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a b s t r a c t
Lectins are the primary recognition macromolecules for various types of fucosylation, a common eukaryotic posttranslational modiﬁcation. In this study, we report the heterologous expression and molecular binding properties
of a fucose-speciﬁc lectin, AoﬂeA, isolated from Arthrobotrys oligospora. This is the ﬁrst reported fucose-speciﬁc
lectin found in nematophagous fungi. The recombinant AoﬂeA (r-AoﬂeA) was expressed in Escherichia coli
with high efﬁciency, yielding at least 500 mg of soluble and functional r-AoﬂeA per liter of broth. Using hemagglutination inhibition assay and glycan microarray analysis, r-AoﬂeA was found to be broadly speciﬁc for
fucosylated glycans or oligosaccharides including Fucα(1–2), Fucα(1–3), Fucα(1–4) and Fucα(1–6) linkages,
similar to Aleuria aurantia lectin (AAL). Frontal afﬁnity chromatography showed that r-AoﬂeA has high afﬁnity
towards PA-L-fucose with an average Kd value of 15 nM. These ﬁndings provide a basis for improved understanding of the structure and functions of AoﬂeA during recognition and capture of prey nematodes by nematophagous
fungus A. oligospora.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
The fucosylation of N-glycans is a common eukaryotic posttranslational modiﬁcation and plays an important role in a variety of
cellular, physiological and pathological processes, including signal
transduction, fertilization, cell growth, and cell adhesion [1–3]. There
are multiple fucosyl linkages in N-glycans, involving varying numbers
of fucose residues, depending on the physiological and pathological
condition of the organism or cell [4]. For example, an α-1,6-linked fucose residue often occurs on the innermost GlcNAc residue of the
chitobiose core of the N-glycan, termed “core” fucose and an α-1,2-,
α-1,3-, or α-1,4-linkage on galactose residues is often present on the
outer arm of the N-glycans [4].
At present, lectins are the primary recognition macromolecules for
detecting various types of fucosylation. They can recognize core outer
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arm fucosylation, which permits highly speciﬁc detection and quantiﬁcation of fucosyl-glycans in a variety of cellular processes [4]. To date,
several types of lectins have been used in scientiﬁc research or in clinical
applications. For instance, fungal lectin Aleuria aurantia lectin (AAL) and
plant-derived lectin Lens culinaris agglutinin (LCA) have been used to
detect serum fucosyl-glycans for the diagnosis of hepatocellular carcinoma [4]. The close correlation between fucosylation and various diseases necessitates the development of novel fucose-speciﬁc lectins
that recognize various types of fucose-linkages in a variety of cellular
processes. Novel lectins may act as diverse molecular probes for research or clinical applications.
Fungi are a rich source of novel lectins with unique sugar-binding
speciﬁcities. Although in many cases the functions of fungal lectin still
remain elusive, they have been proposed to play various physiological
roles in fungi. Studies have shown that fungal lectin has unique carbohydrate binding properties, and they are indeed suitable for clinical
and biotechnological applications in the biomedical ﬁeld [12–14].
Eighty two percent of the fungal lectins currently being studied were
isolated from mushrooms, 15% from molds, and 3% from yeast [15,16].
With recent advances in 1000 fungal genome projects (1KFG) [17], a
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large number of fungal genomes have been sequenced and more fungal
lectins are expected to be discovered. By comparing and analyzing genomic sequence data, more unexplored lectins with unique binding
speciﬁcities may be discovered, providing newer tools for biomedical
and biotechnological applications [15].
In this study, we report the identiﬁcation and molecular binding
properties of a fucose-speciﬁc lectin, AoﬂeA, isolated from the
nematophagous fungus Arthrobotry oligospora. This is the ﬁrst reported
fucose-speciﬁc lectin found in nematophagous fungi. AoﬂeA was
expressed in Escherichia coli, and the binding activity of the recombinant
AoﬂeA (r-AoﬂeA) to fucosylated N-glycans or oligosaccharides was determined. r-AoﬂeA exhibited broad speciﬁcity to all fucosylated glycans
and showed high afﬁnity to PA-L-fucose. These ﬁndings may illuminate
better understanding of the structure and potential role of AoﬂeA in the
recognition and capture of prey nematodes by nematophagous fungus
A. oligospora.
2. Materials and methods
2.1. Strain and medium
A. oligospora ATCC 24927 was purchased from the American Type
Culture Collection (Manassas, VA, USA). A modiﬁed low nutrient medium [18] supplemented with amino acids (LNAAM) for the fungal culture was used in this work, and its ingredients are listed in
Supplementary Information Table S1.
2.2. Culture of nematophagous fungus A. oligospora
A. oligospora were inoculated onto corn meal agar (CMA) plates and
grown for 10–15 days at 25 °C until their conidia grew and covered the
whole plate. The conidia on the plate were collected and resuspended in
10 mL of sterile water. The resultant conidia suspension was aliquoted
into 2 mL Eppendorf tubes and frozen at −20 °C [18]. Two mL of the conidia suspension at density of 10–20 conidia/μL was inoculated into a
100 mL ﬂask containing 25 mL of LNAAM, and cultured at 25 °C for
2 days in a shaker, at 200 rpm. The mycelia were ﬁnally collected by ﬁltration for total RNA extraction.

