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Abstract

The red alga Kappaphycus striatus is economically important food species and extensively cultivated throughout most
tropical parts of the world as a source of carrageenan. In this note, the primary structure of a new lectin KSL from this alga
was elucidated by the rapid amplification method of complementary DNA (cDNA) ends, which consists of 267 amino acid
residues distributed in four tandem-repeated domains of about 67 amino acids and sharing 43% of identity. The calculated
molecular mass from the deduced sequence was consistent with that of natural KSL (27,826 Da) determined by electron spray
ionization—mass spectrometry. The primary structure of KSL showed high similarity to those of the high mannose N-glycan
specific lectins from marine red algae, ESA-2 from Eucheuma serra, EDA-2 from Eucheuma denticulatum, KSA-2 from
Kappaphycus striatum, KAAs from Kappaphycus alvarezii and SfLs from Solieria filiformis, and from microorganisms,
BOA from Burkholderia oklahomensis, MBHA from Myxococcus xanthus, OAA from Oscillatoria agardhii and PFL from
Pseudomonas fluorescens. Furthermore, KSL showed anticancer effects against five carcinoma cell lines, HT29, Hela, MCF-
7, SK-LU-1 and AGS, in a dose-dependent manner with the ICs, values of 0.80-1.94 uM, whereas its inhibition activities
on cancer cells were not detected in the presence of yeast mannan, an inhibitor against lectin KSL. The cultivated red alga
K. striatus could also be a good source of functional lectin(s) for application as anticancer agents.
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Introduction

Lectins, carbohydrate-binding proteins, are present in vari-
ous organisms ranging from viruses to humans, and play
important roles as recognition molecules in cell-cell or
cell-matrix interactions. Due to the ability to discriminate
differences in carbohydrate structures, not only lectins are
available as potential reagents in many research fields but
they are promising candidates for medicinal and clinical
application [1].

Marine algae are a good source of novel lectins. Algal
lectins possess unique molecular structures and carbo-
hydrate-binding specificities distinct from known lectins
from other sources, which make them useful for applica-
tions [2, 3]. Recently, some the high-mannose specific lec-
tins from the eukaryotic marine red algae attracted some
attention as potential sources of new lectins with antibac-
terial, antiviral (HIV, SARS-CoV and influenza virus) and
anticancer activities [4—11]. Thus, marine algal lectins
may become a novel source of antiviral and anticancer
compounds for biochemical and medicinal applications.

Cancer, the commonest cause of death, is a heteroge-
neous disease characterized by a variety of glycosylation
and genetic alterations that induce growth and survival
[12]. Currently, chemotherapy is the most commonly
used method to treat cancer. However, chemotherapeutic

techniques are limited by their high cellular toxicity, as
well as the occurrence of side effects [13]. Therefore,
recent selection of biological agents to treat certain types
of different tumors has attracted some attention for appli-
cations [14].

In Vietnam, the red alga Kappaphycus striatus has been
cultivated commercially since 2005, due to transport of algal
seeds from Bohol, Philippines [15]. In this note, we cloned
the cDNA encoding a new lectin KSL and elucidated the
primary structure as anticancer activity on five carcinoma
cell lines, which may provide valuable information for appli-
cation as functional food lectin(s).

Results and discussion

A new lectin KSL from red alga K. striatus was purified by
a combination of extraction with aqueous ethanol, ethanol
precipitation, gel filtration and ion-exchange chromatog-
raphy with the yield of 25.1 mg from 1 kg of the frozen
algal powder (Table 1). The relative molecular mass of the
lectin was estimated to be about 28,000 Da in both non-
reducing and reducing SDS-PAGE conditions, indicating
that lectin exists in monomeric form (Fig. 1a). By electron
spray ionization-mass spectrometry, the molecular mass of
KSL was determined to be m/z: 27,826 Da (Fig. 1b), which
agrees well with the apparent molecular mass of 28 kDa

Table 1 The summary of

. . Protein (mg) Total activity Specific activity Yield (%)
pur.lﬁcatlon (?f KSL from K. (x 103 HUY) (x 103 HU/mg)
striatus fraction
Extraction 1266.5 1767 1.4 100.0
Ethanol precipitation 422.1 1275 3.0 72.2
Gel filtration 156.1 965 6.2 54.6
Ion-exchange 25.1 305 12.2 17.2
“Hemagglutination units
Fig. 1 a SDS-PAGE of the (A) (B)
purified KSL lectin from the red kDa
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observed in SDS-PAGE. The hemagglutination activities of
KSL were not inhibited by any of the monosaccharides but
strongly inhibited by yeast mannan with a minimal inhibi-
tory concentration of 1.9 pg/ml, which has high-mannose
type N-glycans in the molecules, indicating that the lectin
is specific for high-mannose N-glycans.

The cDNA of KSL consisted of 1066 bp containing 76 bp
of 5" untranslated region (5"UTR), 804 bp of an open reading
frame (ORF) and 186 bp of 3’ untranslated region (3'UTR)
(Fig. 2). The ORF coded a polypeptide of 268 amino acids
including an initiating methionine. The primary structure
of KSL has four tandem-repeated domains, consisting of

67 amino acids each and the domains share 43% of identity
each other (Fig. 3). KSL contains one cysteine residue at
position 253 (Fig. 2), which did not appear to be involved
in disulfide bond formation. The calculated molecular
mass of the deduced amino acid sequence in KSL cDNA
was 27,825.2 Da, which was consistent with that of KSL
(27,826 Da) determined by ESI-MS (Fig. 1b). Small varia-
tions around these molecular masses were observed, suggest-
ing the presence of adduct formations. The 20 N-terminal
amino acid sequence of KSL, which had been determined
by Edman degradation found in the deduced amino acid
sequence of KSL cDNA.

