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Abstract
Lectins are non-immunoglobulin and non-catalytic glycan
binding proteins that are able to decipher the structure and
function of complex glycans. They are widely used as bio-
markers for following alteration of glycosylation state in many
diseases and have application in therapeutics. Controlling and
extending lectin specificity and topology is the key for obtaining
better tools. Furthermore, lectins and other glycan binding
proteins can be combined with additional domains, providing
novel functionalities. We provide a view on the current strategy
with a focus on synthetic biology approaches yielding to novel
specificity, but other novel architectures with novel application
in biotechnology or therapy.
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Introduction
Glycans are present in the form of a complex array on the
surface of all living cells, and a significant number of
genes are involved in the biosynthesis of these bio-
molecules [1]. Through the variety of monosaccharides
and linkages, the occurrence of branching structures and

their dynamic behavior, the resulting “glycome” repre-
sents a maximal possibility of conveying signals. The
resulting concept of “glycocode” [2] is accompanied by
the necessity of receptors able to decipher this code.
Lectins and other glycan-binding proteins such as
carbohydrate-binding modules, antibodies and variable
lymphocyte receptors play a crucial role in the social life
of cells by deciphering the code. Lectins are therefore of
www.sciencedirect.com
high interest for studying the role of complex glycans on
cells, but they are also tools in research, diagnostics,
biotechnology and other [3]. Numerous lectins have
been discovered in nature and many of those found their
applications. However, there are certain drawbacks, such
as not sufficient selectivity or affinity, that might be
disadvantageous for lectins. Therefore, in the last de-
cades, lectins became a target of protein engineering

with the clear vision to create suitable candidates with
the potential in biotechnology and biomedi-
cine applications.

Synthetic biology is a rapidly growing, multidisciplinary
field that comprises the design and engineering of bio-
molecules, biological machines, and even the creation of
novel biological systems and life forms, i.e., artificial
cells and organisms [4]. Synthetic glycobiology uses the
same approaches as synthetic biology with different
areas such as the engineering of glycosylation for the

production of novel glycoconjugates [5,6], the alteration
of glycocalyx [7] or the engineering of carbohydrate-
active enzymes [8] and glycan-binding proteins [9]. In
this chapter, we focus on lectin engineering with a
particular interest in introducing additional specificity
and multivalency.
Engineering of lectin specificity
Engineering the lectin specificity is of strong interest,
either for obtaining tools for yet unlabeled glycans or for
narrowing too broad specificity. Unfortunately, lectin
binding sites do not present the same adaptability as
classical antibodies or variable lymphocyte receptors
(VLRs) from Lamprey that can be selected towards
glycans of interest [10]. Tuning the specificity of lectins

via mutagenesis and directed evolution is chal-
lenging [9,11,12].

Since the pioneering work of Drickamer [13], who
switched the specificity of an animal C-type lectin from
mannose to galactose, classical methods based on site-
directed mutagenesis, usually from structure-derived
information, were applied. Narrowing the specificity of
a galactose-specific galectin from the fungus Agrocybe
cylindricea could be performed through a single amino
acid modification, resulting in the aGalNAc specificity

[14]. Similarly, increasing the selectivity of subtilase
cytotoxin (SubB) of Escherichia coli towards N-glycolyl
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2 Glycobiology
neuraminic acid (NeuGc) towards its more common N-
acetyl analog (NeuAc) could be obtained by shortening a
peptide loop in the active site [15]. The importance of
structural information combined with molecular simu-
lations is illustrated in recent success in the engineering
of a mutated form of E-selectin with specificity towards
60-sulfo-sialyl Lewis X instead of not sulfated natural
ligand [16].

Directed evolution is largely used in protein engineering
and allowed to increase the specificity of fungal Aleuria
aurantia lectin towards a1-6 linked fucose over other
linkages [17]. Random mutagenesis and expression
screening using ribosome display resulted in sialic acid
specificity from the b-trefoil earth worm lectin EW29Ch
[18]. This approach obtained the rare 6-sulfo-galactose
specificity from the same scaffold [19]. However, in
both cases, some residual binding to galactose is main-
tained, illustrating the difficulties of altering carbohy-

drate binding sites.

