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A B S T R A C T

Lectins are ubiquitous proteins that interact with glycans in a variety of molecular processes and as such, also 
play a role in diseases, whether infectious, chronic or cancer-related. The systematic study of lectins is therefore 
essential, in particular for understanding cell-cell communication. Accumulated protein three-dimensional 
structural data in the past decades boosted advance in AI-based prediction and opened up new options to 
characterise lectins that are known to often be multimeric and multivalent. This article reviews the methods to 
obtain structures of lectins, the current data available for lectin 3D structures and their interactions, how this 
knowledge is used to classify these proteins and shows that the combination of an array of bioinformatics tools 
should make the prediction of binding specificity possible in a near future.

1. Introduction

The glycocode, built by the complexity of glycan structures and 
conformations at the surface of cells, is deciphered by specific proteins 
able to bind to glycans [1]. Among them, lectins recognize specific 
structures of carbohydrates, and are different from glyco-enzymes, 
transporters, antibodies or glycosaminoglycan-binding proteins [2]. 
Lectins are present in all kingdoms of life. They can be soluble or 
anchored in cell membranes, presented on bacterial appendices or on 
virus capsids [3].

Lectins play a role in various biological functions. Their interactions 
with specific glycan structures are involved in quality control during 
protein folding and sorting, cell adhesion and trafficking, innate im
munity, mammalian fertilization and embryo development among 
others [4]. They also play a role in many diseases, being involved in 
recognition of altered glycan structures related to cancer or other 
chronic diseases. Furthermore, many microbes, such as viruses, bacteria, 
parasites, and fungi, use lectins for specific recognition of glycans and 
adhesion on target tissues during the first step of infection or of sym
biosis [5].

The glycan-binding properties of lectins makes them relevant as tools 
for biotechnology, with research application in cell biology, immu
nology, nanotechnology and pharmacology. They can be used for 
structural analysis of glycoconjugates, labelling of tissues or detection of 
pathogens. Lectins can also be used for diagnosis or even treatment in 

some human diseases [6]. This fosters the development of recombinant 
lectins, with quality-controlled production as well as engineered lectins 
with modified properties of affinity and specificity for specialised 
applications.

Lectins often exist in the form of well-defined modules or carbohy
drate recognition domains (CRD). CRDs occurs as single protein, re
petitive domain in tandem proteins, or as domains within larger proteins 
containing other modules/segments [7,8]. When a lectin is simply a 
CRD, it is generally functional upon oligomerization, resulting in the 
multivalent presentation of several CRDs, with high avidity for multiple 
copies of glycans presented on complex glycoconjugates or cell surfaces 
[9].

In this context, structural knowledge of lectins is of primary impor
tance at several levels. Atomic details of the interaction between glycan 
ligands and lectin binding sites help in rationalizing the lectin function 
as well as related properties in terms of affinity and specificity. This 
allows for knowledge-based design of glycomimetics, i.e. high affinity 
synthetic compounds able to compete with natural interaction of lectins 
with human tissues [10].

“Functional lectinomics” was proposed a long time ago as a generic 
term to cover the global study of lectins [11]. In reference to this ter
minology but with a different angle, this review surveys the methods at 
hand to determine the three-dimensional structural properties of lectins 
and briefly covers the structural aspect of their interaction with glycans. 
It then details how structural features can support the classification of 
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lectins and in turn, how this classification sets the basis of automatic 
methods predicting species-specific lectomes and further supports the 
design of AI-driven specificity assignment.

2. Tools for structural determination of lectins

Lectin three dimensional structures can be retrieved from different 
sources, including the Protein Databank (PDB) [12], but also from more 
specialized databases, such as UniLectin3D [13] that is described below. 
The vast majority, i.e., 97 %, of the 2643 structures recorded in Uni
Lectin3D, were solved by classical X-ray crystallography, as shown in 
Table 1, in which the origin of data is detailed.