P W N D A G L W I

I D v N S S
E G P I
N O W G G S S A
R S G O G V
T 6 T M T
G D T Y N V E
G I W A L G D R S
S D G G K T
F R G K L S
S A P W N K A G
T A VvV K V S5 S

E S E G A I G F

ATAGCTGAGTCAAGTTACACCAACCTCTAAAACGCCACATCAGACTCTCTAATCTCTTCAT 61
TATCTTCAATTTGTGATGGGACGTTACACAGTTCAGAACCAATGGGGGGGATCCTCTGCC 121

M G R Y T V Q@ N Q W G G S S A 15
CCCTGGAATGATGCCGGCTTGTGGATCCTTGGCAGTCGTGGCAACCAGAATGTGATGGCT 181

L G S R G N O N V M A 35
ATTGATGTTAACTCCAGCGATGGAGGTGCCAACCTGAACGGTACGATGACCTACTCCGGT 241

b 6 G A NL N G T M T Y S G 55
GAAGGCCCGATTGGATTCAAGGGGGCACGCCGTGGTGAGTCAAATGTTTACGATGTAGAG 301

G F K G A R R G E S N V Y D V E 75
AACCAGTGGGGAGGATCTTCCGCCCCCTGGCACGCTGGAGGCCAATTCGTTATCGGTTCC 361

p W H A G G Q F V I G S 95
AGGTCTGGACAGGGAGTGCTTGCCGTGAACATTACTTCTTCAGATGGCGGAAAGACATTG 421
L AV N I T S S D G G K T L 115
ACTGGCACCATGACCTATGAGAGAGAAGGTCCAATTGGATTCAAGGGTACTCAGTCTGGC 481
Y E R E G p I G F K G T O S G 135
GGTGACACTTACAACGTAGAGAACCAGTGGGGTGGGTCCTCGGCGCCGTGGAACAAGGCA 541
N O W G G S S A P W N K A 155
GGTATTTGGGCGCTCGGGGATCGCAGTGGGCAAGCAATGATTGCTATGGATGTTTCGTCC 601
G oA M I A M D V S S 175
TCGGATGGTGGAAAAACTCTAGAGGGGACGATGCAGTACAAAGGAGAGGGACCGATTGGA 661
L E 66 T M 0 Y K G E G P I G 195
TTCCGTGGCAAGCTGAGCGGTGCCAACAACTACAGTGTCGAGAACCAGTGGGGCGGETTCC 721
G A NN Y S V E N QO W G G S 215
TCTGCTCCTTGGAACAAGGCTGGAGACTGGTTGATTGGAGACCGCCACAATCAAAACATA 781
b w L I 6 D R H N O N I 235
ACCGCAGTCAAGGTGTCATCTGACAATGATGGAAAGAACCTCGACGGCACATGCACGTAC 841
b N D G K N L D G T C T Y 255
GAGAGCGAGGGTGCCATTGGTTTCAAGGGAGTCGCTTCCTAATCTAAAGAGCGTTTGAGC 901
K 6 v A S * 268
GCAAGGATCAGAACACTCCTTGGCGGATAGATCCGAACATTTAGTAGGTGTTTCTTGTTT 961
CCCTCATGATCAGTAGCCAATCATCTCTCAAAGTTCACAACAGAGTAAAAACGTGATCAC 1021
1066

CCTCTAAGAGTTTGCAACTTAGGAAGGAGGCTTTGACAATTTCGT

Fig.2 Nucleotide and deduced amino acid sequences of KSL. Under-
lines indicate 20 N-terminal amino acid sequence determined by
Edman degradation method. The italicized first amino acid residue

represents an initiation methionine. The stop codon TAA is shown as
an asterisk. The italicized and non-italicized numbers represent the
positions of nucleotides and amino acids, respectively
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GRYTVQNQWGGSSAPWNDAGLWILGSRGNQNVMAIDVNSSDGGANLNGTMTYSGEGPIGFKGARRGES
NVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVLAVNITSSDGGKTLTGTMTYEREGPIGFKGTQSGG-
DTYNVENQWGGSSAPWNKAGIWALGDRSGQAMIAMDVSSSDGGKTLEGTMQYKGEGPIGFRGKLSGA-
NNYSVENQWGGSSAPWNKAGDWLIGDRHNONITAVKVSSDNDGKNLDGTCTYESEGAIGFKGVAS---

(1-68)
(69-135)

(136-202)
(203-267)

Fig.3 Comparison of four tandem-repeated domains of KSL. Identical amino acids are shaded

KSL shared high similarity with sequences of the high-
mannose binding lectins from the eukaryotic marine red
algae and the prokaryotic microorganisms found in the
database (Fig. 4), including ESA-2 from E. serra (GenBank
accession no. P84331), EDA-2 from E. denticulatum (Gen-
Bank accession no. LC057379), KSA-2 from K. striatum
(GenBank accession no. LC057282), KAA-1 and KAA-2
from K. alvarezii (GenBank accession no. LC007080 and
LC007081, respectively), SfL-1 and SfL-2 from S. filiformis
(GenBank accession no. COHL89 and COHL90, respec-
tively), BOA from B. oklahomensis (GenBank accession no.
AIO69853), MBHA from M. xanthus (GenBank accession
no. M13831), OAA from O. agardhii (GenBank accession
no. P84330) and PFA from P. fluorescens Pf0-1 (GenBank
accession no. AI069853). KSL showed 98.1%, 94.0%,
98.9%, 99.3%, 98.5%, 81.7% and 79.0% of sequence iden-
tity with ESA-2, EDA-2, KSA-2, KAA-1, KAA-2, SfL-1
and SfL-2, respectively, whereas bacterial lectins BOA,
MBHA, OAA and PFA showed lower sequence identities
to KSL with values of 57.0%, 59.8%, 63.6% and 62.9%,
respectively. All contain four tandem-repeated sequences
of about 67 amino acids, except OAA and PFA which
are composed of only two tandem-repeated homologous
domains. The seven amino acid residues per a single repeat
domain “WGGREGP”, which interact with mannopentaose
of a branched oligomannosyl core of Mang/Man, in BOA
[16] were absolutely conserved in all the repeated domains
among lectins, except only a replacement at position 259 of
proline by alanine in the fourth repeat domain of KSL, which
was not found out among these lectins (Fig. 4). The struc-
tural kinship suggested that these lectins might have similar
high-mannose binding specificities and biological activities.

