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A novel tetrameric lectin from Lycoris aurea with four mannose
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The mannose-binding agglutinin from bulbs of Lycoris aurea (LAA) agglutinates rabbit but not
human erythrocytes. The molecular mass of the monomer in SDS/PAGE is 12 kDa while the ap-
parent molecular mass in gel filtration is 48 kDa, indicating that LAA is a homotetramer. The
full-length cDNA of LAA contains 683 bp with an open reading frame encoding a protomer of
162 amino-acid residues. Hydrophobic Cluster Analysis and molecular modeling of the 109-resi-
due mature polypeptide suggested a similar secondary and tertiary structure to those of Narcissus
pseudonarcissus agglutinin (NPA). Molecular docking revealed that, besides the three mannose-
binding sites common among Amaryllidaceae lectins, LAA also contains a fourth unique man-
nose-binding site formed by a tryptophan cluster. The existence of four mannose-binding sites in
each monomer of LAA is very unusual and has only been reported for NPA earlier.
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INTRODUCTION

Numerous plant species accumulate proteins
possessing one or more domains that recognize and
bind specific carbohydrates, with no catalytic prop-
erties. Since 1987, the description of the first mono-
cot mannose-binding lectin (MBL) from snowdrop
bulbls, more monocot MBLs have been isolated and
cloned from various tissues of families Alliaceae,
Amaryllidaceae, Araceae, etc. Evidence has accumu-
lated that all monocot MBLs reported to date consist
of subunits with highly homologous sequences and
overall similar tertiary structures, which suggests
the existence of a single superfamily of mannose-

binding proteins (Barre et al., 1996; Van Damme et
al., 2000).

Hitherto, monocot MBLs have already at-
tracted a lot of attention in different scientific fields
because of their interesting biological properties,
such as the suppressive effect on (retro)viruses and
the toxic effect against insects and nematodes (Van
Damme et al., 1998). Recently, MBLs, isolated from
several Amaryllidaceae species such as Galanthus ni-
valis, Narcissus pseudonarcissus and Lycoris radiate
were shown to exhibit inhibitory effect on sap-suck-
ing insects including aphids and planthoppers when
tested in artificial diet assays. However, the major
field of interest in MBLs is in biomedical research

*The nucleic acid sequence reported appears in the EMBI, GenBank and DDBJ Nucleotide Sequence Databases under the
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striving to exploit the potent anti-(retro) virus activ-
ity with the aim of developing new medicines such
as microbicide drugs against HIV. Lectins from the
Orchidaceae species, such as Epipactis helleborine ag-
glutinin, have anti-RSV (respiratory syncytial virus)
activity in HeLa cells, Cymbidium hybrid agglutinin
has anti-CMV (anti-human cytomegalovirus) activity
in HEL cells and Listera ovata agglutinin has anti-in-
fluenza virus activity in MDCK cells (Van Damme
et al., 1994). Moreover, these lectins are highly in-
hibitory to HIV-I/Il in cell culture (Balzarini et al.,
1992). Also, lectins from the Amaryllidaceae species
Galanthus nivalis, Hippeastrum hybrid and Narcissus
pseudonarcissus, inhibit HIV-I/II infections at con-
centrations in the nanomolar range (Balzarini et al.,
2004). Furthermore, lectin from the Amaryllidaceae
species L. radiata has been cloned and characterized
as an MBL with three mannose-binding boxes, simi-
lar to other Amaryllidaceae lectins (Zhao et al., 2003;
Chang et al., 2005). Extracts from bulbs of the closely
related L. aurea, which is also a typical representa-
tive of the Amaryllidaceae and an important Chinese
traditional herbal medicine, have been used as a
treatment for skin herpesvirus in Chinese medicine
for hundreds of years. Two isolectins have been ob-
tained from the bulbs of L. aurea and characterized
(Yagi et al., 1993). Interestingly, an antiserum raised
against these lectins reacted weakly with other
lectins from the Amaryllidaceae, revealing differences
in immunological reactivity and making the L. aurea
isolectins exceptional among the Amaryllidaceae fam-
ily lectins (Yagi et al., 1993). Therefore, in this report,
we focused on the purification, characterization and
molecular cloning of the MBL from the bulbs of
L. aurea. Molecular cloning of the LAA gene dem-
onstrated that LAA should be considered as a novel
member of the monocot MBLs. Molecular modeling
and docking experiments showed that LAA is one of
the very few lectins, like N. pseudonarcissus aggluti-
nin (NPA), which have an additional mannose-bind-
ing site near the tryptophan cluster (Sauerborn ef al.,
1999). This discovery extends our knowledge on pro-
tein—carbohydrate recognition, which is much more
complex than other recognition processes such as
protein—protein or protein-DNA interactions (Loris
et al., 2004), and justifies a more detailed evaluation
of LAA for its biological (i.e. antiviral) properties.