2.1. X-ray crystallography

The 2566 X-ray crystallography structures are in most cases, refined 
at high resolution, except for 600 with resolution lower than 2.3 Å. 
Complexes between lectins and carbohydrate ligands can be obtained by 
co-crystallization or soaking, but most structures are solved with short 
oligosaccharides. If the carbohydrate chains were longer, it would create 
conformational disorders that is an obstacle to crystallisation. Crystals 
are in general collected at very low temperature to protect the protein 
from radiation damage. Room temperature data collection is sometimes 
preferred to obtain results closer to native conformation of side chains 
and to avoid the use of glycerol, a cryoprotectant that may compete for 
glycans in binding sites.

2.2. Nuclear magnetic resonance

Nuclear Magnetic Resonance (NMR) is a very useful approach for the 
determination of structures of proteins and glycan–protein complexes in 
solution. NMR has been successfully applied, first to solve the structures 
of small lectins consisting of short peptides, such as hevein, or trefoil 
factors [14,15]. However, larger domains, such as Siglec 8, have also 
been investigated by NMR, deciphering the modes of interaction with 
sulfated and sialylated Lewis structures [16]. Altogether 45 structures 
from 31 different lectins have been determined by NMR in UniLectin3D. 
While complete structure determination requires uniform isotopic 
labelling, other structure-related information can be obtained through 
the vast panel of experimental parameters that can be measured by NMR 
(chemical shifts, couplings, Nuclear Overhauser Effects (NOEs), relaxa
tion rates…). They reflect ligand conformation, dynamics, affinity and 
contact to the binding site [17].

2.3. Neutron crystallography

Neutron crystallography provides highly relevant features for 
structural biology and more specifically for characterising protein- 
carbohydrate interaction [18]. The localisation of hydrogen atoms, 
when exchanged to deuterium, is clearly revealed in neutron density 
maps providing valuable information on hydrogen bond geometries, 
protonation state, and orientation of water molecules. Since neutrons do 
not induce radiation damage to the crystal, diffraction data can be 
collected at room temperature, avoiding the artefact of very low tem
perature and cryoprotectant. However, two technical limitations, i.e. 
deuteration of the protein and the ligands, and the need for large 

crystals, currently restrain the number of lectin neutron structures. 
UniLectin3D only contains seven structures corresponding to four 
distinct proteins. Recently, the use of E. coli strains engineered to pro
duce monosaccharides allowed for perdeuterated fucose [19] and the 
neutron structure of its complex with LecB from Pseudomonas aeruginosa 
[20]. These data help rationalizing how calcium ions induce unusual 
types of hydrogen bonds and an infrequent strong affinity for mono
saccharide (Fig. 1A).

2.4. Cryo-electron microscopy

Cryo-Electron Microscopy (EM) is a very effective and fast devel
oping technique. Direct electron detectors generate structural informa
tion while avoiding the constraints of labelling or crystallizing biological 
macromolecules. It is particularly suited to glycobiology, as samples 
with structural and conformational heterogeneity can be observed. 
Cryo-EM analyses of fully glycosylated spike protein of the feline 
alphacoronavirus led to model 27 out of the 33 identified N-glycans 
[21]. With progress in the quality of the resolution, it is now possible to 
also analyse carbohydrates in the binding site of large proteins that are 
difficult to crystallize. UniLectin3D currently includes 25 structures of 
lectins obtained by cryo-EM. Among them, the only structure of 
SARS-Cov2 spike glycoprotein in complex with host glycans was ob
tained by cryo-EM and revealed the presence of sialic acid in the binding 
site of the NTD domain [22] (Fig. 1B).

Table 1 
Origin of UniLectin3D content.