The assays revealed that KSL at doses of 0.02 uM and
0.1 uM did not reduce the viability of HT29, Hela, MCF-7,
AGS and SK-LU-1 cells to a significant level compared to
the controls at O uM of KSL, respectively (P> 0.05), (Fig. 5).
KSL at doses of 0.5 uM, 2.5 uM and 4.0 pM showed a reduc-
tion of cell viabilities remained at 41.7% (P =0.019), 11.9%
(P<0.01)and 9.7% (P <0.01) for HT29; 53.5% (P =0.036),
12.2% (P <0.01) and 9.9% (P <0.01) for Hela; 55.8%
(P=0.042), 12.8% (P<0.01) and 10.5% (P <0.01) for MCF-
7;48.7% (P=0.024), 15.9% (P <0.01) and 14.3% (P <0.01)
for AGS; and 39.0% (P=0.016), 5.0% (P<0.01) and 3.1%
(P<0.01) for SK-LU-1 cells, respectively, as compared to
the controls at 0 uM of KSL (Fig. 5). KSL showed anticancer
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effects in a dose-dependent manner with the ICs, values of
HT29 (0.99+0.12 pM), Hela (1.69 +0.19 puM), MCF-7
(1.94+0.25 uM), AGS (1.63+0.18 uM) and SK-LU-1
cells (0.80 +£0.04 uM), depending on target cell lines. As
compared to KSL, Ellipticine, a cancer cell cytotoxic agent
used as positive control, exhibited inhibition effects against
cancer cells with the ICs, values for HT29 (1.86+0.08 uM),
Hela (1.58 £0.16 uM), MCF-7 (1.91 +0.20 uM), AGS
(1.90 £0.20 uM) and SK-LU-1 cells (1.70+0.16 uM) (data
not shown). Recently, increasing interest has been shown
in marine lectins because of their pro-apoptotic, cytotoxic
and antiproliferation effects over different cell lines. These
lectins present high specificity for the large number of gly-
coprotein receptors on tumor cell membranes [1-3]. ESA
lectins from red alga E. serra inhibited the growth of HeLa
and Col201 cells (human colon adenocarcinoma) at the con-
centrations above 1.2 ug/ml and caused the complete death
of Colo201 cells at 30 pg/ml (approximately 1.07 pM). Nev-
ertheless, MCF-7 cells had relatively high tolerance for ESA,
and the cell viability was maintained above 40% even at the
high doses [17]. SfL lectins from the red alga S. filiformis
showed the induction of the apoptotic cell death on MCF-7
cells with value of ICs,=125 pug/ml (approximately 4.5 uM)
[11]. PFL lectin from bacterium P. fluorescens Pf0-1 pre-
sented also a significant effect on decreasing the viability of
MKN28 cells (human gastric cancer) at dose of 0.5 uM or
higher by 72 h [18]. Although these lectins share repeated
domain structures and high-mannose binding specificities,
but they differ from each another in amino acid sequences,
which may lead to subtle differences in the degree of their
inhibiting activities [11, 17, 18].

The inhibition activities of KSL toward cancer cell lines
were not detected in the presence of yeast mannan bear-
ing high-mannose N-glycans (Fig. 5). Similar case has been
reported for PFL lectin, its effect on MKN28 cells was inhib-
ited in the presence of yeast mannan [18]. Sugahara et al.
[17] verified that the cell viability induced by ESA lectins
was decreased after the treatment of Colo201 cells with
a-mannosidase, f-mannosidase and endoglycosidase H to
cleave high mannose type sugar chains on cell surface. These
data combine with the recent reports on the presence of the
high-mannose structures on the surface of Hela and MCF-7
cells [19-21] corroborate that the lectins interacted with can-
cer cells through their surface mannose branches. Therefore,
the anticancer activity of KSL is able to specifically bind
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Fig.4 Alignment of amino acid sequence of KSL and other lec-
tin sequences. ESA-2 from E. serra, EDA-2 from E. denticulatum,
KSA-2 from K. striatum, KAA-1 and KAA-2 from K. alvarezii,

GRYTVQONQWGGS SAPWNDAGLWILGSRGNQNVMAIDVNS SDGGANLNGTMTY SGEGPIGFKGARRGE
GRYTVQNQWGGS SAPWNDAGLWILGSRGNQNVMAVDVNS SDGGANLNGTMTY SGEGPIGFKGARRGE
GRYTVQONQWGGS SAPWNDAGLCILGSRGNQNVIAVDVTS SDGGANLGGTMIY SGEGPIGFKGARRGE
GRYTVQONQWGGS SAPWNDAGLWILGSRGNOQNVMAIDVNS SDGGANLNGTMTY SGEGPIGFKGARRGE
GRYTVQONQWGGS SAPWNDAGLWILGSRSNONVMAIDVNS SDGGANLNGTMTY SGEGPIGFKGARRGE
GRYTVQONQWGGS SAPWNDAGLWILGSRGNQNVMAIDVNS SDGGANLNGTMTY SGEGPIGFKGARRGD
GRYTVQONQWGGS SAPWNDAGLWLLGSRANQNVMDVSVTS SDGGATLTGTMIY SGEGPIGFKGTRRGD
GRYTVQONQWGGS SAPWNDAGVFVLGGRANQNVMAIDVSSSDGGKTLTGTMIY SGEGPIGFKGTRRGE
NLQHVONQWGGS SAPWHEGGMWVLGCRSGONVVALNIKSGDGGRTLTGTMIYVGEGPIGFRATLTQ-
AAYILVONQWGGSQATWNPGGLWLIGARDKQONVVALDIKSDDGGKTLKGTMIYNGEGPIGFRGTLSS -
ALYNVENQWGGS SAPWNEGGQWEIGSRSDONVVAINVESGDDGQTLNGTMTYAGEGPIGFRATLLG-
SKYAVANQWGGS SAPWHPGGTWVLGARDNQNVVAIEIKSGDGGKSFTGTMIYAGEGPIGFKAQRTG-

SNVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVLAVNITS SDGGKTLTGTMTYEREGPIGFKGTQSG
SNVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVLAVNITSSDGGKTLTGTMTYEREGPIGEFKGTQSG
SNVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVTALSVTSSDGGKTLTGTMTYEREGPIGFKGTQSG
SNVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVLAVNITS SDGGKTLTGTMTYEREGPIGFKGTQSG
SNVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVLAVNITS SDGGKTLTGTMTYEREGPIGFKGTQSG
SNVYDVENQWGGSSAPWHAGGQFVIGSRSGQGVLAVNITS SDGGKTLTGTMTYEREGPIGFKGTQSG
SNNYDVENQWGGSSAPWHAGGTFVIGSRSGQGVVAVDVNS SDGGKTLTGTMTYANEGPIGEFKGTQSG
SNNYEVENQWGGSSAPWHPAGTFVIGSRSGQAVVAMNVTSHDGGKTLSGHMTYENEGPIGFKGTQAE
SNTYAVENQWGGSSAPWHPGGTWVIGCRVNQQVVAILDIESGDQGATLAGTMTYAGEGPIGFKSQQAD
ANNYTVENQWGGTSAPWQPGGVWVLGARDKONIVAVSIKSNDGGKTLTGTTTYNGEGPIGEFKSEVTD
NNSYEVENQWGGDSAPWHSGGNWILGSRENONVVAINVESGDDGQTLNGTMTYAGEGPIGFKGTLT -
QNYYNVENQWGGNDAPWHPGGKWVIGGRDNONVIALSVTS SDGGKNLSGTINTYANEGPIGFRGQIE-

GDTYNVENQWGGSSAPWNKAGIWALGDRSGQAMIAMDVS S SDGGKTLEGTMQYKGEGPIGFRGKLSG
GDTYNVENQWGGSSAPWNKAGIWALGDRSGQAMIAMDVS S SDGGKTLEGTMQYKGEGPIGFRGKLSG
GDTYNVENQWGGSSAPWNKAGIWALGDRNGQAMIAMDVS S SDGGQTLEGTMQYKGEGPIGFRGKLSG
GDTYNVENQWGGSSAPWNKAGIWALGDRSGQAMIAMDVS S SDGGKTLEGTMQYKGEGPIGFRGKLSG
GDTYNVENQWGGSSAPWNKAGIWALGDRSGQAMIAMDVS S SDGGKTLEGTMQYKGEGPIGFRGKLSG
GDTYNVENQWGGSSAPWNKAGIWALGDRSGQAMIAMDVS S SDGGKTLEGTMQYKGEGPIGFRGKLSG
GDSYNVENQWGGSSAPWNKAGAWALGDRDGQGVIGVDVTS SDGGKTLTGTMQYONEGPIGFKGTSTG
GDTYNVENQWGGSSAPWNKAGVWALGSRASQGVVKLDVS S SDGGKTLTGTMQYQONEGPIGFRGTLTG
GGVYAVENQWGGSSAPWHNGGVWVIGARDQ-AVVAVS IGSTDSGKTLNGNMTYAGEGPIGFKGNSVA
GDTYSVENQWGGSAAPWHS GGVWVLGTRGKONVINVDAKSNDGGKTLSGTMTYNGEGPIGFRGTLTS

ANNYSVENQWGGSSAPWNKAGDWLIGDRHNONITAVKVS SDNDGKNLDGTCTYESEGAIGFKGVAS--
ANNYSVENQWGGSSAPWNAAGDWLIGDRHNONITAVKVSSDNDGKNLDGTCTYEREGPIGFKGVATS -
ANNYAVENQWGGSSAPWNKAGDWLIGDRYNONITAVKVSSDNDGKNLDGTCTYEREGPIGFKGVATS -
ANNYSVENQWGGSSAPWNKAGDWLIGDRHNONITAVKVS SDNDGKNLDGTCTYEREGPIGFKGVATS -
ANNYSVENQWGGSSAPWNKAGDWLIGDRHNONITAVKVS SDNDGKNLDGTCTYESEGPIGFKGVAS--
ANNYSVENQWGGSSAPWNKAGDWLIGDRHNONITAVKVS SDNDGKNLDGTCTYEREGPIGFKGVATS -
GSNYKVENQWGGSSAPWNPAGNWLIGDRHNONIVAVKVTS SDNGKTLGGTCTYEREGPIGFKGTAI -~
ANNYKAENQWGGSSGAWNPAGLWLIGDRHNONIIGVKVISDDNGKTLEGTCTYYREGPIGFKGVAN--
GNNYAVENOWGGTSAPWHPGGIWLLGCRSGONVVELYITSGDNGNTFHGSMTY SGEGPIGFRAMALPQ
PDTYTVENQWGGSTAPWNPGGFWMIGARNGONVVALNVAS SDGGKTLAGTMIYNGEGPIGFRARLG-~

