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Lectins are a widespread class of proteins implicated in many
essential cellular and molecular recognition processes. They
recognize carbohydrates in a non-catalytic, specific and
reversible manner. Fungi, which include mushrooms,
microfungi and yeasts, have attracted wide interest in recent
years. They are indeed a promising source for novel lectins with
unique specificity and potential for biomedical and
biotechnological applications. Information on fungal lectins,
particularly structural insight, is scarce compared to that on
their plant and animal counterparts. This review therefore
focuses on the structure, function, and exploitable properties of
fungal lectins.
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Introduction

Lectins are versatile and ubiquitous proteins of non-
immune origin that bind reversibly and specifically to
carbohydrates. They are often multivalent which give
them the well-known ability to agglutinate cells. They
mediate recognition events in many biological and patho-
logical processes: cellular signaling, differentiation, host—
pathogen interactions and tissue metastasis. Lectins are
highly sought proteins since they present great thera-
peutical and biotechnological potentials. Fungi have
become a rich source for new lectins with unique carbo-
hydrate specificities. Numerous fungal lectins have
indeed been reported with 82% arising from mushrooms,
15% from microfungi (molds) and 3% from yeasts [1].
Various physiological roles have been proposed for fungal
lectins even if they remain elusive in many instances
(Figure 1) [2-4]. They serve as storage proteins like in
plants and intervene during fungal growth, development
and morphogenesis. They mediate host recognition
necessary to ectomycorrhizal symbiosis [5] and associ-
ation with algae or cyanobacteria in lichens [6], or yeast
flocculation [7]. Fungal lectins also take part in the

defense of fungi since some present toxic activities such
as insecticidal, vermicidal or antiviral, and their inter-
action with host glycoconjugates can be involved in the
infection process of pathogenic fungi as described below.

The localization, biochemical properties and biological
activities of many fungal lectins have been determined
[2—4]. In contrast, very few fungal lectins have been struc-
turally characterized or produced in a recombinant form
mainly because their primary sequence is generally
unknown. Structural data started to become available only
ten years ago and were reviewed once in 2007 [8]. Herein,
we attempt to give an overview of recent structural and
functional aspects of fungal lectins and on their possible
applications.

Fold and quaternary association in fungal
lectins

Today only 26 different fungal lectins have been struc-
turally characterized resulting in approximately 100 crys-
tal structures, 40% of them being in complex with
carbohydrate ligands. This represents 8.5% of all lectin
structures as gathered in the Lectin 3D database (http://
lectin3d.cermav.cnrs.fr). Ten different folds have been
identified, some of them being classical lectin or carbo-
hydrate binding modules (CBM) folds, widely spread in
all living kingdom, such as B-trefoil, B-sandwich (galectin,
Ig and L-lectin types) or LysM domain.

Cyanovirin-type fold is shared with cyanobacteria while
6-blade B-propeller is observed in soil bacteria, illustrat-
ing the probable exchange of genetic material between
fungi and soil inhabitants. The calcium-containing B-
sandwich of flocculin has only been observed in yeasts.
The integrin-like 7-blade B-propeller is unique to lectins
from fungi, as well as the actinoporin-like fold, also called
fungal fruit body lectin fold. Representatives of the major
classes are described below.

Galectins constitute a conserved family of B-galactoside-
binding proteins present in vertebrates, invertebrates and
in some fungi [9]. Galectins from Agrocybe aegerita AAL [10]
and Coprinopsis cinerea CGL2 [11] present the prototype
galectin fold which consists of a B-sandwich formed by two
parallel 6 stranded antiparallel B-sheets, one of them
forming a concave surface specialized in the binding of
B-galactosides (Figure 2a). While prototype lectins are
usually dimeric, the C. ¢nerea galectins have the particu-
larity to be tetrameric assembling as four-leafed clover [12].

Lectins from the fruiting bodies of several fungi such as
Boletus edulis BEL [13), Xerocomus chrysenteron XCL [14],
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Figure 1
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Roles and potential applications of fungal lectins.

Agaricus bisporus ABL [15] and Sclerotium rolfsii SRL [16]
present an actinoporin-like fold which consists of a B-
sandwich made by two B-sheets composed of six and four
B-strands respectively and connected by a helix-loop-
helix motif (Figure 2b). Those lectins form dimers or
tetramers with two distinct binding sites on each mono-
mer found on each side of the helix-loop-helix motif. The
primary site is specific for GalNAc while the secondary
site is specific for GIcNAc.