Methods Structures Distinct lectins

X-ray crystallography 2566 689
NMR 45 31
Neutron crystallography 7 4
Cryo-EM 25 17
Total 2643 741

Fig. 1. Non-classical map of carbohydrates in lectin binding site. (A) neutron 
density maps around fucose in the binding site of LecB from neutron crystal
lography (PDB code 7PRG). (B) electron density map around sialic acid in the 
binding site of SARS-Cov2 spike protein from cryo EM (PDB code 7QUR)..
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3. Lectins structures and basis of glycan recognition

3.1. Brief overview of lectin structures

The functional properties of lectins are structurally contained in their 
CRDs. Such domains have a wide variety of folds, indicating a broad 
evolutionary distribution [23]. The architecture of lectins generates 
another level of complexity: CRDs are found as single domains (mer
olectins), oligomers (hololectins), or associated with domains of 
different functions (chimerolectins) [24]. This large structural reper
toire has been reviewed for plant [24,25], animal [26,27], or fungal [28] 
lectins. Lectins of microorganisms have also been structurally deter
mined, with an emphasis on those placing an infectious burden on 
humans [5,29]. Even though CRDs adopt a large variety of folds, some 
structural families have been more studied, and a wide panel of struc
tural data are available for C-type lectins [30], R-type lectins [31], 
galectins [32], I-type [33] and L-type [34] lectins. It should be noted 
that some canonical structures are shared in different branches of life, 
such as the L-type CRDs occurring as legume lectins in plant vacuoles 
and membranes [35,36], but also involved in eukaryotic cells for quality 
control of glycoproteins synthesis [37]. Lectin structures are not 
comprehensively reviewed in this article but databases for accessing the 
corresponding information are described in section 3.

3.2. Intermolecular interactions

Lectins have carbohydrate-binding sites that are generally shallow 
pockets and do not undergo significant conformational changes upon 
ligand-binding (Fig. 2). These proteins achieve specificity for carbohy
drates through the recognition of stereospecific arrangement of glycan 
hydroxyl groups, which is dependent on ring shape, chiral center, and 
linkage sites [23]. Targeted modifications of hydroxyl by sulfation, 
phosphorylation or N-acetylation are also accommodated in lectin 
binding sites, thereby additionally contributing to specificity [16].

Since lectin sites are generally solvent-accessible, carbohydrate 

ligands have to compete with structured water molecules that occupy 
the same positions as the hydroxyl groups of sugars [38,39]. Upon 
binding, these hydroxyl groups are involved in hydrogen bonds with 
polar amino acids that favour the creation of bifurcated bonds, such as 
asparagine (Asn) and aspartate (Asp), glutamine (Gln) and glutamate 
(Glu), as well as arginine (Arg). Acidic groups of sialic acids also 
establish salt bridges with positively charged Arg and lysine (Lys). In 
some cases, water molecules play a bridging role between the carbo
hydrate and the binding site, establishing hydrogen bonds between both 
the sugar and the amino acids [40,41].

The systematic analysis of amino acids in lectin binding sites 
demonstrated the predominant enrichment of Asn and Asp among the 
polar residues [42]. The same study however concludes in a much 
stronger enrichment of aromatic residues, with preference for trypto
phan (Trp). Indeed, Trp, and to a lesser extent tyrosine (Tyr), establish 
CH-π interactions with the hydrophobic face of monosaccharides [43]. 
The binding energy resulting from CH-π interactions, depends on the 
stereochemistry of the monosaccharide. It is especially favoured for 
β-galactoside, but also observed for mannose, glucose and derivatives 
[44].

3.3. Metal ions and carbohydrate binding site: the role of calcium

Some lectins are known to require the presence of divalent ions in the 
assay medium for activity and their binding can be inhibited by chela
tors such as Ethylene Diamine Tetra Acetic acid (EDTA). Structural data 
confirm the presence of different ions in several families of lectins. For 
example, in the large family of legume lectins, that encompasses 
Concanavalin A, the binding site is conserved and requires the presence 
of two ions, calcium (Ca2+) and manganese (Mn2+) [35]. Legume lectins 
can be further classified in subgroups reflecting different binding spec
ificities, ranging from mannose (Man), galactose (Gal) and N-acetyl 
galactosamine (GalNAc), N-acetyl glucosamine (GlcNAc), fucose (Fuc) 
or sialic acid (NeuAc) [36]. Nonetheless, the two Ca and Mn ions occur 
in all crystal structures. They do not interact directly with the bound 
carbohydrate, but play a structural role by stabilizing a rare cis-peptide 
linkage and the conformation of the adjacent loop [45].