An original approach, allowing for more discrete modi-
fications of the binding site, is incorporating non-
canonical amino acids (ncAAs). Such lectin “variants”
were first obtained through peptide solid phase syn-
thesis, incorporating fluoro-phenylalanine and
naphthylalanine in a hevein-like peptide [20]. More
recent approaches use engineered E. coli strains auxo-
trophic for tryptophan (Trp) that could be supple-
mented with indol compounds serving as tryptophan-

analogue precursors [21]. The Trp-rich lectin RSL
from Ralstonia solanacearum was modified with different
fluoro analogs [22]. The resulting variants demonstrated
an altered preference for blood group oligosaccharides.
Indeed, fluorination affects the hydrogen bonds pattern
but also kills the aromaticity of the Trp indol ring,
resulting in the loss of stacking interaction with sugar.
Figure 1

Effect of incorporation of ncAAs on affinity. Snapshot from molecular dynam
Gal-1 wt (a) and its two variants with ncAA 7-fluorotryptophan (b) 7-azatrypto
indicated above each complex.
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Subsequently, human Galectin 1 (Gal-1), which con-
tains only one Trp residue located in the binding site,
was engineered with the same approach, using 12
different Trp non-canonical variants [23]. Two variants
with 7-azatryptophan and 7-fluorotryptophan showed
significantly reduced affinity for 30-sulfated glycans
while maintaining binding to 6-sulfated glycans
(Figure 1). The approach is therefore, promising for

finely tuning of specificity, although efforts are needed
to rationalize the effects of the inclusion of ncAA
on functionality.
Engineering of lectin multivalency
Lectins are multivalent, and the avidity generated by
the presence of several binding sites compensates for

the somewhat weak affinity of protein-carbohydrate
interaction. Increasing the number of binding sites
while controlling their resulting spatial position and
orientation is a topic of intense interest [24].

Several lectin domains or carbohydrate binding modules
(CBMs) can be covalently linked together by incorpo-
rating a flexible linker at the gene level. Since markers
for sialic acid (NeuAc) are of high interest, divalent
NeuAc specific lectins were obtained by assembling
tandem repeats CBMs: CBM40 associated with sialidase

NanH from Vibrio cholerae [25] and NanI from Clostridium
perfringens [26] resulting in neo-lectins with a strong
affinity for sialylated oligosaccharides. The same
approach was used with CBM77Rf from the bacterium
Ruminococcus flavefaciens resulting in the divalent neo-
lectin diCBM77Rf specific to homogalacturonic acid
with a possible application as a pectin probe (Figure 2a)
[27]. Both examples support the idea that CBMs are
suitable candidates for engineering lectin by creating
multimeric modules with higher affinity. The same
ics simulation of the complex between 30-sulfated disaccharide and lectin
phan (c). Experimentally derived values of the dissociation constant are

www.sciencedirect.com
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Engineering lectins Notova and Imberty 3
linker strategy was used for assembling algal lectin
tandem repeats [28]. Dimerization of high mannose-
specific actinohivin from actinomycete improved its
anti-HIVactivity [29]. The effect of the peptide linker’s
nature and length on homodimers binding properties
was thoroughly examined for the galectins assembly
[30e32]. In the case of Gal-1 [31], varying the size of
the linker and the number of domains did not affect the

affinity for disaccharide nor the specificity of the glycan
array but generated differences in the histochemical
staining profiles.

Dimerization can also be obtained by conjugating
“handles” inserted by incorporating ncAA with bio-
orthogonal reactivities. Human Gal-1 was produced in a
methionine auxotrophic E. coli host to introduce L-
azidohomoalanine (Aha) or L-homopropargylglycine
(Hpg) at the only methionine residue at the N-terminal
position, and dimerization was obtained through cyclo-

addition reaction [21].