SfL-1 and SfL-2 from S. filiformis, BOA from B. oklahomensis, repeat domain of KSL
MBHA from M. xanthus, OAA from O. agardhii and PFA from P.
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Sfluorescens Pf0-1. The identical amino acids are indicated by shading.
Residues underlined are amino acids of the carbohydrate binding sites
according to Ref. [16], except position 259 of alanine in the fourth
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120 ; EtOH (v/v) and kept at 4 °C for 18 h with occasional stirring.
100 Insoluble algal material was removed by centrifugation at
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Fig.5 Effect of KSL on the cancer cell viability. Cancer cells were
treated with various doses of KSL. KSL + YM, the cells were treated
with a mixture of KSL and yeast mannan (YM). The cell viability (%)
was measured by sulforhodamine B dye test. HT29 cells (g7), Hela
cells (), MCF-7 cells (), AGS cells () and SK-LU-1 cells (gg).
The mean+SEM (n=3). *P <0.05 and **P <0.01 for the cancer cell
lines treated by KSL was compared with controls at 0 uM of KSL

between lectin and high-mannose oligosaccharides present
on the surface of the cancer cells. The results suggested that
KSL has the potentiality to represent broad activities against
anticancer cells possessing high-mannose glycans on their
surface. However, to obtain a better understanding of anti-
cancer effect, we need studies furthermore in details of each
cell line. It is important that anticancer lectin is isolated from
a globally cultivated edible algal species and will become a
strong tool by being supplied in bulk for application.

Materials and methods
Alga and cell lines

The red alga K. striatus (F. Schmitz) Doty ex Silva was col-
lected in the farm at Ninhthuan province (109° 02' 01" E,
11°35'23" N), Vietnam, brought to the laboratory and kept
at —20 °C until use. A small portion of alga was stored at
—20 °C in RNAlater (Ambion, Thermo Fisher Scientific,
Austin, Texas, USA) until used for the RNA extraction.
The cancer cell lines, human colon carcinoma cell (HT29),
human cervical carcinoma cell (Hela), human breast adeno-
carcinoma cell (MCF-7), human gastric adenocarcinoma cell
(AGS) and human lung carcinoma cell (SK-LU-1) were sup-
plied from Long Island University (Brooklyn, New York,
USA) and University of Milan (Milan, Italy).

Purification of lectin

Frozen algae were ground to a fine powder in the presence of
liquid nitrogen. The powder was extracted with 20% aqueous
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3500g for 30 min at 4 °C. To the supernatant, cold absolute
EtOH (—20 °C) was added to attain a final concentration of
about 80% and the mixture was kept at 4 °C overnight. The
resulting precipitates were collected by centrifugation and
thoroughly dialyzed against 50 mM phosphate buffer (pH
7.0) containing 0.15 M NaCl. The non-dialyzable fraction
was applied to a Sephacryl S-200HR column (GE Health-
care, Uppsala, Sweden) and eluted with the same buffer,
the active fraction is 4096 hemagglutination unit/ml, con-
centrated by ultrafiltration, and dialyzed against 20 mM
Tris—HCI buffer (pH 8.0). The concentrate was subjected
to ion-exchange chromatography on a TSKgel DEAE-5PW
column (Tosoh Corporation, Tokyo, Japan) equilibrated
with 20 mM Tris—HCI buffer (pH 8.0). This elution was
performed at a flow rate of 0.5 ml/min, first with the same
buffer for 10 min, then with a linear gradient between 0 and
0.16 M NaCl in the buffer for 20 min, and finally with 1.0 M
NaCl in the buffer for 10 min. The eluate was monitored at
an absorbance of 280 nm for protein and for hemagglutina-
tion activity with a 2% (v/v) suspension of trypsin-treated
rabbit erythrocytes. Active fractions were pooled, dialyzed
against distilled H,O and stored at —20 °C until used.

Hemagglutination assay

Hemagglutination assays were carried out using a microtiter
method in a 96-well microtiter V-plate. First, 25 pl amounts
of serially two-fold dilutions of a test solution were prepared
in saline on a microtiter V-plate. To each well, 25 pl of a 2%
trypsin-treated rabbit erythrocytes [22] was added and the
mixtures were gently shaken and incubated at room tempera-
ture for 2 h. Hemagglutination activity was expressed as a
titer, the reciprocal of the highest twofold dilution exhibit-
ing positive hemagglutination. The assay was carried out in
triplicate for each test solution.

Hemagglutination-inhibition test

First, 25 pl each of the serially twofold dilutions of sugar
(100 mM) or glycoprotein (2000 pg/ml) were prepared in
saline. To each well, an equal volume of a lectin solution
showing the hemagglutination titer 4 was added, and the
plate was mixed gently and allowed to stand at room tem-
perature for 1 h. Finally, 25 pl of a 2% suspension of trypsin-
treated rabbit erythrocytes was added onto each well, and
the plate was gently shaken and incubated for another 1 h.
Inhibition activity was expressed as the lowest concentration
of sugar or glycoprotein. p-Glucose, b-mannose, D-galac-
tose, L-fucose, N-acetyl-p-glucosamine, N-acetyl-p-galac-
tosamine, N-acetyl-D-mannosamine, N-acetylneuraminic
acid and yeast mannan were obtained from Nacalai Tesque
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(Kyoto, Japan). Transferrin, fetuin and porcine thyroglobulin
were from Sigma-Aldrich (Saint Louis, Missouri, USA).

Determination of molecular mass and N-terminal
amino acid sequence of lectin

The molecular mass of purified lectin was determined by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) using a 10% gel [23]. The sample was heated
at 100 °C for 5 min with or without 2% 2-mercaptoethanol.
After SDS-PAGE, the gel was stained with Coomassie bril-
liant blue R-250 for proteins. Prior to the determination of
molecular mass by electron spray ionization-mass spectrom-
etry (ESI-MS) and N-terminal amino acid sequence, lectin
was purified by HPLC on an YMC PROTEIN-RP column
(YMC, Kyoto, Japan) which had been equilibrated with 20%
acetonitrile in 0.1% trifluoroacetic acid (TFA). After injec-
tion of the sample, the column was washed with the starting
solvent and then eluted with a linear gradient of acetonitrile
from 20 to 70% in 0.1% TFA. The eluate was monitored for
absorbance at 280 nm. The peak containing lectin was recov-
ered, dried and dissolved in 50% acetonitrile in 0.1% TFA
for determining molecular mass by ESI-MS using Finnigan
LCQ (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) and N-terminal amino acid sequence by Procise HT
protein sequencing system ABI (Thermo Fisher Scientific).