Other families of lectins from animals [46], fungi [47] and bacterial 
[48,49] lectins have calcium ions intimately involved in the glycan 
binding site, directly bridging the sugar with (mostly) acidic side chains 
of the protein. The glycan is then directly involved in the coordination 
sphere of calcium, occupying two sites through vicinal hydroxyl groups. 
The cation therefore contributes to the specificity but also to the affinity, 
both through electrostatic interactions and through the release of pre
viously calcium-bound water molecules.

The first crystal structure of a calcium-dependent lectin was rat 
mannose-binding protein complexed with an oligomannose [50] and 
this animal lectin family is still referred to as C-type lectin [51]. This 
lectin class now spans more than 50 different lectins with known 
structures, and specificity varies from Gal, N-acetyl galactosamine 
(GalNAc), GlcNAc or fucose (Fuc), depending on neighbouring amino 
acids.

Several other calcium-dependent lectin families have been identi
fied. They are characterised with different folds and binding sites 
(Fig. 3). Calcium-containing binding appears to have evolved indepen
dently in several branches of life, to converge to a very efficient way of 
binding sugars. In addition to classical coordination of two vicinal 
glycan hydroxyl groups by one calcium ion, LecB from Pseudomonas 
aeruginosa and related lectins from Pseudomonota are characterized by 

Fig. 2. Interactions between lectins and carbohydrates illustrated by binding of 
GalNAc to hemolytic lectin CEL-III (PDB code 2Z48). Interactions between 
GalNAc (represented by sticks) and lectin (represented by ribbon) include direct 
and water-bridged hydrogen bonds (represented as blue dotted lines), coordi
nation of calcium ion (represented as green sphere) and π-stacking to a 
Trp residue.
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the occurrence of two calcium ions in the carbohydrate binding site. The 
two calcium ions are spatially very close, resulting in unique coordina
tion of the three hydroxyl groups of fucose or mannose [49] and 
energy-rich low barrier hydrogen bond [20].

3.4. Glycan conformation and lectin binding

Lectins are generally rather rigid proteins, with pre-organized 
binding sites that do not undergo major conformational change upon 
binding, although allostery has been observed within the C-type family 
lectins [52]. In contrast, glycans have complex conformational behav
iour. While monosaccharides are generally considered as rigid blocks, 
the glycosidic linkage is semi-flexible. In turn, disaccharides can adopt 
different conformations, visible in “conformational maps” similar to the 
Ramachandran peptide maps. As a consequence of the flexibility of each 
linkage, large oligosaccharides, such as biantennary N-glycans can 
adopt a variety of shapes as demonstrated by molecular dynamics [53]. 
Some branched oligosaccharides, with vicinal linkages, such as Lewis 
oligosaccharides, may however show a more rigid conformational 
behaviour [54].

Upon binding, lectins select one conformation of the glycan. The 
subsequent loss of flexibility participates in the entropy cost estimated 
by analysing the thermodynamics of binding [55]. The bound confor
mations often correspond to the lowest energy observed in solution but 

in some cases, the geometry differs from that expected at energy mini
mum. Lectins, unlike enzymes, do not induce a high energy excited state, 
but “secondary” conformations, a few kcal above lowest energy, are 
often observed. This is the case, for example, for Lewis X (Gal(β1–4)[Fuc 
(α1–3)]GlcNAc). This branched trisaccharide adopts mainly a single 
“closed” conformation in solution due to steric hindrance, rings stacking 
and unconventional C-H…O bond [56,57]. However, its binding to 
β-propeller lectins results in a very different “open” conformation, as 
displayed for RSL, the lectin of Ralstonia solanacearum in Fig. 4 [58]. 
This conformation in the binding site is therefore either selected by the 
lectin from very low concentration in solution or more likely induced by 
sliding contact with a Trp residue in the binding site.