PCR, and the resultant pMD19T-AoﬂeA plasmid veriﬁed by DNA
sequencing.
2.5. Plasmid construction
The plasmid pMD19T-AoﬂeA and pET28a (+) was digested with
NcoI and NotI restriction enzymes, respectively. The AoﬂeA gene and
pET28a fragment were then ligated overnight with T4 DNA ligase at
16 °C. The ligation product was chemically transformed into E. coli
BL21 (DE3) competent cells, and the transformants were plated onto a
Luria-Bertani (LB) agar plate containing kanamycin, and grown overnight at 37 °C. The positive transformants were identiﬁed using colony
PCR. The resultant expression plasmid pET28a-AoﬂeA was veriﬁed by
DNA sequencing.
2.6. Recombinant expression and puriﬁcation
The E. coli BL21 (DE3) containing plasmid pET28a-AoﬂeA was inoculated into LB/kanamycin plates for overnight growth. Colonies were
picked from the plate, inoculated into 4 mL of LB broth containing
30 μg/mL kanamycin, and cultured overnight at 37 °C in a shaker at
220 rpm. Four mL of the bacterial suspension was then re-inoculated
into 300 mL of LB/kanamycin broth, and grown at 37 °C in a shaker at
220 rpm, for 5–6 h. IPTG (0.4 mM) was added to the broth when absorbance at 600 nm (OD600) reached 0.6–0.8, 0, and the cells were cultured
at 16 °C for another 18 h in a shaker at 220 rpm, to induce the expression
of r-AoﬂeA.
Bacterial cells expressing r-AoﬂeA were centrifuged at 5500 ×g for
10 min at 4 °C, and the pellet resuspended in lysis buffer containing
25 mM Tris-HCl (pH 8), 10 mM imidazole and 0.5 M NaCl. The bacterial
suspension was lysed by sonication, followed by centrifugation at
10,000 ×g for 40 min at 4 °C. The resultant supernatant was applied to
a Ni NTA-agarose afﬁnity column and washed twice with 20 mM imidazole buffer (0.5 M NaCl, 25 mM Tris-HCl, pH 8, and 20 mM imidazole).
The recombinant AoﬂeA was gradually eluted with 100–500 mM imidazole buffer. Concentration of the eluted AoﬂeA was determined by the
BCA method.
2.7. Hemagglutination and inhibition assay