The B-trefoil fold, or ricin-B fold, is very versatile and
characterized by three subdomains a, B, and vy assembled
around a pseudo-3-fold axis. A four-stranded B-sheet
composes each subdomain that can present one carbo-
hydrate-binding site (Figure 2¢). The lectins from Poly-
porus squamosus PSL. [17] and Marasmius oreades MOA
[18] present an additional domain at the C-terminus
involved in dimerization. The pore forming lectin from
Lacetiporus sulphureus 1.SL. is hexameric and presents an
clongated C-terminal domain belonging to the aerolysin
family of B-pore-forming toxins [19]. The Sclerotinia
sclerotiorum agglutinin SSA [20] and Coprinopsis cinerea
lectin CCL2 [21°°] are monomeric while the Boletus edulis
lectin BEL B-trefoil [22], the Clitocybe nebularis lectin
CNL [23] and the Riizoctonia solani agglutinin RSA
[24] present various dimeric associations. Presence and
orientation of key residues define the functionality of the
three potential carbohydrate binding sites. In the case of
MOA and BEL B-trefoil, all binding sites are functional
while only the site of subdomain a or vy is functional for
CNL or SSA respectively.

Several fungal lectins are homologs of the cyanovirin-N
(CVNH), a small viricidal lectin produced by the cyano-
bacterium Nostoc ellipsosporum. 'They are monomeric and
mostly belong to type I CVNH with one copy of cyano-
virin-N such as GzCVNH lectin from the wheat head
blight fungus Gibberella zeae [25]. GzCVNH consists of
two CVNH repeats related through a pseudo twofold
symmetry referred to as domain A and B. Carbohydrate
binding can occur in both domains but often only one
binding site is functional in the fungal CVNHs. The
structure of MOCNVH-LysM from Magnaporthe oryzae
gave the first structural insights for type III CNVH where
a LysM domain is inserted between the two CNVH
repeats (Figure 2d) [26°°]. The LysM domain recognizes
chitin oligomers while the CNVH part binds oligomanno-
sides in both A and B domains.

Yeast adhesins involve in flocculation like Flo5 from
Saccharomyces cerevisiae [7] or in epithelial adhesion like
Epalp from the human pathogen Candida glabrata
[27°,28°°] present at their N-terminus a lectin domain
with a B-sandwich topology that resembles the PA14
domain from the anthrax toxin protective antigen. A
calcium-dependent carbohydrate-binding site is found
opposite to the N and C-termini that are tethered by
disulfide bridges (Figure 2¢). The calcium ion is bound
through a DeisD motif in a surface loop. Flo5 presents
also a secondary binding site and a Flo5 subdomain,
stabilized by two disulfide bridges and composed
of five short B-strands that helps to discriminate oligo-
mannosides. [7].
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Most common folds of fungal lectins. (a) Galectin fold of Agrocybe aegerita lectin AAL [10] (PDB 3AFK). (b) Actinoporin-like fold of Boletus edulis lectin
BEL [13] (PDB 3QDV). (c) B-Trefoil fold of Clitocybe nebularis ricin B-like lectin CNL [23] (PDB 3NBD). (d) Cyanovirin-N like fold with LysM domain of
MOCVNH-LysM from Magnaporthe oryzae [26](PDB 2L9Y). (e) Yeast adhesin fold for the epithelial adhesin 1A domain (EpalA) from Candida glabrata
[27°] (PDB 4AF9). (f) B-Propeller fold of the Aspergillus fumigatus lectin AFL1 [29] (PDB 4AGI). Coloring as per monomer and carbohydrates are

represented in balls and sticks with yellow carbon atoms.

The only other lectin from a human fungal pathogen with
an available crystal structure is AFL1 from Aspergillus
Sumigatus [29]. It adopts a 6-blade B-propeller fold similar
to the one of Aleuria aurantia lectin AAL [30] (Figure 2f).
Each blade consists of four antiparallel 3-strands that
arranges around a pseudo sixfold axis. The B-propeller
is closed as a zipper through hydrogen bonds. AAL and
AFL1 are both dimeric fucose binding lectins but the
dimer contacts are different. The fucose binding sites,
located at the interface between two blades, present only
minor variations. All six potential sites are functional in
AFL1 while there are only five in AAL.