Avidine-based non-covalent tetramerization, associated
with site-specific biotinylation, may be preferred for
better mimicking of multivalent presentation of carbo-
hydrate recognition domains (CRDs) [34]. Fusion of
SigLec-7 and murine analogs of DC-SIGN with a pep-
tide substrate of biotinylation enzyme ByrA, resulted in
tetrameric assemblies that were used to characterize B-
cell subpopulations [35]. Similarly, a biotin-mimic tag
was added to Pseudomonas fluorescens agglutinin (PFA)

specific for oligomannose. It tetramerized through
streptavidin and was immobilized on beads for efficient
binding to HIV gp120 [36]. TETRALEC, an artificial
tetrameric assembly of DC-SIGNR, was obtained by
adding oligo-glycine at the N-terminus followed by the
activity of sortase A, SrtA, which anchored a biotinylated
peptide (Figure 2b) [37]. The neutravidin-assembled
TETRALEC displays glycan selectivity comparable to
DC-SIGNR. However, the spatial organization of bind-
ing sites differs and might affect some interactions. The
same streptavidin strategy was used for assembling two
biotinylated analogs of cholera toxins into a cross-linking

decavalent architecture able to induce hemifusion and
fusion of glycolipid-presenting vesicles [38].

Non-covalent oligomerization can also be achieved by
genetic fusion with a self-assembling peptide domain.
Fc-fragment from IgG has been widely used for C-type
lectins [39,40] and SigLecs [41]. Further engineering
made possible the creation of a library of multivalent
SigLecs used for mapping ligands on healthy and cancer
tissues [42]. The Fc dimerization strategy was also
applied to Gal-1 to create homodimers [43]. Even

greater stability and, in turn enhanced biological activity
of Gal-1 could be obtained by fusion with a cysteine-
terminated variant of the FBJ osteosarcoma viral onco-
gene homolog (FOS) leucine zipper, which forms
disulfide-linked dimers [44]. The dimerizing de novo
www.sciencedirect.com
protein WA20 was used for building lectin nano-blocks
by fusion with ACG (Agrocybe cylindracea galectin). The
use of different linkers resulted in the self-assembling of
di-, tetra-, hexa-, octa- and decameric structures that
were structurally characterized by small-angle x-ray
scattering (SAXS) (Figure 2c) [45]. More versatile ar-
chitectures could be obtained with the fusion of coiled-
coil domains that form helices based on heptad repeats

of polar and hydrophobic residues. B-subunits of
pentameric cholera toxin (CTB) were appended with a-
helical coiled-coil, and structural studies demonstrated
the formation of tubes composed of 12 pentamers where
all CTB binding sites aligned at the external face of the
tube (Figure 2d) [46]. Such strategy might be of interest
for the formation of novel supramolecular structures.
Large oligomers were also obtained by fusion of SigLec-
8 with pentamerizing domain of cartilage oligomeric
matrix protein (COMP), a spontaneously resulted in the
identification of endogenous ligands in human airways

[47]. Hexavalent sialic-acid binding proteins were ob-
tained by engineering tandem repeat of CBMs from
V. cholerae or Streptococcus pneumonia linked to a trimeriz-
ing domain from Pseudomonas aeruginosa sialidase [48].
This construct masks sialic acid on airway epithelia and
is therefore of interest as a protection against viruses
such as influenza [48] and SARS-Cov2 [49].
Shuffling of carbohydrate-recognition
domains: super lectins and Janus lectins
Multivalent lectins can also be assembled from different
domains, resulting in heterodimers of more complex
architectures. Connecting Gal-7 with Gal-1 or Gal-3
through several types of linkers resulted in the acqui-
sition of altered properties [32]. The binding properties
and biological activity of the resulting heterodimers
depended on their composition, arrangement order, and
nature of the linker. Gal-1 and Gal-3 were assembled

either through a peptide linker or coiled-coil zipper
[50], resulting in enhanced extracellular activ-
ity (Figure 3a).

More complex architecture are the Janus lectins, built as
a bispecific chimera with two faces specific for different
glycans. Janus lectins have been first obtained by asso-
ciating a trimeric b-propeller lectin (RSL from
R. solanacearum) and CBMs from a different origin. RSL-
CBM40 presents six binding sites for fucose on one side/
face and three for sialic acid on the other [51], resulting

in crosslinking of vesicles decorated with fucosylated
and sialylated glycolipids, respectively. Since RSL-
CBM40 Janus lectin can detect hypersialylation, a
physiological defect occurring in numerous cancer types,
it was used to crosslink fucose-decorated liposomes with
sialic-rich H1299 cancer cells [52]. Strikingly, the intact
liposome uptake into the cell-mediated by lectin was
observed, suggesting that bispecific lectins could find
their application in targeted drug delivery systems.
Current Opinion in Chemical Biology 2023, 73:102275
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Figure 2