2.3. Bioinformatics analysis
Clustal X2 software was used to align the amino acid sequence of
AoﬂeA with those of other known fungal lectins like AAL, A. fumigatus
lectin (AFL), and A. oryzae lectin (AOL), and the conserved fucosebinding sites were identiﬁed. Homology modeling was performed
using SWISS-MODEL (https://www.swissmodel.expasy.org/) online
software and was used to predict the structures and probable fucosebinding sites in AoﬂeA, using AAL (1iub.1.A) as the template.
2.4. Gene cloning
The total RNA extracted using the RNA isolation kit (TaKaRa) was
used as the template. Forward primer P1 (5′-CATGCCATGGCACCTG
TTGAGTTTCCAAAATC-3′) and reverse primer P2 (5′-ATTTGCGGCCG
CTACACCCACAACCTCAATAGG-3′) were synthesized to amplify
AoﬂeA (GenBank accession no. 22892330) by RT-PCR using the One
Step RT-PCR kit (TaKaRa). The RT-PCR reaction conditions were as
follows: reverse transcription at 50 °C for 30 min; pre-denaturation
at 94 °C for 2 min; denaturation at 94 °C for 30 s, annealing at
55–65 °C for 30 s, extension at 72 °C for 90 s for a total of 30 cycles;
and a ﬁnal extension at 72 °C for 10 min. The PCR product was then
ligated with the pMD™19-T vector overnight at 16 °C. E. coli DH5α
competent cells were transformed with 100 μL of the ligation product, and grown on SOB agar plate containing X-Gal, Isopropyl β-d1-thiogalactopyranoside (IPTG) and ampicillin. Following overnight
culture at 37 °C, the positive transformants were identiﬁed by colony

Solutions of seven monosaccharides, L-fucose (L-Fuc), sialic acid
(NANA), D-mannose (D-Man), D-N-acetylglucosamine (D-GlcNAc), D-Nacetylgalactosamine (D-GalNAc), D-glucose (D-Glc), and D-galactose (DGal), were prepared in PBS with concentrations ranging from 0.05 μM
to 100 μM. The reaction mixture consisted of r-AoﬂeA, monosaccharide,
and rabbit red blood cells. Brieﬂy, 25 μL of the puriﬁed r-AoﬂeA at a concentration of 1 mg/mL was mixed with 25 μL of monosaccharide solution for 2 h at 25 °C. Then, 25 μL of 2% rabbit red blood cells were
added to a 96-well plate, followed by incubation and shaking at
30 rpm for 1 h at 25 °C, and standing at room temperature for 10 min.
The mixture containing no monosaccharides was used as positive control (P), and the mixture without either r-AoﬂeA or monosaccharide
was used as negative control (N) [20].
2.8. Glycan microarray analysis
The puriﬁed r-AoﬂeA was ﬁrst labelled by ﬂuorescent dye Cy-3se,
and the excess dye removed by dialysis. A hundred N-Glycan microarray and 100 sugar microarrays were used to analyze the sugarbinding characteristics of Cy-3-labelled r-AoﬂeA. The 100 N-Glycan
microarrays included 100 N-glycan chains with a reducing end of
GlcNAc, while the 100 sugar microarrays had 100 monosaccharide
or oligosaccharide chains. Both the microarrays containing 8 submicroarrays on one chip were purchased from Creative Biochip
(Nanjing, China). Brieﬂy, the blocking buffer was added to each
sub-microarray and incubated for 30 min in a shaker to block the
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chip, and the Cy-3se-labelled r-AoﬂeA, diluted to concentrations
ranging 0.4–50 μg/mL in a working buffer, was applied to the chip.
The chips were at 37 °C for 2 h in the dark for chip hybridization,
followed by chip cleaning with a washing buffer. Finally, the chips
were scanned to acquire data that were analyzed using Creative Biochip (Nanjing, China).
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min at 29 °C, and detected at 297 nm by the DAD detector. The breakthrough time corresponding to each concentration of PA-L-Fuc was calculated using the Origin 8.5 software. The V − V0 values were plotted
against [A0](V − V0) to generate the Woolf-Hofstee plot and the Bt
and Kd values calculated according to the equation [A0](V − V0) =
Bt − Kd(V − V0) [22–24].

2.9. Frontal afﬁnity chromatography
3. Results
The r-AoﬂeA afﬁnity resin was prepared by injecting 30 mL of
2 mg/mL r-AoﬂeA solution at room temperature into 1 mL of PureCube
100 Ni-NTA Cartridge purchased from Cube Biotech (Monheim,
Germany) with a syringe pump, at a perfusion rate of 1 mL/min. The
ﬂow-through was collected in a centrifuge tube, and repeatedly injected
to the cartridge. Following injection twice, the protein concentration in
the ﬂow-through was determined by the BCA method, and the amount
of immobilized r-AoﬂeA in the cartridge was calculated according to a
published method [21]. The r-AoﬂeA-Ni NTA cartridge was stored at
4 °C until further use.
Frontal afﬁnity chromatography was performed with Shimadzu
HPLC LC-20 and DAD detector. r-AoﬂeA-Ni NTA cartridge was connected to the HPLC column and equilibrated with PBS for at least
1.5 h. PA-L-Fuc was diluted to different concentrations ranging from 2
to 10 μM in PBS, and 5 μM PA-L-Rha diluted in PBS was used a control.
Two mL of PA-L-Fuc or PA-L-Rha solution was continuously injected
into r-AoﬂeA-Ni NTA cartridge using a Shimadzu automatic sampling
system, eluted using the mobile phase PBS at a ﬂow rate of 0.125 mL/