4. Structural databases and structure – based classification

While the CAZy database has been collecting glycoactive enzymes 
for more than 20 years [59], no such tools were available for lectins until 
recently. At the present time, the lectin section of GlyCosmos [60] based 
on the LectinFrontier collection [61], contains more than 5000 entries 
cross-referencing UniProt and PDB. This database provides raw data 
from different sources, and emphasizes the need for a classification. One 
that distributes lectins in 48 families based on their folds was proposed 
[62].

More recently, the development of UniLectin3D promoted the lectin 

Fig. 3. Graphical representation of eight different calcium-dependent carbohydrate-binding sites found in crystal structures of lectins. (A) Human MPB-A complexed 
with mannoside (1KWU), (B) Pseudomonas aeruginosa LecA complexed with galactose (1OKO), (C) sea cucumber CEL-III complexed with GalNAc (2Z48), (D) oyster 
mushroom lectin complexed with galactose (6T1D), (E) human intelectin-1 complexed with galactofuranoside (4WMY), (F) Candida glabrata adhesin (4A3X) and (G) 
sea anemone lectin (6A56) complexed with galactose and (H) P. aeruginosa LecB complexed with fucose (1GZT).

Fig. 4. Change of conformation for Lewis x in solution and crystal structure and in the binding site of RSL (PDB code 5AJB). For comparison sake, the fucose 
(coloured in pink) is shown with same orientation in the two panels to highlight the conformation flip of GlcNAc at the glycosidic linkage.
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3D structures as the foundation for their classification [13]. In this 
database, lectins are hierarchically organized in three levels starting 
with 36 folds, then 109 classes based on amino acid sequence similarity, 
and lastly, 449 families reflecting species information. The sunburst 
representation of UniLectin3D content displayed in Fig. 5A, shows that 
β-sandwich, corresponding to an assembly of two β-sheets, is the top 
most frequent fold, as it is observed in well-studied legume lectins and 
galectins among others. The second is β-trefoil that lacks a regular sec
ondary structure but possesses an internal 3-fold symmetry due to tan
dem repeats. This structure is reported in many studies on a variety of 
toxins [63]. The ranking shown in Fig. 5A tends to reflect research trends 
rather than biological facts, as in many other life science databases. 
Fig. 5B illustrates the hierarchy of different classes of lectins adopting 
the β-prism fold, and the next level of families for the jacalin-like class.

UniLectin3D is part of the UniLectin portal (Fig. 6A) that contains 
several databases (some are presented in the next section) and other 
glycobioinformatics tools related to lectins [64]. There are reciprocal 
links between UniProt and UniLectin3D. Recently, another group 
released the DIONYSUS database [65] built on protein-carbohydrate 
interactions filtered out from PDB, thereby including both lectins and 
glyco-active enzymes. A geometry-based clustering of the identified 
carbohydrate binding sites allows for the identification of clusters that 
can be used for comparative analysis. Note that Glyco@Expasy [66] and 
GlycoPedia (https://glycopedia.eu/) are two informative websites 
where the resources cited above and below are put into context. The 
former suggests a classification of databases and tools to support their 
reasoned use, while the latter provides background information organ
ised in chapters.