Mushroom lectins as defense proteins

Since fruiting bodies of mushroom contain a large number
of toxic proteins involved in their defense against para-
sites and feeders, fungal lectins have been tested for their
insecticidal and nematodicidal properties. XCL, the acti-
noporin-like protein from X. chrysenteron is indeed toxic
when incorporated in diet of Drosophila melanogaster [31]

and has been reported to have pest control application
against the aphids Acyrthosiphon pisum [31] and Myzus
persicae [32]. The B-trefoil lectins present in the sclerotes
[33°] (compacted forms of mycelium) from S. sclerotiorum
and R. solani are toxic towards the aphid A. pzsum [34] and
the cotton leafworm Spodoprera littoralis [33°], respect-
ively. In both case, it was demonstrated that the lectin
toxicity is related to binding to midgut epithelium.
Toxicity may be dependent on the multivalency of the
B-trefoil lectin, as demonstrated for C. nebularis lectin
CNL that requires a dimeric state for its toxic activity
towards Caenorhabditis elegans [23]. In the case of M.
oreades lectin MOA, a chimerolectin with a B-trefoil
domain and a cysteine-protease domain [35,36°°], the
toxicity towards C. elegans necessitates both the binding
to the worm glycolipids and the enzymatic activity [36°°].
T'he precise identification of the targeted glycoconjugates
is very challenging, mostly because of the lack of knowl-
edge about glycomes of invertebrates and other soil
inhabitants. Very recently, the B-trefoil lectin CCL2 from
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(a) Trisaccharide from nematode N-glycan in the binding site of Coprinopsis cinerea B-trefoil lectin CCL2 [21°°] (PDB code 2LIQ). (b) Human GalB1-
3GalNAc mucin epitope in the binding site of Candida glabrata adhesin Epal [28°°] (PDB code 4ASL), with DcisD bond between Asp164 and Asp165.
Hydrogen bonds are represented as green dotted lines and calcium ion as green sphere.

C. cinerea was demonstrated to bind to the al,3-fucosy-
lated N-glycan core structures of nematode N-glycans
[21°°] and the crystal structure of the complex gave the
atomic details of this novel binding site (Figure 3a).
Similarly, the CGL2 galectin from the same fungus
was crystallized with the Galp1,4Fucal,6GIcNAc epi-
tope which is another modification of C. elegans N-glycans
core [11]. Therefore fungal lectins not only are excellent
models systems for the study of self/non-self recognition
but also have potential utility against helminthic infec-
tions or as pest control agents.

Fungal lectins and pathogenicity

Many fungi adopt a parasitic life style and are pathogens
towards plants or animals. As observed in bacterial infec-
tions where lectins can be involved in specific recognition
of host glycans [37], fungal lectins can also participate in
the early stages of infection. As described above, several
lectins from phytopathogenic fungi have been structu-
rally characterized including (B-trefoil lectins from R.
solani [24] and §. sclerotiorum [20], actinoporin-like lectins
from §. ro/lfsii [16] and X. chrysenteron [14] and cyanovirin-
like lectin from G. zeae [25], but no relationship could be
established with infectious process. Only a lectin of rice
blast fungus M. oryzae with alternating CVNH and LysM
domains could be linked to the ecarly stages of plant
infection [26°°].

In addition, several lectins from yeasts and microfungi
have been shown to be directly involved in human
pathogenesis. For example, paracoccin, a GlcNAc bind-
ing lectin from Paracoccidioides brasiliensis, binds to lami-
nin, a component of extracellular matrix, during all stages
of infection and stimulates the release of TNF-a and
nitric oxide by macrophages, two compounds that are key
mediators in paracoccidioidomycosis [38]. Likewise, lec-
tins from A. fumigatus and C. glabrata, two fungi respon-
sible for major hospital-acquired diseases, recently
revealed specific binding to human oligosaccharides.
AFL1 from A. fumigatus is localized on the surface of
conidia and binds to fucosylated human blood group
oligosaccharides. The lectin has a strong pro-inflamma-
tory effect on human bronchial cells that could be inhib-
ited by the addition of exogenous fucose [29]. C. glabrata
pathogenic yeast contains a large number of Epa epi-
thelial adhesins that are GPI-anchored cell wall proteins
[27°,28°°]. The fine differences in specificity for the N-
terminal calcium dependent lectin domain of three C.
glabrata adhesins were determined by use of glycan arrays
[39]. Epal, Epa3 and Epa6 all bind to terminal galactose
with Epal displaying higher affinity for GalB1-3GalNAc
(Kq=3.5pM) as determined by fluorescence spec-
troscopy. The different specificity or promiscuity for
oligosaccharides could be rationalized through several
complex structures of Epal and subtype-switched Epa
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Representative fungal lectins with known crystal structure and potential use in biotechnology. Color code as follows. Yellow disk: Gal,
blue square: GIcNAc, yellow square: GalNAc pink diamond: NeuAc, red triangle: Fuc