Rapid amplification of the 3’ and 5’ cDNA ends (3’
and 5’ RACEs) of KSL

Total RNA of alga K. striatus was extracted from the RNAI-
ater-treated algal tissues by using the plant RNA isolation
reagents (Invitrogen, Thermo Fisher Scientific, Carlsbad,
California, USA). Messenger RNA (mRNA) purification
from the total RNA was performed using an Oligotex-dT30
mRNA purification Kit (Takara Bio Inc., Kusatsu, Japan).
First-strand cDNAs were synthesized from mRNA of alga
using a GeneRacer Kit (Invitrogen, Thermo Fisher Scien-
tific) according to the manufacturer’s instruction.

The first polymerase chain reaction (PCR) for rapid
amplification of the cDNA 3’ end (3'RACE) of KSL was
performed with a 10 pl reaction mixture containing 1 pl of
a 10x Blend Taq buffer (Toyobo, Osaka, Japan), 2 pmol of
each deoxynucleotide triphosphate (ANTP), 6 pmol of the
GeneRacer_3'_Primer, 5'-GCTGTCAACGATACGCTA
CGTAACG-3', 2 pmol of KSL._common_F1 primer, 5'-AGA
ACCAGTGGGGAGGATCT-3', 0.2 pl of a tenfold diluted
synthesized cDNA, and 0.25 units of Blend Taq DNA poly-
merase (Toyobo). The reactions were performed with a T
Gradient Thermocycler (Analytik Jena, Jena, Germany)
under the following conditions, denaturation at 94 °C for
5 min, followed by 30 cycles consisting of denaturation at
94 °C for 30 s, annealing at temperatures of 60 °C for 30 s,

and extension at 72 °C for 1 min, and the final extension step
at 72 °C for 5 min. The first PCR products for KSL were
subcloned into pGEM-T Easy vector (Promega, Madison,
Wisconsin, USA). DNA sequencing was performed using
BigDye Terminator Cycle Sequencing Kit Ver. 3.1 with
ABI 3130x1 DNA sequencer (Applied Biosystems, Thermo
Fisher Scientific).

The first PCR of 5'RACE of KSL was performed in the
same way as 3'RACE, using GeneRacer_5'_Primer, 5'-CGA
CTGGAGCACGAGGACACTGA-3' and the degenerated
primer KSL_5'RACE_d_R1, 5-AYTGRTTYTCIACR
TTRTAITGRTC-3' as the primer pairs. The nested PCR
was performed by the same method, except for using 1 pl
of the dilution of the first PCR products as a template,
using GeneRacer_5'_Nested_Primer, 5'-GGACACTGA
CATGGACTGAAGGAGTA-3' and the degenerated primer
KSL_5'RACE_d_R2, 5'-ATIGGICCYTCICCYTTRTAY
TGC-3' as the primer pairs. Subcloning and DNA sequenc-
ing were performed as described above.

To verify the sequence accuracy, full-length cDNA of
KSL was further amplified with high fidelity DNA poly-
merase KOD FX Neo (Toyobo) with primer pairs of KSL_5'
End_F, 5'-ATAGCTGAGTCAAGTTACACCAAC-3’, and
KSL_3" End_R, 5-ACGAAATTGTCAAAGCCTCC-3/,
which were designed from the 5’ and 3’ terminal sequences
of KSL cDNA obtained by 5'RACE and 3'RACE. Subclon-
ing and DNA sequencing were then performed as described
above.

Homologous sequences were searched with the basic
local alignment search tool (BLAST) program. Amino acid
sequence comparison with homologous proteins from vari-
ous organisms was performed using Clustal Omega [24].

Cell culture and viability assay

The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Thermo Fisher Scientific) sup-
plemented with 15% of heat-inactivated Fetal Bovine
Serum (Gibco, Thermo Fisher Scientific) and 1% of Peni-
cillin—Streptomycin-Fungizon (Sigma-Aldrich) at 37 °C
in a humidified atmosphere containing 5% CO,. Cells
(2% 10200 pl/well) were seeded into a 96-well flat-bottom
microtiter plate (Corning Life Sciences, Tewksbury, Massa-
chusetts, USA) in DMEM medium containing various doses
of KSL dissolved in 10 mM phosphate-buffered saline (pH
7.4) and incubated for 48 h. The adherent cell cultures were
fixed in situ by adding 50 pl of cold 50% trichloroacetic acid
and incubated for 60 min at 4 °C. The supernatant was then
discarded, and the plates were washed five times with deion-
ized water and dried. One hundred pl of sulforhodamine B
solution (SBR) (Sigma-Aldrich) (0.4% in 1% acetic acid)
was added to each well and the culture was incubated for
10 min at room temperature. Unbound SRB was removed by
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washing five times with 1% acetic acid. Then the plates were
air dried. Bound stain was solubilized with 10 mM unbuff-
ered Tris base, and the optical densities were read on ELISA
Plate Reader (Bio-Rad) at a wavelength of 515 nm [25].
Ellipticine (Sigma-Aldrich) was used as positive control and
phosphate-buffered saline instead of KSL as negative control
and examined as described above. The inhibition activity of
KSL on cancer cell lines was also determined in the presence
of yeast mannan. KSL (4.0 uM) was pretreated with yeast
mannan (2000 pg/ml) for 2 h and mixture was examined in
the same way as described above. The experiments were
performed in triplicate. The IC, values were expressed as
cytotoxic activities.

