicating a high degree of structural conservation despite sequence variations.
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overwhelming majority of animal galectins, shedding light on the 
evolutionary diversification of these proteins across metazoan phylog
eny. Could the evolutionary transition from the ancestral prototype 
galectin architecture to a tandem-type galectin organization explain the 
loss of signal peptides in sponges? Do sponges utilize both an uncon
ventional lysosome-mediated secretion system, characteristic of galec
tins lacking a signal peptide, and a Golgi-mediated pathway for galectins 
with signal peptides, or have these systems converged to secrete galec
tins exclusively via the lysosome [43]? Various alternative in
terpretations are possible. Further comparative transcriptomic and 
genomic analyses of taxonomic groups relevant for investigating the 
ancestral origins of metazoan galectins might provide key insights into 
the mechanisms underlying the secretion of these carbohydrate-binding 
molecules.

The two CRDs of HOL-30 shared low primary sequence identity, 
standing at about 13 % (Fig. 3), a typical feature of vertebrate tandem 
repeat-type galectins. This observation suggests that acquiring a second 
CRD by HOL-30 galectins was not a mere domain duplication but 
involved the divergent evolution between the two CRDs, with possible 
important functional implications. The molecular mass of the lectin was 
determined to be 60kDa by GPC (Fig 4). Experimental data show that 
this protein naturally exists as a dimer in solution. However, AlphaFold3 
could not predict this dimeric arrangement with high confidence. This 
difference may be because AlphaFold3 has difficulty predicting specific 
interactions between subunits or there are not enough similar structures 

in its training data. Because the ipTM score is very low, this computa
tional prediction is unreliable and depends on experimental evidence 
instead. The glycan-binding properties of HOL-30 against types-1 and 
type-2 LacNAc, in addition to type-1 and type-2 blood type-B glycans 
(Fig. 5). This characters that have an affinity for both LacNAc and blood 
group glycans was likely to the tandem repeat-type galectin -4, -8, and -9 
in mammals [44,45]. It may indicate that these glycan-binding proper
ties were derived from poriferan tandem repeat type galectin, suggesting 
to be HOL-30 an ancestral form of vertebrate’s tandem repeat type 
galectin. Docking simulations of each domain and glycan were per
formed to determine whether the N-terminal domain or the C-terminal 
domain has affinity for each glycan. However, AlphaFold3 predicted 
each glycan showed similar binding affinity to each domain (Suppl 
Fig. S6). These issues might be better measured physicochemically in 
future studies by individually expressing each CRD in bacteria and 
comparing their glycan-binding properties.The different glycan-binding 
features displayed by sponge lectins will affect the development of 
lectin-derived drugs. In any case, HOL-30 did not appear to have sig
nificant cytotoxicity compared to C. australiensis hRTL. This observation 
suggests that, regardless of the molecular mass of the non-covalently 
bound lectin complexes in solution (i.e. although both have a MW of 
60kDa, HOL-30 consists of two 30kDa tandem-repeat-type (having 2 
CRDs) subunits (Fig. 3 top). In contrast, hRTL consists of four 15kDa 
proto-type (having 1 CRD) subunits [6]), and the number of CRDs (both 
the HOL-30 and hRTL complexes have four CRDs each), each sponge 

Fig. 4. Elution pattern of Gel permeation chromatography (GPC) and lectin scale of HOL-30. A: GPC pattern of HOL-30. Molecular markers are blue dextran (200 
kDa), bovine serum albumin (66 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), and lysozyme (14 kDa). Inserted: SDS-PAGE pattern of HOL-30 indicating 
30 kDa in reducing conditions. B: lectin scale of HOL-30. The Y-axis indicates the hemagglutination titer measured at each protein concentration. The detailed 
hemagglutinating assay is cited in Suppl. Fig S4.
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galectin had widely different effects on cell regulation. This suggests 
that in addition to the molecular structure, the glycan-binding proper
ties of these sponge galectins may significantly affect their ability to 
interact with cells and regulate their fate (Fig. 4A vs B). In any case, 
HOL-30 could serve as a valuable model lectin for investigating the role 
of glycans in cellular regulation. Administering HOL-30 to cells without 
inducing cytotoxicity would allow the identification of 
transcriptionally-regulated genes, providing insights into glycan 
function.

The distributions of HOL-30 in the tissue surrounding the spicules are 
consistent with the previous findings collected about another sponge 
tandem-repeat-type galectin, i.e. the S. domuncula galectin-2, which is 
involved in spicule morphogenesis by binding to spicule-forming pro
teins (silicatein) and collagens [10,46]. Since non-glycosylated ligands 

have also been previously reported for vertebrate galectins [47–49], it 
would not be particularly surprising to observe that these interactions 
are independent from the recognition of glycans. By examining the in
teractions between marine invertebrates, which have a minimal amount 
of galactoside sugars, and their living environment, we may uncover 
new interaction partners for galectins, revealing an original and still 
unknown role of galectins. The information provided by immunohisto
chemical studies aimed at clarifying the distinct localization of various 
lectins within sponge tissues will most likely offer insights into their 
physiological roles and may reveal valuable galectins for potential ap
plications in drug discovery

Fig. 5. Glycan-binding profile of HOL-30. A: Cy3-labeled HOL-30 was subjected to glycan array analysis combining a glycan-conjugated array with 28 immobilized 
glycan structures and a surface plasmon resonance scanning detector (the numbering in the X-axis is the same as in Suppl. Table S). The evanescent-field fluorescence 
occurring by the binding between Cy3-HOL-30 and the glycans is represented as a net intensity (Y-axis of the graph). B: A comparative profile of hRTL (referred from 
the previous data [6]).
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Fig. 6. Binding, internalization, and cell growth regulative activity of sponge galectins towards human cervical cancer cells. HeLa cells were treated with FITC- 
labeled HOL-30 (10 μg/mL) for two h at 37 ◦C. A: HOL-30. Nuclei were visualized by DAPI staining. Scale bar: 25 μm (white bar). B: HeLa cells were treated 
with HOL-30 at various concentrations (0–80 μg/mL) for 24 h, and cell viability was determined by WST-8 assay. The data shown are the mean ± SE (n = 3. P value 
(*P < 0.05).