Increase of lectin valency through engineering. a) Galacturonic-specific diCBM77Rf resulting from assembling two CBM77Rf (PDB code 5FU5) through
a linker (blue). b) Mannose-specific artificial tetramer of DC-SIGNR TETRALEC obtained by sortase-mediated insertion of covalently linked biotin on
modified DC-SIGNR (PDB code 1K9I) and assembly on neutravidin (c) Various self-assembling oligomers of nano blocks were obtained by fusion WA20
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Figure 3

Hetero-chimeric lectins obtained through engineering. a) Galactose-specific lectins Gal-1 (green PDB code 1GZW) and Gal-3 (cyan PDB code 3ZSJ)
associated by a peptide linker (blue) or a coiled-coil domain (black). b) Double-faced Janus lectin obtained by trimerization of RSL monomer (cyan PDB
code 2BT9) fused to CBM77Rf (green PDB code 5FU5).
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Janus lectin is also the perfect candidate for building
multilayered biomaterial. Fusion of fucose-specific RSL
with CBM77Rf from R. flavefaciens specific for galactur-

onic acid provided a “gluing protein” RSL-CBM77Rf
that was used for crosslinking pectin and hemicellulose
and building supported artificial plant cell wall
(Figure 3b) [27]. The concept has been extended to
different lectin topologies and RSL-MOA associates
fucose specificity with aGal binding property from
Marasmius oreades b-trefoil agglutinin [53]. The chemical
“handles” inserted by incorporating ncAA with bio-
orthogonal reactivities could also be used for the
(magenta, PDB code 6KOS) and galactose-specific lectin ACG (PDB code 1
pentameric sialic acid binding cholera toxin (CTxB, PDB code 1PZJ) by fusion
60 binding sites for sialic acid can be found on the outer ring of such structur
monosaccharides follows the SNFG convention represented in panel E [33].

www.sciencedirect.com
obtention of hetero-oligomers, although the oligomeri-
zation state appeared more challenging to control due to
undesired side reactions [21].
Bringing new functionalities through fusion
to additional domains
Some lectin domains are part of larger peptide se-
quences, and participate in the targeting of the proteins
to glycosylated tissues. Such natural “chimerolectins”
could include protease activity [54], toxin activity
[55,56], and others. Therefore, it is possible to mimic
WW4). D) Nanotube supramolecular assembly of lectin B-subunits of
with coiled-coil domains (black) which resulted in an assembly where up to
es. Lectins domains are colored in green, and the representation of

Current Opinion in Chemical Biology 2023, 73:102275
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6 Glycobiology
such natural architecture and introduce new functions
by fusion of an additional domain, with an application,
especially in the biotechnology and medical fields. For
example, galectins have been fused with luciferase
(Figure 4a) [57] and green fluorescent protein using
coiled-coil peptides allowing for mastering their oligo-
merization states [58].

In the next paragraphs, we will focus on present efforts
for adding a functional domain able to kill the targeted
Figure 4

Lectin functionalization by fusion with additional domains. a) Gal-3 cova
1LCI) resulting in a lectin/enzyme chimera, with either a peptide linker or a coi
BC2LCN (green PDB code 2WQ4) fused with a toxin domain of Exotoxin A (m
specific actinohivin variant (green PDB code 4DEN) and Fc fragment of hum

Current Opinion in Chemical Biology 2023, 73:102275
cells. Associating a lectin to a toxin domain is an efficient
strategy for targeting some subtype of cells. A successful
example is the use of BC2LCN from Burkholderia ceno-
cepacia with narrow and exclusive specificity for fucosy-
lated H-type1/3 epitopes [59], that are present on
human pluripotent stem cells (hPSCs). Fusion of
BC2LCN with exotoxin A from P. aeruginosa resulted in
an efficient tool for removing hPSCs, which are potential

tumorigenic, from stem cell cultures (Figure 4b) [60].
Since enhanced fucosylation is a signature of several
lently linked (green PDB code 3ZSJ) with luciferase (magenta PDB code
led-coil domain resulting in a trimeric association. b) Fucose-specific lectin
agenta PDB code 1IKQ) c) “Lectibody” from the combination of mannose-
an IgG antibody (magenta PDB code 1H3W).

www.sciencedirect.com
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Engineering lectins Notova and Imberty 7
cancer types, the same lectin-toxin construct was
assayed against pancreatic [61], colon [62] and gastric
cancer [63]. Tumor growth was inhibited, but only some
cell lines were responsive to such treatment.