MATERIALS AND METHODS

Plant material. Young bulbs of Lycoris aurea
collected from Sichuan province, China, in August
(florescence), were instantly frozen in liquid nitro-
gen and preserved at —-70°C for RNA extraction.

Protein determination. Protein concentrations
were determined as described by Lowry et al. (1951),

using crystalline bovine serum albumin as a stand-
ard.

Extraction and purification of LAA. Bulbs of
L. aurea were homogenized in 0.14 mol/L NaCl in a
Waring blender (Philips, Zhuhai, China) at 4°C. Then
the homogenate was centrifuged (4000xg, 10 min,
4°C) and the supernatant was filtered through fil-
ter paper (Whatman 3MM, New Jersey, USA). Solid
ammonium sulfate was added to the filtered extract
at 80% saturation. The precipitate was collected by
centrifugation (9000xg, 30 min) and then dissolved
and dialysed against 50 mmol/L Tris/HCI buffer (pH
7.4). After another centrifugation (9000xg, 30 min,
4°C) of the dialysate, the supernatant was subjected
to fractionation on a DEAE-Sepharose Fast Flow
column (Amersham Biosciences, Piscataway, USA)
equilibrated with the same buffer. The bound pro-
tein was eluted with a linear gradient of 0-1.0 mol/L
NaCl in the same buffer and active fractions were
pooled and applied to gel filtration on a Sephacryl
5-100 column equilibrated with 10 mmol/L sodium
phosphate buffer (pH 7.4). After eluting the column
with the same sodium phosphate buffer, the main
peak with the strongest hemagglutinating activity
was collected and lyophilized for further use.

Determination of the molecular mass of
LAA. The molecular mass of LAA was estimated by
gel filtration chromatography on the same Sephacryl
S5-100 column mentioned above. The column was
calibrated with BSA (66.2 kDa), GNA (48 kDa), pep-
sin (35.5 kDa), and trypsin (23.3 kDa). Gel filtration-
purified lectin was subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS/PAGE),
pH 8.3, using 12% separating and 5% stacking gels
for subunit molecular mass determination (Laemmli,
1970).

Hemagglutinating activity and saccharide
inhibition assays. Hemagglutinating activity was
determined by the method of serial double-dilution.
The sugar specificity was determined by comparing
the inhibitory activity of hemagglutination in LAA
solutions (25 ul) which were serially diluted with
physiological saline and incubated with various con-
centrations of 80 mmol/L carbohydrates or 2% glyc-
oprotein solution (25 ul) for 1 h. The carbohydrates
and glycoproteins tested were: mannose, mannan,
N-acetylgalactosamine, N-acetylglucosamine, galac-
tose, fructose, glucose, sialic acid, ovalbumin, thy-
roglobulin.

Amino-acid sequence analysis. The NH,-ter-
minal amino-acid sequence of LAA was determined
by automated Edman degradation on an Applied Bio-
systems model 476A sequencer (Applied Biosystems,
Foster City, USA). Phenylthiohydantoin (PTH) amino
acids were identified in a 140°C microgradient.

RNA and DNA isolation. Bulbs of L. aurea
were powdered in liquid nitrogen with a mortar
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and pestles. Total RNA and DNA were isolated us-
ing the RNA and DNA Extraction Kit (Takara Bio-
technology Co. Ltd) according to the manufacturer’s
instructions.