3.1. Bioinformatics analysis
Sequence homology between AoﬂeA and other fucose-binding
lectins derived from fungi such as AAL, AFL and AOL was determined
by multiple sequence alignment. Furthermore, AAL was used as a template for homology modeling using the SWISS-MODEL online software.
The similarity between AoﬂeA and AAL, AOL and AFL was 30.15%,
31.56% and 29.72%, respectively. As shown in Fig. 1A, some amino acid
residues forming β-sheets in AoﬂeA are conserved for fucose-binding.
It is presumed that Arg 97, 150, 203, 303 and Glu 109, 162, 215, 315
are essential for fucose binding through hydrogen bonds whereas Leu
or Ile at 49, 149, 202, 252, Trp or Phe at 64, 165, 218, 269, and Trp at
68, 171, 232, 272 probably bind the ﬂat nonpolar face of fucose via hydrophobic contacts [26,27]. Homology modeling also showed that
AoﬂeA has six blades, i.e. super-secondary domains formed by βsheets, and that a homodimer may be required for fucose binding
(Fig. 1B).

Fig. 1. Multiple sequence alignment for homologous modeling of AoﬂeA. (A) Alignment of six-tandem repeats of the amino acid sequence of AoﬂeA, Aleuria aurantia lectin (AAL),
A. fumigatus lectin (AFL), and A. oryzae lectin (AOL). Symbols ⁎ and: indicate the conserved amino acids in fucose binding sites for interacting with the ligand by hydrophobic contacts
or hydrogen bonds, respectively. (B) Homologous modeling of AoﬂeA by using AAL (1iub.1.A) as a template.
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Fig. 2. Gene cloning of AoﬂeA and construction of the expression vector pET28a-AoﬂeA. (A) Gene cloning of AoﬂeA by RT-PCR using total RNA of A. oligospora as a template;
(B) Identiﬁcation of cloning vector pMD19T-AoﬂeA by colony PCR; (C) Double enzyme digestion with NcoI and NotI of cloning vector pMD19T-AoﬂeA; (D) Identiﬁcation of expression
vector pET28a-AoﬂeA by colony PCR.

3.2. Gene cloning and plasmid construction
AoﬂeA with a length of 1032 bp was successfully cloned using RTPCR with the total RNA of A. oligospora acting as the template
(Fig. 2A). The PCR product was ligated using TA-ligation using the
pMD™19-T vector. The ligated product was transformed into E. coli
DH5α competent cells, and grown on SOB plates containing ampicillin.

Ten white colonies were picked for colony PCR and ten positive E. coli
DH5α transformants containing pMD19T-AoﬂeA were obtained
(Fig. 2B). The plasmid pMD19T-AoﬂeA was sequenced, extracted, and
digested using NcoI and NotI enzymes to extract the AoﬂeA gene fragment (Fig. 2C). The linear AoﬂeA fragment was extracted from the agarose gel, and ligated to the expression vector pET28a (+) using T4
DNA ligase. The ligation product was transformed into E. coli BL21