Fig. 7. Localization of HOL-30 in sponge tissue. Paraffin-embedded serial sections were immune-histochemical stained with antiserum against HOL-30 (A-C), fol
lowed by FITC-conjugated anti-rabbit IgG goat secondary antibody. They were observed by fluorescence microscopy (A-C: λex/em= 490/520 nm). The Nile Red 
staining (A and B: λex/em= 553/637 nm): double staining with anti-HOL-30 anti-serum. D is the phase-contrast microscopy view of the sponge tissue section. Yellow 
arrows indicate the presence of HOL-30 (C), and they were also superimposed in D. Scale bars (white): 500 μm.
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5. Conclusion

This is the second reported example of a tandem repeat-type galectin 
in sponges. The slightly smaller size of this molecule (281 amino acids) 
compared with typical tandem repeat-type galectins from vertebrates 
was due to the near complete lack of the linker region between the two 
CRD. Moreover, unlike prototype sponge galectins, HOL-30 did not have 
a signal peptide region for secretion. This observation suggests that this 
ancestral feature might have been independently lost in tandem repeat- 
type galectins in different evolutionary lineages. The ability to bind 
blood group glycans, displayed by vertebrate tandem repeat-type 
galectins in vertebrates, was already present in Porifera, thereby sug
gesting a very ancient origin for this property. HOL-30 did not display 
any significant effect on growth-regulation effect on cultured cells, even 
though these expressed recognizable ligands, and the lectin was inter
nalized upon binding. In early-branching metazoans, such as sponges, a 
relatively small number of molecular players are likely used to carry out 
multifunctional roles. Identifying the localization of different lectins 
within tissues through immunohistochemical analysis will offer insights 
into their physiological roles and could uncover valuable galectins for 
drug discovery applications.
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[46] C. Eckert, H.C. Schröder, D. Brandt, S. Perovic-Ottstadt, W.E. Müller, 
Histochemical and electron microscopic analysis of spiculogenesis in the 
demosponge Suberites domuncula, J. Histochem. Cytochem. 54 (2006) 1031–1040.

[47] G. Elad-Sfadia, R. Haklai, E. Balan, Y. Kloog, Galectin-3 augments K-ras activation 
and triggers a Ras signal that attenuates ERK but not phosphoinositide 3-kinase 
activity, J. Biol. Chem. 279 (2004) 34922–34930.

[48] T.L. Thurston, M.P. Wandel, N. von Muhlinen, A. Foeglein, F. Randow, Galectin 8 
targets damaged vesicles for autophagy to defend cells against bacterial invasion, 
Nature 482 (2012) 414–418.

[49] S. Chauhan, S. Kumar, A. Jain, M. Ponpuak, M.H. Mudd, T. Kimura, S.W. Choi, 
R. Peters, M. Mandell, J.A. Bruun, T. Johansen, V. Deretic, TRIMs and galectins 
globally cooperate and TRIM16 and galectin-3 co-direct autophagy in 
endomembrane damage homeostasis, Dev. Cell 39 (2016) 13–27.

M. Ohkawa et al.                                                                                                                                                                                                                               BBA Advances 7 (2025) 100153 

11 

http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0018
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0018
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0019
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0019
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0020
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0020
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0020
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0021
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0021
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0021
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0022
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0022
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0022
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0023
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0023
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0023
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0023
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0024
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0024
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0025
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0025
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0025
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0025
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0026
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0026
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0026
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0026
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0027
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0027
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0027
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0028
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0028
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0029
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0029
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0029
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0030
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0030
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0030
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0031
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0032
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0032
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0032
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0033
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0033
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0033
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0034
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0034
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0035
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0035
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0035
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0036
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0036
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0036
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0037
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0037
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0037
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0037
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0038
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0038
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0038
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0039
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0039
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0039
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0039
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0040
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0040
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0040
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0040
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0041
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0041
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0042
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0042
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0043
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0043
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0044
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0044
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0044
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0044
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0045
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0045
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0045
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0046
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0046
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0046
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0047
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0047
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0047
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0048
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0048
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0048
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0049
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0049
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0049
http://refhub.elsevier.com/S2667-1603(25)00016-X/sbref0049

	Characterization of HOL-30: a novel tandem-repeat galectin from the marine sponge Halichondria okadai
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Purification of lectins
	2.3 Molecular mass analysis
	2.4 RNA-sequencing and primary structure analysis of HOL-30
	2.5 3-D structure model of HOL-30
	2.6 Structural comparison of the N-terminal and C-terminal domains
	2.7 Glycan-binding profiling of HOL-30
	2.8 Glycan docking simulation
	2.9 Binding, internalization, and cell static activities of Porifera galectins on HeLa cells
	2.10 Generation of antiserum against HOL-30 and Localization of HOL-30 in sponge tissues
	2.11 Statistical analysis

	3 Results
	3.1 Overall RNA sequencing of H. okadai
	3.2 Characterization of the primary structure of HOL-30
	3.3 3D structure model of HOL-30
	3.4 Molecular mass and hemagglutination activities of HOL-30
	3.5 The prediction of the dimeric structures
	3.6 The glycan-binding properties
	3.7 Binding, incorporation, and cytotoxic activities of HOL-30 on HeLa cells
	3.8 Localization of HOL-30 in sponge tissues

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	Data availability
	References