3’-RACE (rapid amplification of cDNA ends)
and 5-RACE of LAA gene. cDNA synthesis was
performed with the 3'-RACE System (GIBCO BRL,
USA). Essentially, RNA was reversely transcribed
with a cDNA synthesis primer (5 GGC CAC GCG
TCG ACT AGT AC TTTTTTTTTTTITTTITTTITTTIT 3).
Degenerate primer 1 (5° TAC TCC/T GGC/T GAG
ACT/C CTC TCT/C 3’) was designed according to
the N-terminal amino-acid sequences of LAA. PCR
was performed (denaturing cDNA at 94°C for 5 min,
then 29 cycles of 94°C for 1 min, 55°C for 1 min,
72°C for 2 min, and a final cycle at 72°C for 10 min).
The PCR product was separated by electrophoresis
on 1% agarose gel and purified and cloned into the
pMD18-T vector for sequencing,.

Based on the sequence of the 3'-RACE prod-
uct, the specific primers 2 (5 CTG TGG TGC TGA
TCC TGG AAG 3') and 3 (5 CCA ACG AGC GGT
TCC GTA GAT 3’) were designed to amplify the
5 end of LAA. According to the manufacturer’s in-
structions of SMART™ RACE cDNA Amplification
Kit, RNA was reversely followed by tailing cDNA
with the SMART II oligonucleotide. The first round
of PCR was performed with primer 2 and SMART
II. The PCR product was diluted 50 fold for the
second round of amplification with primer 3 and
SMART III. The PCR product was purified and
cloned into the pUC18-T vector for sequencing.

Generation of full-length LAA cDNA se-
quence. The sequences of the 3" and 5 cDNA ends
were aligned to obtain a predicted full-length cDNA.
According to the aligned sequence, a pair of specif-
ic primers (forward primer 4: 5 C AAA ATG GCT
AAG ACA AGT TTC CTC 3’ and reverse primer 5:
5 CTT CAT TAC ACA ACA TGC ATG C 3) was
designed to amplify the LAA gene from genomic
DNA. PCR was performed according to the condi-
tions used in 3° RACE.

Molecular modeling and docking. Multiple
amino-acid sequence alignment was performed us-
ing CLUSTAL W (Higgins et al., 1994). Hydropho-
bic cluster analysis (Gaboriaud ef al., 1987; Lemesle-
Varloot et al., 1990) was performed to delineate the
structurally conserved (-sheets along the amino-acid
sequence of LAA using NPA as a model. Molecular
modelling of LAA was carried out on Swiss-Model
3.5 (http://swissmodel.expasy.org/).

To investigate the docking mode of LAA, we
selected the Lamarckian genetic algorithm (LGA) of-
fered by AutoDock 3.0.5 (Solis & Wets, 1981; Morris
et al., 1998) in this study. The grid boxes centered
on the selected amino acids (such as QDNYs, W41,
etc.) include the entire binding site and provide

enough space for the ligand translational and rota-
tional walk. Thirty runs were performed. For each
independent run, a maximum number of 27000 LGA
operations were generated on a population of 50 in-
dividuals. Operator weights for crossover, mutation,
and elitism were default parameters (0.80, 0.02, and
1, respectively).

RESULTS

Purification and characterization of the LAA

The crude extract from bulbs of L. aurea, puri-
fied by ion exchange chromatography, yielded two
adsorbed peaks (Fig. 1A), one (D1) devoid of he-
magglutination activity and the other (D2) exhibit-
ing strong hemagglutinating activity. D2, chromato-
graphed on Sephacryl S-100 (Fig. 1B), yielded a very
small peak (Q1) without a hemagglutinating activity
and a large peak (Q2) with hemagglutinating activ-
ity. This purified lectin exhibited almost the same
elution volume as GNA (Fig. 1C), the first described
monocot mannose-binding lectin with a molecular
mass of 48 kDa in gel filtration (Van Damme et al.,
1987) and a single band with a molecular mass of
12 kDa in SDS/PAGE (Fig. 2), indicating that LAA
was a tetrameric protein with four identical subu-
nits, which strikingly resembled other MBLs of Ama-
ryllidaceae family.

LAA strongly agglutinated rabbit erythro-
cytes at a concentration of 0.49 ug/mL, but did not
agglutinate any type of human erythrocytes even at
a concentration of 1 mg/ml. The hemagglutinating
activity was specifically inhibited by mannan and
thyroglobulin (Table 1). Mannose was able to partly
inhibit the hemagglutinating activity. Other sugars
did not inhibit the agglutinating activity of LAA.