Fig. 3. Inducible expression of r-AoﬂeA by IPTG and puriﬁcation of r-AoﬂeA using Ni-NTA afﬁnity chromatography. (A) Soluble expression of r-AoﬂeA induced by 0.4 mM IPTG and afﬁnity
puriﬁcation through Ni-NTA agarose column eluted by imidazole buffer; (B) SDS-PAGE analysis of the puriﬁed r-AoﬂeA.
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(DE3) competent cells and the cells plated on SOB plates containing
kanamycin. Ten positive clones were identiﬁed using colony PCR to obtain E. coli BL21(DE3) transformants containing pET28a-AoﬂeA
(Fig. 2D). The plasmid pET28a-AoﬂeA was sequenced to verify the
AoﬂeA gene.
3.3. Recombinant expression and puriﬁcation
r-AoﬂeA was expressed in E. coli BL21 (DE3) as described in the
Materials and methods section. Protein expression was analyzed by
SDS-PAGE (Fig. 3A), which shows a protein band in the range of
30–40 kDa after IPTG induction in the whole cell and the homogenized
cell sample, consistent with the expected molecular weight of 38.08 kDa
for r-AoﬂeA. This result shows successful induction of expression of rAoﬂeA under the conditions speciﬁed in the Materials and methods
section.
The expressed protein was puriﬁed using Ni-NTA afﬁnity chromatography and the samples were analyzed by SDS-PAGE. As shown in
Fig. 3A, 10 mM imidazole in the ﬂow-through did not elute the target
protein, indicating that r-AoﬂeA was efﬁciently bound to the nickel column. The r-AoﬂeA was successfully eluted by 100 or 250 mM imidazole
buffer. The eluates from 100 and 250 mM imidazole buffers were combined to yield puriﬁed r-AoﬂeA. Twenty mL of r-AoﬂeA at 8.24 ±
0.92 mg/mL was obtained from 300 mL of the fermentation broth, totaling to about 160 mg of r-AoﬂeA from 300 mL of culture. SDS-PAGE analysis of the puriﬁed r-AoﬂeA (Fig. 3B) shows efﬁcient puriﬁcation of rAoﬂeA, deeming it suitable for the analysis of its sugar-binding activity.
3.4. Hemagglutination and inhibition assay
As shown in Fig. 4B-C, 0.03% r-AoﬂeA generated typical agglutination effect on red blood cells after incubation of r-AoﬂeA with the cells
for 1 h. Microscopic images reveal that the condensed red blood cells
were dispersed to the bottom in a mesh shape (Fig. 4C). Red blood
cells were precipitated to the bottom as a negative control, and an
opaque spot-like aggregation was observed using microscopy
(Fig. 4E). Six monosaccharides including NANA, D-Man, D-GlcNAc, DGalNAc, D-Glc, and D-Gal had no inhibitory effect on the hemagglutination of r-AoﬂeA at the concentration range of 0.05 to 100 mM, whereas
L-Fuc effectively inhibited the hemagglutination of r-AoﬂeA at a concentration range of 3 to 100 mM (Fig. 4A). These results indicate that rAoﬂeA is an L-Fuc speciﬁc lectin.
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3.5. Glycan microarray analysis
Two microarray-based carbohydrate chips, 100-N-glycan and 100sugar chip were used to further explore the sugar-binding properties
of r-AoﬂeA. Both chips contained 100 N-glycans and 100 mono or oligosaccharide chains, respectively. The positions of the sugar chains on the
chip are shown in Supplementary Information Table S2–3. The 100 Nglycan microarray analyses showed that r-AoﬂeA strongly binds to all
fucosylated N-glycan chains containing Fucα(1–3)GlcNAc and
Fucα(1–6)GlcNAc linkages (Fig. 5A-B, Table S2). At concentrations
greater than 9–10 μg/mL, r-AoﬂeA also exhibited weakly nonspeciﬁc
binding to sugar chains containing galactose (No. 2), sialic acid (No.
3), and high mannose type (Nos. 86, 87, 90) residues (Fig. 5B and
Fig. 7D).
The 100-sugar chip analysis also showed that r-AoﬂeA has broad
speciﬁcity for all fucosylated sugar chains, including free L-fucose, and
other sugar chains containing Fucα(1–2-Gal), Fucα(1–3-Glc),
Fucα(1–3-GlcNAc), Fucα(1–4-GlcNAc), lewis X, sialyl lewis X, lewis A,
sialyl lewis A, blood group ABH antigens and human milk oligosaccharides (Fig. 6A-B, Table S3). Similarly, at concentrations greater than
9–10 μg/mL, r-AoﬂeA also exhibited weakly nonspeciﬁc binding to the
sugar chains with the non-reducing end of the galactose β-1-3 linkage
(No. 13, 47, 49, 61, 63, 90, 96), and to few monosaccharides, such as
mannose (No. 1, 60) and glucose (No. 2) (Fig. 6B).
Further, comparison of fucose binding between AoﬂeA and AAL at
of 9 μg/mL using the 100 N-glycan microarrays exhibited very similar
binding speciﬁcity with minor differences (Fig. 7). Both lectins showed
broad speciﬁcity for the fucosylated glycans and high speciﬁcity for
all fucosylated glycans or oligosaccharides, including Fucα(1–2),
Fucα(1–3), Fucα(1–4), Fucα(1–6) linkages. In addition, r-AoﬂeA
showed weakly nonspeciﬁc binding to the glycans containing galactose
(No. 2), sialic acid (No. 3), and high mannose type (No. 86, 87, 90) residues, whereas AAL had almost no such activities at the same concentration (Fig. 7C).
3.6. Frontal afﬁnity chromatography
Dissociation constant Kd of r-AoﬂeA binding to PA-L-Fucose was
quantitatively determined using frontal afﬁnity chromatography. Two
mL of PA-L-Fucose at different concentrations was applied to r-AoﬂeAimmobilized Ni-NTA cartridge. PA-L-fucose ﬂowed through when the
amount of PA-L-fucose in injected samples exceeded the retention