5. Predicting structure from sequence: LectomeXplore and the 
human lectome

The second level of the UniLectin3D hierarchical classification 
(classes) was used to set the basis of a method predicting a putative 
lectin function from an amino acid sequence. A signature for each class 
was defined as a Hidden Markov Model (HMM) and each was system
atically applied to screen popular protein sequence databases, namely, 
NCBI-nr [67] and UniProt [68]. The predicted lectin sequences are 
stored in LectomeXplore [69] that contains almost 1.5 million sequences 
of putative lectins across all kingdoms. LectomeXplore can be searched 
by organism and at each level of the classification. A score has been 
defined for selecting sequences with higher similarity with known lec
tins, and applying a value of 0.5 results in more than 170 000 sequences 
predicted to have lectin activity. Some classes, such as the fibrinogen 
fold of ficolins, are over-represented as displayed in Fig. 6B. Each entry 
provides information at the protein sequence level, indicating conserved 
amino acids in the binding site, and at genomic level, with adjacent 
domains identified. Structural information is available as an AlphaFold 
model when a UniProt accession number is available.

UniLectin also includes a complete catalogue of lectins in human 
tissues named HumanLectome [70]. This database was created from 
checking available literature [71,72] and using the LectomeXplore en
gine to process the entire human proteome (translated genome). This led 
to collect 215 putative lectins spread over 19 classes, the most populated 
ones being the C-type lectin-like, and the ficolin-like. About half of the 
content corresponds to curated entries, for which the lectin activity has 
been demonstrated. Low and very low evidence lectins, i.e. with no 

Fig. 5. (A) Sunburst of lectin folds in UniLectin3D, classified by most abundant entries (only the top seven ones are listed). (B) Example of classification for lectins 
with β-prism 1fold, with three levels from left to right: fold, class and family.
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experimental evidence for carbohydrate binding activity, have also been 
included since some of them may warrant more attention in the future. 
The information for each entry includes sequence, tissue localisation, 
AlphaFold model of the whole protein, and structure of the carbohydrate 
binding regions from PDB or built by homology using Modeller [73]. 
Additional information about the role of adjacent domains is also 
available.

6. Towards prediction of structure and specificity through 
machine learning approaches

Artificial Intelligence (AI) is now expanding fast in glycoscience, 
despite the sparsity and heterogeneity of published data [74]. In recent 
years, the interest for developing neural network models to predict 
glycan functional features and recognition has significantly raised and 
prompted several groups to design new AI-based approaches. This new 
trend follows the paradigm shift created by the spreading usage of the 
AlphaFold software that predicts the 3D structure of a protein from its 
amino acid sequence using large language models (LLMs) [75].

6.1. The imprint of AlphaFold

Within a few years, the AlphaFold output has become a standard for 
modelling the 3D structure of proteins in such a remarkable fashion that 

the work was crowned by a Nobel Prize in 2024. The high reliability 
achieved by AlphaFold has led some authors to attempt the mapping of 
no less than the protein universe [76] while others have systematically 
clustered proteins by fold to ease 3D structure search [77]. The occur
rence and co-occurrence of folds for grouping proteins has guided the 
early protein structure classifications SCOP [78] and CATH [79] and 
these have evolved with AlphaFold towards a greater coverage of 
possible domains and domain combinations [80].

AI-powered classification is based on data available. As mentioned 
earlier, in the vast majority of cases, database content(s) used to train 
models is shaped by research trends as well as by the availability and 
limitations of technologies. In the case of proteins, PDB, due to its half- 
century longevity, contains much more proteins that easily crystallise 
leaving behind membrane proteins notoriously resistant to forming 
crystals. This bias does not reflect a biological but a methodological fact. 
Since UniLectin collects information from the PDB, it is also subjected to 
this bias, as shown in Table 1. Furthermore, immediate concerns for 
serious health threats produce an extensive coverage of some proteins 
such as Sars-Cov2 spike or cholera toxin, and are therefore another 
source of lopsided datasets that create knowledge gaps. These gaps are 
not always identifiable and may hinder or skew automated knowledge 
acquisition. This situation is revealed when using AlphaFold and related 
software for first glimpses at structures of lectins lacking experimental 
evidence. There is for example, no structural information on most algae 