Cloning of the LAA gene

Based on thirty successfully sequenced NH,_
terminal amino acids (ENILYSGETLSPGDFLSYG-
SYVFIMQEDCN), primers were designed and RT-
PCR and RACE were performed. As a result, a 516
bp fragment at the 3’ end and a 411 bp fragment
at the 5" end of LAA were obtained. Through ana-
lyzing the 3’-end and 5’-end sequence, the 683 bp
full-length cDNA containing a 486 bp open read-
ing frame and encoding a 162 amino-acid protein
was obtained. Using the gene-specific primers 4
and 5, the full-length DNA and deduced amino-
acid sequences were obtained by PCR on genomic
DNA extracted from young bulbs of L. aurea. The
nucleic acid sequence and the deduced amino-acid
sequences from cDNA and genomic DNA proved
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identical. This indicated that there was no intron in
LAA. According to the rules of predicting the sig-
nal peptide (Jannick et al., 2004) and in comparison
with GNA for which the complete protein was se-
quenced (Van Damme ef al., 1991), a 23-amino acid-
signal peptide before 523 and a 30-amino acid-C-
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Figure 1. Purification and molecular mass estimation of
LAA.

A. Elution profile of LAA on DEAE/Sepharose column
pre-equilibrated with Tris/HCI buffer (pH 7.4). The bound
protein was eluted with 0-1.0 mol/L NaCl gradient at a
flow rate of 2 ml/min. B. Gel-filtration of active fraction
D2 on Sephacryl S-100 column pre-equilibrated with so-
dium phosphate buffer (pH 7.4) at a flow rate of 45 ml/h.
The elution profiles were monitored at 280 nm. C. Stand-
ards used for gel-filtration analysis were BSA (66.2 kDa),
GNA (48 kDa), pepsin (35.5 kDa), and trypsin (23.3 kDa).

terminal cleavage peptide after H132 were identi-
fied. So, the mature polypeptide LAA contains 109
residues with a theoretic isoelectric point of 4.72
and a calculated molecular mass of 12.1 kDa, which
is in good agreement with the molecular mass
measured by SDS/PAGE.

Homology analysis

Database retrieval with PSI-Blast (Altschul
et al., 1997) showed that LAA is a member of the
monocot MBL superfamily. Multi-alignment of LAA
with other monocot MBLs revealed that the se-
quence identity between LAA and N. pseudonarcissus
agglutinin (NPA), G. nivalis agglutinin (GNA), N. hy-
brid cultivar agglutinin (NHA), L. radiata agglutinin
(LRA) and Zephyranthes grandiflora agglutinin (ZGA)
were 88.99%, 82.57%, 83.49%, 79.09% and 80.91%, re-
spectively (Fig. 3). Like many other monocot MBLs,
LAA monomer also has three mannose-binding sites
(QDNY) (Fig. 3).

Modeling and docking of LAA

Considering the highest identity (88.99%) be-
tween the amino-acid sequences, the coordinates of
NPA (Sauerborn et al., 1999) were selected as the
model. Most of the buried residues of the polypep-
tides of both lectins are readily conserved (Fig. 3). A
comparison of their HCA plots (Fig. 4) allowed an
easy delineation along the amino-acid sequence of
LAA of the twelve strands of the (-sheet present in
NPA (Gaboriaud et al., 1987; Lemesle-Varloot et al.,
1990). The three-dimensional model of LAA strong-
ly resembles that of NPA (Fig. 5). Each subdomain
contains a mannose-binding site of four conserved
amino-acid residues (QDNY), which binds mannose
through a network of four hydrogen bonds intercon-
necting the hydroxyls C2-OH, C3-OH and C4-OH
of mannose to the four residues (Hester et al., 1995;
Hester & Wright, 1996; Sauerborn et al., 1999). Fur-
thermore, a valine residue, which interacts with C3

1 M kDa

97.4

66.2 Figure 2. SDS/PAGE analysis

of purified LAA.

Lane 1, purified LAA (30 pg).
Lane M, molecular mass mark-
ers. The mass markers used
were: rabbit phosphorylase B
(974 kDa), bovine serum al-
bumin (66.2 kDa), rabbit ac-
20.1 tin (43.0 kDa), bovine carbonic
anhydrase (31.0 kDa), trypsin
inhibitor (20.1 kDa), hen egg
white lysozyme (14.4 kDa); the
gels were stained with Coomas-
sie Brilliant Blue.