Statistical analysis

All results were confirmed by at least three independent
experiments. Statistics are presented as the mean + SEM.
Statistical significance was analyzed by one-way ANOVA
followed by Tukey’s post-hoc test. Differences were consid-
ered significant when P <0.05. The ICs, values were calcu-
lated by using the software GraphPad Prism, version 5.00.

Acknowledgements This research was supported by Vietnam National
Foundation for Science and Technology Development (NAFOSTED)
under grant number 106-YS.06-2015.16 and International Coop-
eration Program between VAST—FEBRAS under grant number
QTRUO02.04/18-19. We are very grateful to Prof. Kanji Hori and Dr.
Makoto Hirayama (Hiroshima University, Hiroshima City, Japan) for
their technical assistance.

Compliance with ethical standards

Conflict of interest The authors have read and approved the manu-
script. We declare no conflicts of interest.

References

1. Barre A, Simplicien M, Benoist H, EIsJIM VD, Rougé P (2019)
Mannose-specific lectins from marine algae: diverse structural
scaffolds associated to common virucidal and anti-cancer proper-
ties. Mar Drugs 17:440. https://doi.org/10.3390/md 17080440

2. Cheung RCF, Wong JH, Pan W, Chan YS, Yin C, Dan X, Ng
TB (2015) Marine lectins and their medicinal applications. Appl
Microbiol Biotechnol 99:3755-3773. https://doi.org/10.1007/
$00253-015-6518-0

3. Singh RS, Walia AK (2018) Lectins from red algae and their
biomedical potential. ] Appl Phycol 30:1833-1858. https://doi.
org/10.1007/s10811-017-1338-5

4. Hori K, Sato Y, Ito K, Fujiwara Y, Iwamoto Y, Makino H,
Kawakubo A (2007) Strict specificity for high-mannose type
N-glycans and primary structure of a red alga Eucheuma serra
lectin. Glycobiology 17:479-491. https://doi.org/10.1093/glyco
b/cwm007

5. O’Keefe BR, Giomarelli B, Barnard DL, Shenoy SR, Chan PKS,
McMahon JB, Palmer KE, Barnett BW, Meyerholz DK, Wohl-
ford-Lenane CL, McCray PB (2010) Broad-spectrum in vitro

@ Springer

10.

11.

12.

13.

14.

15.

17.

18.

activity and in vivo efficacy of the antiviral protein Griffithsin
against emerging viruses of the family Coronaviridae. J Virol
84:2511-2521. https://doi.org/10.1128/JVI1.02322-09

Sato Y, Morimoto K, Hirayama M, Hori K (2011) High man-
nose-specific lectin (KAA-2) from the red alga Kappaphycus
alvarezii potently inhibits influenza virus infection in a strain-
independent manner. Biochem Biophys Res Commun 405:291-
296. https://doi.org/10.1016/j.bbrc.2011.01.031

Hung LD, Sato Y, Hori K (2011) High-mannose N-glycan-spe-
cific lectins from the red alga Kappaphycus striatum (Carra-
geenophyte). Phytochem 72:855-861. https://doi.org/10.1016/j.
phytochem.2011.03.009

Sato Y, Morimoto K, Kubo T, Sakaguchi T, Nishizono A, Hiray-
ama M, Hori K (2015) Entry inhibition of influenza viruses with
high mannose binding lectin ESA-2 from the red alga Eucheuma
serra through the recognition of viral hemagglutinin. Mar Drugs
13:3454-3465. https://doi.org/10.3390/md 13063454

Hung LD, Hirayama M, Ly BM, Hori K (2015) Purification,
primary structure and biological activity of high-mannose
N-glycan-specific lectin from the cultivated Eucheuma denticu-
latum. J Appl Phycol 27:1657-1669. https://doi.org/10.1007/
s10811-014-0441-0

Hung LD, Hirayama M, Ly BM, Hori K (2015) Biological activ-
ity, cDNA cloning and primary structure of lectin KSA-2 from
the cultivated red alga Kappaphycus striatum (Schmitz) Doty
ex Silva. Phytochem Lett 14:99-105. https://doi.org/10.1016/].
phytol.2015.09.012

Chaves RP, da Silva SR, Neto LGN, Carneiro RF, da Silva ALC,
Sampaio AH, de Sousa BL, Cabral MG, Videira PA, Teixeira
EH, Nagano CS (2018) Structural characterization of two
isolectins from the marine red alga Solieria filiformis (Kiitzing)
P.W. Gabrielson and their anticancer effect on MCF-7 breast
cancer cells. Int J Biol Macromol 107:1320-1329. https://doi.
org/10.1016/j.ijbiomac.2017.09.116

Torre LA, Siegel RL, Ward EM, Jemal A (2016) Global cancer
incidence and mortality rates and trends-an update. Cancer Epi-
demiol Biomark Prev 25:16-27. https://doi.org/10.1158/1055-
9965.EPI-15-0578

Amen YM, Zhu Q, Afifi MS, Halim AF, Ashour A, Shimizu K
(2016) New cytotoxic lanostanoid triterpenes from Ganoderma
lingzhi. Phytochem Lett 17:64-70. https://doi.org/10.1016/j.
phytol.2016.07.024

Kimiz-Gebologlu I, Gulce-Iz S, Biray-Avci C (2018) Mono-
clonal antibodies in cancer immunotherapy. Mol Biol Rep
45:2935-2940. https://doi.org/10.1007/s11033-018-4427-x
Hung LD, Hoa LT, Hau LN, Trung DT (2019) The lectin accu-
mulation, growth rate, carrageenan yield, and quality from
the red alga Kappaphycus striatus cultivated at Camranh Bay,
Vietnam. J Appl Phycol 31:1991-1998. https://doi.org/10.1007/
s10811-018-1692-y