Fig. 6. The UniLectin Portal. (A) Schematic view of the different databases with content information. (B) Number of entries per lectin class for the different da
tabases, with number and names indicated for the most populated ones.
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lectins despite their promising applications in biotechnology. Among 
them, two related mucin-binding lectins, named HML and HCA, were 
purified two decades ago from the red marine algae Hypnea musciformis 
and Hypnea cervicornis, respectively [81] and unrelated hypnin-3 from 
Hypnea japonica was shown to be specific for core-fucosylation on 
N-glycans [82]. As shown in Fig. 7A, the AlphaFold Structure Database 
[83] fails to produce a reliable model for HCA (P84871) and outputs a 
low confidence one for HML (P84870) that somehow predicts a tandem 
repeat structure and disulfide bridges. Fig. 7A also confirms that 
AlphaFold provides a higher quality model for hypnin-3 (P85888). 
Despite the obvious advantage of relying on predicted structures, these 
examples illustrate the mitigated success met with AI method for truly 
novel sequences and the subsequent need for further checks. At the time 
of writing, hypnin-3 is still unclassified and therefore not included in 
UniLectin3D. This is a reflection of real cases regularly occurring when 
species are poorly studied. In this situation, it is possible to rely on 
FoldSeek [77] in the AlphaFold Clusters database [84] and assess the 
fold cluster in which it was assigned. FoldSeek is the result of clustering 
all protein folds collected in resolved and predicted (by AlphaFold) 3D 

structures in order to group proteins automatically by similar folds. In 
each cluster, species distribution is displayed as a Sankey diagram and 
Fig. 7B shows this diagram for the cluster where hypnin-3 is found. It 
highlights that hypnin-3 is the unique algal representative in this cluster 
dominated by Paenibacillus. Moreover, all proteins in the cluster are 
annotated as uncharacterized, opening the possibility of novel class of 
lectins. This example illustrates how the careful use of several bioin
formatics resources can support shaping new assumptions.

The databases and other web resources related to lectins and cited in 
the text are listed and referenced in Table 2.

6.2. The prediction of lectin specificity

The last step of structural lectinomics, following 3D structure pre
diction, consists in inferring specificity from a carbohydrate binding site 
architecture. Determining specificity, affinity and ligand binding mode 
has become the next frontier. The prediction of specificity and affinity 
turns out to be much more complicated than prediction of structure. 
Many glycans are similar in terms of stereochemistry, but in contrast, a 

Fig. 7. Examples of use of AlphaFold in lectin structure prediction. (A) Predicted structures taken from the AlphaFold Structure Database for three lectins from red 
algae, HML (UniProt P84871), HCA (P84870) and hypnin-3 (P85888). AlphaFold produces a per-residue confidence score (pLDDT) between 0 and 100. The colour 
code indicates the model confidence decreasing from blue (very high: pLDDT > 90) to orange (very low: pLDDT < 50). (B) Sankey diagram of the AlphaFold Clusters 
database (FoldSeek Clusters) showing species distribution of the cluster members to which hypnin-3 (P85888) is assigned.
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minor variation in a peptide sequence can result in different specificities. 
Consequently, lectins in the same class can present a large spectrum of 
specificities even when sequence identity is high. In some lectin classes, 
the abundance of crystal structures supports a rational understanding of 
specificity when examining amino acid variation in the binding site, as 
for the Man vs Gal preference in C-type lectins [87], or the Man/Fuc 
selectivity of 2-calcium bacterial lectins [88]. Similarly, in legume lec
tins, an explicit correlation was established between the lengths of the 
loops around the binding site and their carbohydrate specificities [89].

A handful of software tools that predicts binding specificity has been 
published, and each method hinges on different types of data (Table 3). 
In 2020, Mattox & Bailey-Kellogg [90] proposed a knowledge discovery 
approach through processing an extensive description of glycan binding 
pockets and outputting a selection of characteristic features. The same 
authors went on adapting SweetNet [91] a graph convolutional neural 
network representation of glycan structures to leverage the accumula
tion of glycan array data and predict a structure-function relationship 
[92] but this effort seems to have been dropped before publication. In 
parallel, two other groups followed a similar path to release methods 
with slightly different approaches and goals. To predict lectin speci
ficity, LectinOracle [93] uniquely combines SweetNet with a 
transformer-based representation of proteins using ESM-1b [94]. GlyNet 
[95] also relies on a deep neural network trained on protein-glycan 
interaction data to quantitatively predict glycan affinity given a pro
tein sample.