Fig. 4. Hemagglutination and inhibition assay for r-AoﬂeA using 2% rabbit erythrocytes. (A) Hemagglutination inhibition assay of r-AoﬂeA using different concentrations of
monosaccharides including L-Fuc, NANA, D-Man, D-GlcNAc, D-GalNAc, D-Glc, and D-Gal. (B) Hemagglutination assay of r-AoﬂeA (positive control) and (C) the microscopic image of
the agglutinated red blood cells; (D) negative control and (E) the microscopic image of the precipitated red blood cells. Abbreviations: Fuc, fucose; Man, mannose; NANA, N-acetylneuraminic acid; GlcNAc, N-acetyl-glucosamine; GalNAc, N-acetyl-galactosamine; Glc, glucose; Gal, galactose.
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Fig. 5. Glycan microarray analysis of r-AoﬂeA using 100 N-glycan microarray-based chips. (A) Scanned ﬂuorescence images obtained after incubation of the 100 N-glycan microarrays with
different concentrations of Cy3se-labelled r-AoﬂeA; (B) The average relative binding intensities (RFU) of 10 μg/mL Cy3se-labelled r-AoﬂeA to 100 N-glycans on the chip.

capacity of the cartridge, until a plateau region was reached. As shown
in Fig. 8A, different concentrations of PA-L-Fucose show different plateau concentrations and breakthrough volumes (V). Since PA-L-Rha
cannot speciﬁcally bind to r-AoﬂeA, the elution volume V0 was determined using PA-L-Rha as a negative control, as shown by the dotted
line in Fig. 8A. Fig. 8B is a representative Woolf-Hofstee plot, used to calculate the average Bt value to be 0.979 nmol, denoting that the amount
of r-AoﬂeA immobilized on the cartridge was about 37.9% (mol/mol),
and the average Kd value was 15 nM [22–24].
4. Discussion
This is the ﬁrst reported fucose-speciﬁc lectin found in nematophagous
fungi. In this study, we investigated the binding speciﬁcity of the lectin
for fucosylated glycans through hemagglutination inhibition assay and
glycan microarray analysis. r-AoﬂeA was efﬁciently expressed in E. coli,
yielding at least 500 mg of soluble and functional r-AoﬂeA per liter
of broth. Using a hemagglutination inhibition assay and glycan microarray
analysis, r-AoﬂeA was found to be broadly speciﬁc for all fucosylated