Whitley MJ, Furey W, Kollipara S, Gronenborn AM (2013) Bur-
kholderia oklahomensis agglutinin is a canonical two-domain
OAA-family lectin: structures, carbohydrate binding, and anti-
HIV activity. FEBS J 280:2056-2067. https://doi.org/10.1111/
febs.12229

Sugahara T, Ohama Y, Fukuda A, Hayashi M, Kawakubo A,
Kato K (2001) The cytotoxic effect of Eucheuma serra aggluti-
nin (ESA) on cancer cells and its application to molecular probe
for drug delivery system using lipid vesicles. Cytotechnology
36:93-99. https://doi.org/10.1023/A:1014057407251

Sato Y, Morimoto K, Kubo T, Yanagihara K, Seyama T (2012)
High mannose-binding antiviral lectin PFL from Pseudomonas
Sfluorescens PfO-1 promotes cell death of gastric cancer cell
MKNZ28 via interaction with a2-integrin. PLoS ONE 7:e45922.
https://doi.org/10.1371/journal.pone.0045922


https://doi.org/10.3390/md17080440
https://doi.org/10.1007/s00253-015-6518-0
https://doi.org/10.1007/s00253-015-6518-0
https://doi.org/10.1007/s10811-017-1338-5
https://doi.org/10.1007/s10811-017-1338-5
https://doi.org/10.1093/glycob/cwm007
https://doi.org/10.1093/glycob/cwm007
https://doi.org/10.1128/JVI.02322-09
https://doi.org/10.1016/j.bbrc.2011.01.031
https://doi.org/10.1016/j.phytochem.2011.03.009
https://doi.org/10.1016/j.phytochem.2011.03.009
https://doi.org/10.3390/md13063454
https://doi.org/10.1007/s10811-014-0441-0
https://doi.org/10.1007/s10811-014-0441-0
https://doi.org/10.1016/j.phytol.2015.09.012
https://doi.org/10.1016/j.phytol.2015.09.012
https://doi.org/10.1016/j.ijbiomac.2017.09.116
https://doi.org/10.1016/j.ijbiomac.2017.09.116
https://doi.org/10.1158/1055-9965.EPI-15-0578
https://doi.org/10.1158/1055-9965.EPI-15-0578
https://doi.org/10.1016/j.phytol.2016.07.024
https://doi.org/10.1016/j.phytol.2016.07.024
https://doi.org/10.1007/s11033-018-4427-x
https://doi.org/10.1007/s10811-018-1692-y
https://doi.org/10.1007/s10811-018-1692-y
https://doi.org/10.1111/febs.12229
https://doi.org/10.1111/febs.12229
https://doi.org/10.1023/A:1014057407251
https://doi.org/10.1371/journal.pone.0045922

Journal of Natural Medicines (2021) 75:223-231

231

19.

20.

21.

22.

23.

de Leoz MLA, Young LJT, An HJ, Kronewitter SR, Kim J, Miy-
amoto S, Borowsky AD, Chew HK, Lebrilla CB (2011) High-
mannose glycans are elevated during breast cancer progression.
Mol Cell Proteomics. https://doi.org/10.1074/mcp.M110.002717
Liu X, Nie H, Zhang Y, Yao Y, Maitikabili A, Qu Y, Shi S, Chen
C, LiY (2013) Cell surface-specific N-glycan profiling in breast
cancer. PLoS ONE 8:¢72704. https://doi.org/10.1371/journ
al.pone.0072704

Turiak L, Sugar S, Acs A, Toth G, Gomory A, Telekes A, Vekey
K, Drahos L (2019) Site-specific N-glycosylation of HeLa cell
glycoproteins. Sci Rep 9:14822. https://doi.org/10.1038/s4159
8-019-51428-x

Hori K, Miyazawa K, Ito K (1986) Preliminary characterization
of agglutinins from seven marine algal species. Bull Jpn Soc Sci
Fish 52:323-331

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680-685.
https://doi.org/10.1038/227680a0

Affiliations

Le Dinh Hung' - Phan Thi Hoai Trinh’

X

Le Dinh Hung
ledinhhungims @yahoo.co.uk

NhaTrang Institute of Technology Research and Application,
Vietnam Academy of Science and Technology, 2A,

24.

25.

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez
R, McWilliam H, Remmert M, S6ding J, Thompson JD, Higgins
DG (2011) Fast, scalable generation of high-quality protein mul-
tiple sequence alignments using Clustal Omega. Mol Syst Biol
7:539. https://doi.org/10.1038/msb.2011.75

Monks A, Scudiero D, Skehan P, Shoemaker R, Paull K, Vistica
D, Hose C, Langley J, Cronise P, Vaigro-Wolff A, Gray-Goodrich
M (1991) Feasibility of a high-flux anticancer drug screen using
a diverse panel of cultured human tumor cell lines. J Natl Cancer
Inst 83:757-766. https://doi.org/10.1093/jnci/83.11.757

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Hungvuong Street, Nhatrang City, Khanhhoa Province,
Vietnam

@ Springer


https://doi.org/10.1074/mcp.M110.002717
https://doi.org/10.1371/journal.pone.0072704
https://doi.org/10.1371/journal.pone.0072704
https://doi.org/10.1038/s41598-019-51428-x
https://doi.org/10.1038/s41598-019-51428-x
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1093/jnci/83.11.757

	Structure and anticancer activity of a new lectin from the cultivated red alga, Kappaphycus striatus
	Abstract 
	Graphic abstract
	Introduction
	Results and discussion
	Materials and methods
	Alga and cell lines
	Purification of lectin
	Hemagglutination assay
	Hemagglutination-inhibition test
	Determination of molecular mass and N-terminal amino acid sequence of lectin
	Rapid amplification of the 3′ and 5′ cDNA ends (3′ and 5′ RACEs) of KSL
	Cell culture and viability assay
	Statistical analysis

	Acknowledgements 
	References