43.0

31.0

14.4
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Table 1. Inhibition of hemagglutination of LAA by carbohydrates and glycoproteins
Carbohydrates (80 mmol/L) LAA concentration (ug/mL)

500 250 125 62.5 31.3 15.6 7.80 3.90 1.95 098 049

Control + + + + + + + + + + +
Mannose + + + + - - - - _ - _
Mannan - — — — _ _ _ _
Gal + + + + + + + + + + -
GalNAc + + + + + + + + + + -
Fru + + + + + + + + + + -
Glc + + + + + + + + + + -
GlcNAc + + + + + + + + + + -
Sialic acid + + + + + + + + - - -
Thyroglobulin (2%) - - - - - - - - - - -
Ovalbumin (2%) + + + + + + + + + + +

Note: +, agglutination; —, no agglutination

and C4 of mannose through van der Waals interac- DISCUSSION

tions, is also conserved in each subdomain of both
NPA and LAA.

Interestingly, a fourth binding site observed
in NPA may also exist in LAA (Fig. 5C). This
unique site of NPA, using a tryptophan cluster to
make contacts with carbohydrates, is difficult to de-
scribe in terms of sequence (Sauerborn et al., 1999).
As the docking experiment shows, the mannose
molecule could have two alternative conformations
(RMSD=5.6940 A) (Fig. 5D). In the conformations «
and (B, the binding energies are -3.81 kcal/mol and
-3.37 kcal/mol, respectively, while the docking ener-
gies are —4.42 kcal/mol and -3.79 kcal/mol, respec-
tively. In both conformations, mannose sits in a cleft
on the LAA surface.

LAA (
NPA (
GNA (
ZGA (
NHA (
LRA (
Consensus

LAA
NPA
GNA
ZGA
NHA
LRA
Consensus
01 111
TARWATGTNIH
TARWATGTNTIH
TDRWATGTHTG
TARWATGTNIH
TDRWATGTYTG
PATLEHWNLHR
TARWATGT

LAA

(100)

Consensus (101)

This report describes a biochemical and mo-
lecular biological study of the MBL from L. aurea.
Based on carbohydrate inhibition assays and analysis
of the corresponding gene it was revealed that LAA
belongs to the superfamily of monocot MBL. The
agglutination reaction of LAA with various types
of blood cells revealed that it can only agglutinate
rabbit red blood cells but not human erythrocytes.
Using protein purification techniques, we demon-
strate that LAA is a tetrameric protein composed
of four identical subunits of about 12 kDa. The two
isolectins Yagi and coworkers purified in 1993 from
Japanese L. aurea were both pure dimers which were
both estimated to be 25 kDa by gel filtration and

1) EN11¥SGETLSPCBFLsFEs¥Vr IMOEDCNLVLYnvDKP IWAENTGGESR
1) DNILYSGETLSPGEFLNNGRYVFIMOEDCNLVLYDVDKPIWATNTGGEDR
1) DNIL¥SGETLSTGEFLNYGSEVFIMOEDCNLVLYDVDKPIWAENTGGLSR
1) DNIL¥SGETLSTGESFNYGPYTFIMOEDCNLVLYBVDKPIWAENTGGLER
1) DNIL¥SGETLSTGOELSYGSYVFIMOEDCNLYLYDVDKPIWAENTGGLSS
1) DNILESGKTLSPGEFLSYRSYVFIMOEDCNLVLYBVDKPIWATNTGGLSS
(1) DNILYSGETLS GEFLNYG YVFIMQEDCNLVLYDVDKPIWATNTGGLSR

100

DCHLSMOSDGNLVVY]§RO-NEBIWAS DTGGENG - MY VERE[QKDRNVV I Y]G

5

)

) RCHLSMQSDGNLVVYSBR-NNBIWASNTGGENG-NYVEMLOKDRNVVIYG
) SCFLSMOEDGNLVVYNEBS-NRPIWASNTGGONG-NYVETLOKDRNVVIYG
) BCHLSMQSDGNLVVY@BSGNRATWASNTOGENG-NYVETLOKDRNVVIYG
) DCHLSMOEDGNLVVYSBO-NEATWASNTDGENG-HEVETLOKDRNVVIYG
) BCHLSMQSDGNLVVYSBO-NRBTWASDTGGONDANYVIILOKDRNVVIYG
1) GCHLSMQSDGNLVVYSP NRPIWASNT GENG NYVCILQKDRNVVIYG
1
)
)
)

Figure 3. Multi-alignment of the predicted LAA
amino-acid sequence with other monocot mannose-
binding lectins.