Fungus Lectin (fold) Specificity Affinity Recomb. Application
Laetiporus sulphureus LSL (B-trefoil) Oi. Kgq =170 pm? LSL150 [44] Used as protein tag for
(lactose) [19] purification on agarose [45]
oL@
Marasmius oreades MOA (B-trefoil) B Kg < 100 pm? [47] Immobilized on column for
dp_. (Gala1-3Gal) [46] purifying xenoantigen [48]
Polyporus squamosus PSL (B-trefoil) Kg=1.3 pm? [49] Labeling of Neu5Aca2-6 on
- P (6'sialyllactose) [17] colon cancer [50]
Clitocybe nebularis CBL (B-trefoil) Di. [51] Antiproliferative activity [51]
Sclerotium rolfsii SRL (actinoporin-like) . D — Inhibition of the growth of
' human colon cancer cells [52]
Agaricus bisporus ABL (actinoporin-like) oo = Inhibition of cell proliferation
()[in of some ocular and cancer
cell lines [53]. Increase
pancreatic cell proliferation[54]
Agrocybe aegerita AAA (galectin) Kq =23 umP [56] Engineering for higher selectivity
(3'sialyllactose) [55] for 3'siallylactose [56]
Aleuria aurantia AAL (B-propeller) Kg =12 um® [57] Detection of fucosylated

Psathyrella velutina

PVL (B-propeller)

= >«E

(2'fucosyllactose) [30]

Kq =214 pum?
(GlcNAc) [58]

glycoconjugates/Engineering
for higher selectivity for core
fucose [43°]

Detection of asialo IgG in
rheumatoid arthritis [59]

@ Determined by isothermal titration calorimetry.
© Determined by frontal affinity chromatography.
¢ Determined by surface plasmon resonance.

variants engineered by mutations, demonstrating the
major role of two inner loops in both calcium binding
and ligand recognition [27°,28°°].

Potential applications in diagnostic and
biotechnology

Many fungal lectins bind with high specificity to epitopes
present on human glycoconjugates. Some of these oligosac-
charides are overexpressed in pathological situation, and
several fungal lectins are therefore useful markers in inflam-
mation and cancer (see Table 1). By competing with human
lectins, they can also have direct effect on tumor cell
proliferation, or can be used for targeted drug delivery
[15]. Recently, AALZ2, a GIcNAc specific lectin from A.
aegerita, has shown antitumor activity on hepatoma cells and
potential for cancer diagnosis [40]. Fungal lectins are rou-
tinely used in research laboratory for glycomics studies.
They are now included in lectin microarrays that are emer-
ging tools for high-sensitivity profiling of glycomes [41].

Examples of properties and application of fungal lectins,
together with the references for production of recombi-
nant form, are listed in Table 1. The most widely used

fungal lectin is AAL from A. aurantia that is able to bind
all fucosylated human oligosaccharides [30]. The lectin
from Aspergillus oryzae (AOL) is very similar in sequence
and specificity but displays preference for core fucosyla-
tion, that is, the presence of a fucose al-6 linked to the
first GIcNAc residue of N-glycans [42]. Core-fucosylation
is of high interest for diagnosis of some hepatic carci-
nomas and this particular post-translational modification
inhibits the antibody-dependent cellular cytotoxic
activity of therapeutic antibodies. On the basis of struc-
tural knowledge of the binding site [30], it has been
possible to engineer AAL in order to increase its selec-
tivity for Fucal-6GlcNAc motif [43°].

Conclusion

Fungal lectins present some similarity and a convergence
of fold with bacterial lectins probably as a result of
divergent evolution. With the latest advancements in
genome sequencing and production of recombinant
proteins, more fungal lectins are expected to become
available. There is still a vast number of species to be
analyzed with the possibility to increase the variety of
structures and specificity, thus increasing the catalog of
biomedical and biotechnological applications.
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