More influenced by structural biology, DeepGlycanSite [96] and 
CArbohydrate-Protein interaction Site IdentiFier (CAPSIF) [97] 
generate a model of binding from PDB data. The former extracts atomic 
coordinates of carbohydrate-protein complexes while the latter remains 
at the residue level. The Rosetta package, renowned for its excellence in 
protein structure prediction includes GlycanDock now defines a com
plete protein–glycoligand docking pipeline for building protein-glycan 
complexes [98]. Lastly, PeSTo-Carbs [99], an extension of the Protein 
Structure Transformer (PeSTo) engineered to predict 
protein-carbohydrate binding interfaces but limited to predicting in
terfaces involving cyclodextrins that are peculiar sugars unrelated to 
known ligands of lectins.

7. Conclusion

The significant progress achieved in recent years in modelling pro
tein 3D structure is a springboard for many omics fields, particularly 
interactomics that is the next focal point in the improvement of 3D 
molecular modelling techniques. In this context, the study of protein- 
glycan interactions is a self-consistent problem that requires a system
atic and stepwise approach presented in this review, as structural lec
tinomics. The latter also encompasses advancing the prediction of lectin 
specificity that remains challenging due to current knowledge gaps. 
Among these, the unknown extent of the lectin repertoire and the in
tricacy of multivalent binding. Nonetheless, solving these issues is 
essential to the elucidation of the glycocode and AI-based bioinformatics 
tools provide critical support to this end.
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Table 2 
Summary of online resources cited in the text.

Name Purpose URL Ref

CAZy Glyco-enzyme knowledge portal http://www.cazy.org [59]
UniLectin Lectin knowledge portal http://unilectin.unige.ch [64]
GlyCosmos Japanese glycoinformatics portal http://www.glycosmos.org [60]
PDB Repository of macromolecule 3D structures https://www.rcsb.org/ [85]
UniProt Database of protein sequences http://www.uniprot.org [68]
Rosetta Software suite for modelling, design and analysis of macomolecules http://rosettacommons.org/software [86]
AlphaFold Structure database Protein structure database https://alphafold.ebi.ac.uk/ [83]
Modeller Software for homology modelling of proteins https://salilab.org/modeller/ [73]
DIONYSUS database of protein–carbohydrate interfaces http://www.dsimb.inserm.fr/DIONYSUS [65]
FoldSeek clusters Clusters from AlphaFold database https://cluster.foldseek.com [84]
Glyco@Expasy Interactive website to access glycoinformatics resources https://www.expasy.org/resources/glyco-expasy [66]
GlycoPedia Glycoscience online resource https://glycopedia.eu/ ​

Table 3 
Binding specificity predictive methods.

Name Comments URL ref

GlycanDock Molecular docking https://docs.rosettacommons.org/docs/latest/application_documentation/carbohydrates/GlycanDock [98]
PLIP Protein-Ligand Interaction Profiler https://github.com/demattox/plip [90]
LectinOracle Specificity prediction https://github.com/BojarLab/LectinOracle [93]
GlyNet Specificity prediction https://github.co/derdalab/GlyNet [95]
GlyBERT Specificity prediction https://github.com/demattox/glyBERT [92]
PeSTo-Carbs Molecular docking https://pesto.epfl.ch

https://github.com/LBMEPFLPeSTo-Carbs
[99]

DeepGlycanSite Molecular docking https://github.com/xichengeva/DeepGlycanSite [96]
CAPSIF:G Binding site identifier https://github.com/Graylab/CAPSIF [97]
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