Mannose-binding sites (QDNY) are boxed.
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12 kDa by SDS/PAGE. Only 15 amino acids at the
N-terminus of the two dimers were sequenced, and
we found that the fourteenth residue from the N-ter-
minus of the subunit in our tetrameric protein was
aspartic acid, whereas the dimeric counterpart had a
glutamic acid. As no data is available about the full
sequence of the two dimers of Yagi and coworkres
no further sequence comparison between the dimers
and the tetramer is feasible. It is possible that both
the dimers and the tetramer are isolectins. The dif-
ferent environment between Kagoshima, Japan, and
Chengdu, China may contribute to the differences
between the lectins. The discovery of this new gene
should encourage research in many fields, like the
evolutionary relationships among the MBLs, the
function of MBLs in plant physiology, and so on.
Analysis of the LAA sequence revealed the
presence of three absolutely conserved mannose-
binding sites (QDNY). Interestingly, the multiple
alignment revealed the highest identity between
LAA and NPA (88.99%) but not LRA, which, tradi-
tionaly, is thought to be much closer to LAA in evo-
lution. Using a homology model program, we ob-
tained a three-dimensional structure of LAA which
strongly resembles that of NPA. Surprisingly, fur-
ther docking analysis showed a fourth carbohydrate-
recognizing domain that existed near the tryptophan
cluster and that might be involved in the recogni-
tion of naturally occurring glycans (Sauerborn et
al., 1999). As to our knowledge, LAA is the second
monocot MBL discovered to date which has four
mannose-binding domains. Therefore, further struc-

100 110

Figure 4. Comparison of
predicted HCA plots of
NPA (upper) and LAA
(lower).

The structurally con-
served regions which
exhibit similar conserved
hydrophobic properties
between LAA and HCA
are encircled in bold
line.

tural research on LAA should enable discovering a
new mode of interaction between mannose and such
monocot MBLs.

It has been demonstrated that the gp120 en-
velope of HIV-I contains approx. 50% of high-man-
nose-type oligosaccharides: all 24 N-linked glyco-
sylation sites are utilized in HIV-1(Ill;) gp120; 11
contain hybrid and/or high-mannose-type structures
while 13 of the glycosylation sites contain complex-
type oligosaccharides. Balzarini et al. (1991; 2004)
reported that the a-(1-3)-p-mannose- and «a-(1-6)-p-
mannose-specific agglutinins from Galanthus niva-
lis, Hippeastrum hybrid, Narcissus pseudonarcissus and
Listera ovata inhibited infection of MT-4 and CEM
cells by HIV I/Il. Also, the mannose-binding lectin
LRA, which is closely related to LAA, was found in-
hibitory against HIV-1 and HIV-2 at 0.29-0.43 and
0.59-0.60 pg/ml, respectively, in MT-4 and CEM cell
cultures, being virtually non-toxic at 100 ug/ml (An
et al., 2006). Lopez et al. (2003) reported an anti-HIV-
I activity of mannose-specific lectins from Narcissus
species and showed that the anti-HIV activity of N.
tortifolious lectin was 10- (in ug/mL) and 100- (in
molarity)-fold more potent than that of the poly-
anion dextran sulfate, an HIV entry inhibitor. Thus,
plant lectins may be considered as most interesting
agents that potently inhibit HIV entry into its target
cells. In addition, LAA exhibits no significant cyto-
toxicity towards T-lymphocyte CEM cells and sim-
ian kidney Vero cells (unpublished data). Therefore,
it now seems imperative to evaluate LAA for its an-
tiviral potential and to compare its antiviral activity
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(not limited to HIV, but including other enveloped
viruses) with those mannose-specific lectins that do
not contain the fourth mannose-binding site in the
monomers.
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