glycans or oligosaccharides including Fucα(1–2), Fucα(1–3), Fucα(1–4)
and Fucα(1–6) linkages using. These ﬁndings would allow a better
understanding of the structure and function of AoﬂeA derived from
nematophagous fungus A. oligospora.
Currently, no crystal structure of r-AoﬂeA is available. Probable
fucose-binding sites can therefore be determined using multiple sequence alignment (Fig. 1A). Since AoﬂeA, AAL, AOL and AFL share conserved sequences (Fig. 1A), it maybe supposed that AoﬂeA has a
similar structure and speciﬁc binding activity to L-fucose residues linked
to oligosaccharides or glycans. AAL, AOL or AFL has a six-fold βpropeller structure which forms six clefts between each blade. These
clefts are the structural basis for multivalent fucose binding sites
[26,28,29]. As shown in Fig. 1A, AoﬂeA contains six sequence repeats
that are highly similar to AAL, AOL or AFL, indicating that AoﬂeA also
has six-fold β-propeller structures. Homology modeling of AoﬂeA
using AAL (1iub.1.A) as the template further veriﬁed the structural similarity between the two lectins (Fig. 1B). AAL, a typical fungal lectin from
Aleuria aurantia, consists of a six-bladed β-propeller fold [26], and ﬁve
fucose binding sites, referred to as sites 1, 2, 3, 4 and 5, respectively,
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Fig. 6. Glycan microarray analysis of r-AoﬂeA using 100-saccharide microarray-based chip. (A) Scanned ﬂuorescence images obtained after incubation of the 100-saccharide microarrays
with different concentrations of Cy3se-labelled r-AoﬂeA; (B) The average relative binding intensities (RFU) of 10 μg/mL Cy3se-labelled r-AoﬂeA binding to 100 monosaccharides or
oligosaccharides on the chip.

located between consecutive blades (I–V). Site 6 between blade VI and
blade I does not bind any fucose residues, however [26]. Multiple sequence alignment (Fig. 1A) shows that AoﬂeA possibly has four
fucose-binding sites, including sites 2, 3, and 4 consecutively located between blades II and V, and a possible site 6 located between blades I and
VI. Some conserved amino acids were observed in the fucose-binding
sites of AoﬂeA, which are highly similar to those in AAL, AOL and AFL.
AAL has ﬁve amino acid residues in its fucose-binding site, including
Leu (or Ile) and Arg residues in the second β-stand, Glu and Trp (or
Tyr) residues in the third β-stand, and a Trp residue in the fourth βstand, which are conserved (Fig. 1A). In AAL, Arg (stand β2) and Glu
(stand β3) residues of blade i bind fucose through hydrogen bonds,
whereas Leu or Ile (stand β2), Trp or Tyr (stand β3), and Trp (stand
β4) residues of blade i + 1 bind fucose through hydrophobic contacts
[26]. The Arg residue in the second β-strand of the site 1 and 5, the
Glu residue in the third β-strand in site 1 and 5, and the Trp residue in
the last β-strand of the site 1 are replaced by other residues in AoﬂeA,

whereas 5 conserved residues in the four sites 2, 3, 4, and 6, are retained
[26]. Thus, we predict that the proposed 2, 3, 4, and 6 sites in AoﬂeA
could interact with fucosyl residues through hydrogen bonds or hydrophobic contacts [26].
The speciﬁcity of fucose-binding of AoﬂeA was experimentally conﬁrmed by hemagglutination inhibition assay which showed that rAoﬂeA effectively agglutinates rabbit red blood cells in the concentration range of 0.05–100 mM. Six monosaccharides, NANA, D-Man, DGlcNAc, D-GalNAc, D-Glc, D-Gal, did not inhibit the hemagglutination
effect of r-AoﬂeA, whereas L-Fuc effectively inhibited the effect of rAoﬂeA in the concentration range of 3–100 mM. Glycan microarray
analyses further demonstrated the fucose binding speciﬁcity of rAoﬂeA. We found that r-AoﬂeA is broadly speciﬁc for all fucosylated glycans or oligosaccharides, including Fucα(1–2), Fucα(1–3), Fucα(1–4)
and Fucα(1–6) linkages. The broad speciﬁcity of r-AoﬂeA for fucose
binding is consistent with that of AAL reported earlier [30]. In contrast
to their similar speciﬁcity for all fucosylated oligosaccharides or glycans,
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Fig. 7. Comparative glycan-binding proﬁle of r-AoﬂeA and AAL. (A–B) Scanned ﬂuorescence images of 100 N-glycan microarrays after incubation of Cy3se-labelled r-AoﬂeA and AAL at a
concentration of 9 μg/mL; (C) r-AoﬂeA shows weak binding activity towards galactosyl-, sialyl-, high mannose type-glycans, compared to those of AAL.