Lectin-mediated cytotoxicity is also obtained through
“lectibody”e a chimeric protein composed of lectin and
Fc fragment of IgG antibody. Once the lectin is bound,

the Fc part activates the immune system via cell re-
ceptors or complement proteins. Such lectibody was
prepared as a fusion of Fc fragment with actinohivin
lectin variant (Avaren) specific for high-mannose-type
glycans present on the envelope glycoproteins (gp120)
of the HIV viruses (Figure 4C) [64]. The AvFc lectibody
exhibited potent antiviral activity against several strains
of HIVand Fc-mediated cell killing activity against HIV-
1-infected cells. Since hyper-mannosylation is also a
signature of several cancers, AvFc was tested on several
cancerous cell lines and demonstrated strong binding

and cytotoxic activity, confirming the potential of
lectibody strategy for drug development and targeting
[65]. The concept was extended through an in vitro
approach by protein ligation, allowing for the production
of lectibodies from libraries of lectins and Fc fragments.
This approach resulted in a novel lectibody based on the
high mannose-specific scytovirin from the cyanobacteria
Scytonema varium [66]. Recently, an anti-CD3 single-
chain antibody fragment was coupled through bio-
orthogonal reactive ncAA to the B-subunit of Shiga toxin
to target Gb3þ cancer cells, resulting in very fine

targeting of the toxicity [67].

Lectin chimera can also be part of cell therapy strategy.
Lectin-based chimeric antigen receptors (CARs) have
been developed as a fusion between an extracellular
lectin domain, a transmembrane domain, and several
effectors/signaling intracellular domains [68] and have
been expressed in different types of lymphocytes.
H84T-BanLec, a variant of BanL with antiviral proper-
ties but devoided of mitogenic effect [69], was intro-
duced in a lectin-based CAR designed to direct NK cells
to SARS-CoV-2 glycoproteins [70] specifically. H84T-

BanLec CAR-NK cells are activated against SARS-
CoV-2 and represent promising antiviral therapy.
Tumor cells can also be targeted by lectin-based CAR T
cells. Three different lectins (STx from Shigella dysen-
teria, LecA from P. aeruginosa, and engineered Mitsuba),
all specific for aGal1-4Gal epitope present on cancer-
related Gb3 glycosphingolipid, were selected and
fused to a second-generation CAR. The resulting lectin-
based CAR T cells demonstrated cytotoxicity against
Burkitt’s lymphoma cell lines but also against cells from
solid tumors [71].
Conclusion and perspective
Designing new lectins with enhanced properties in
terms of specificity, multivalency and added function is
www.sciencedirect.com
still a novel domain. The review focused on protein
engineering of lectins and CBMs, but novel opportu-
nities can be opened if using other modules such as
variable lymphocyte receptors [10], single chain anti-
bodies (nanobodies) [72], or novel scaffolds now being
developed. Similarly, the frontier between protein en-
gineering through molecular biology methods and pro-
tein conjugation through chemical ways is getting

porous. Including non-canonical amino acids allows for
creating novel linkers with bioorthogonal reactive groups
[21]. After an exploration period, the field now enters
into more thoroughly designed multimeric protein ar-
chitectures, where the distance and orientation of the
binding sites can be controlled. The length and flexi-
bility of linker sequences are also parameters of interest:
for antibodies, higher affinity was demonstrated to be
reached using rigid linker that optimally spans the dis-
tance between sites [73] but this may be different when
binding to flexible glycans presented on cell surface.

Multidisciplinary studies will provide complete glycan
binding protein in the future, probably away from the
classical lectin scaffolds, allowing for more application
for glycosciences in research and health or mate-
rial sciences.
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