glycan array analyses conﬁrmed that r-AoﬂeA binds to fucosylated glycans in a slightly different manner compared to AAL. Comparison of fucose binding proﬁles of AoﬂeA and AAL showed that r-AoﬂeA has very
weak nonspeciﬁc binding to several glycans containing galactosyl-,
sialyl-, or high mannose type-residues when the concentration exceeds
9–10 μg/mL (Fig. 7A-C). The slight differences in binding speciﬁcity of rAoﬂeA, compared with AAL, are owing to the differences in the fucose
binding sites and the protein structure. It has been established that
the sites 2 and 4 of AAL are primarily involved in binding to α-1,2; α-

1,3; α-1,4 linked fucosylated glycans, and the site 5 may be more important in binding to α-1,6 linked core fucose [30]. The sites 2, 3, 4, and 6 in
r-AoﬂeA are proposed to form fucose-binding pockets, responsible for
the binding of Fucα(1–2), Fucα(1–3), Fucα(1–4) and Fucα(1–6) linkages. However, the speciﬁc binding sites responsible for speciﬁc Fuclinkages have not been deciphered yet. At present, it is unclear whether
the four possible fucose binding sites of this lectin represent the characteristic binding properties for different fucose linkages [26]. Our research group is currently solving the crystal structure of r-AoﬂeA in

Fig. 8. Frontal afﬁnity chromatography for the determination of dissociation constant (Kd) values of the puriﬁed r-AoﬂeA to PA-L-fucose. (A) The elusion proﬁles of PA-L-Fuc at different
concentrations on the r-AoﬂeA-immobilized Ni-NTA agarose column (1 mL). 5 μM PA-L-Rha was used a negative control. (B) Woolf-Hofstee plot for determining Bt value of the r-AoﬂeAimmobilized column, and Kd value of the puriﬁed r-AoﬂeA to PA-L-fucose.
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order to understand the fucose-binding preferences and explain the differences in the proposed binding sites.
Fungal lectins are not only excellent model systems for the study of
protein-carbohydrate interactions but also have potential applications as
pest control agents or against helminthic infections [15]. In general, a
six-repeat β-propeller structure is typically involved in the host recognition strategy of pathogenic organisms, such as human pathogenic Aspergillus, or phytopathogenic Ralstonia solanacearum [26]. From its broad
speciﬁcity in fucose binding, we predict that AoﬂeA may play an important role in the pathogenicity of A. oligospora, speciﬁcally in the recognition and capture of its prey nematodes. The broad fucose-binding
proﬁle of r-AoﬂeA, including Fucα(1–2), Fucα(1–3), Fucα(1–4) and
Fucα(1–6) linkages, suggests that it may be a virulent to nematodes. It
was reported that some α-1,3 and α-1,6-fucosylated N-glycans are located in the C. elegans intestine [15,31,32], and these fucosylated glycans
may be in vivo ligands recognized by AoﬂeA when A. oligospora captures
C. elegans. Investigation regarding the biological function of this lectin in
capturing nematodes is currently in progress in our laboratory.
In conclusion, r-AoﬂeA has been successfully expressed in E. coli,
yielding at least 500 mg of soluble and functional active r-AoﬂeA per
liter of broth. Hemagglutination inhibition assay and glycan microarray
analyses showed that the r-AoﬂeA is broadly speciﬁc for all fucosylated
glycans or oligosaccharides, including Fucα(1–2), Fucα(1–3),
Fucα(1–4) and Fucα1–6 linkages. The broad-fucose binding properties
of r-AoﬂeA are highly similar to those of AAL, and may promote
A. oligospora in recognizing and capturing its prey nematodes through
recognition of the fucosylated N-glycans located on the C. elegans intestine. Since AoﬂeA may play an important role in the pathogenicity of
A. oligospora and probably participates in recognition and predation of
nematodes, the efﬁcient recombinant expression of r-AoﬂeA will also
provide experimental support and scientiﬁc rationale for further structural and functional characterization of AoﬂeA.
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