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Carbohydrates are abundant in Nature, where they are mostly
assembled within glycans as free polysaccharides or conjugated
to a variety of biological molecules such as proteins and lipids.
Glycans exert several functions, including protein folding,
stability, solubility, resistance to proteolysis, intracellular traffic,
antigenicity, and recognition by carbohydrate-binding proteins.
Interestingly, misregulation of their biosynthesis that leads to
changes in glycan structures is frequently recognized as a mark
of a disease state. Because of glycan ubiquity, carbohydrate
binding agents (CBAs) targeting glycans can lead to a deeper
understanding of their function and to the development of new
diagnostic and prognostic strategies. Synthetic receptors selec-

1. Introduction
1.1. Roles of Glycans

Glycans are ubiquitous in nature where their roles range from
structural functions to energy resources, up to information
carriers as ligands for several classes of proteins.'"? Glycans can
be structured as free polysaccharides, such as in cellulose,
chitin, starch, and glycogen, or as glycoconjugates with lipids
and the linkage to the aglycone, as in N- and O-glycans. Protein
glycosylation is a main post-translational modification, with
significant effects on protein folding, stability, solubility, resist-
ance to proteolysis, intracellular trafficking, antigenicity, and
recognition by carbohydrate-binding proteins.”? Widely ex-
pressed on the surface of eukaryotic cells as constituents of the
glycocalyx, glycans mediate a variety of events in cell-cell, cell-
matrix and cell-molecule interactions, including the adhesion
and infection by pathogenic microorganisms such as viruses
and bacteria.”® Di-, tri- and poly-branched glycans can show
high structural complexity and, although generally only the
terminal residues are the elective epitopes recognised by
proteins,”® the entire polysaccharide is responsible for the
correct folding and orientation of these complex structures.”
Carbohydrate-protein recognition is involved in an enormous
number of physiological and pathological processes including

cell-growth,"” neural development™ immune system
regulation,® tumour growth and metastasis? and
inflammation."® Moreover, carbohydrates are important diag-

nostic biomarkers in cancer. Indeed, in tumour cells the
glycosylation patterns of proteins changes with the expression
of tumour-associated carbohydrate antigens (TACAs) such as
Thomsen antigen (Tn), Thomsen-Friedenreich antigen (TF),
Sialyl-Tn antigen (STn), sialyl-Lewis a and sialyl-Lewis x
antigens.”
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tively recognizing specific carbohydrates of biological interest
have been developed over the past three decades. In addition
to the success obtained in the effective recognition of
monosaccharides, synthetic receptors recognizing more com-
plex guests have also been developed, including di- and
oligosaccharide fragments of glycans, shedding light on the
structural and functional requirements necessary for an effec-
tive receptor. In this review, the most relevant achievements in
molecular recognition of glycans and their fragments will be
summarized, highlighting potentials and future perspectives of
glycan-targeting synthetic receptors.

1.2. Carbohydrates recognition in nature

Carbohydrates can be rather tricky ligands to recognize.
Because of their polar hydroxyl groups, carbohydrates appear at
first glance to be a cluster of water molecules, and when
solvated in an aqueous medium they establish strong hydrogen
bonding interactions with the solvent."™ Consequentially, water
hampers the recognition by proteins not only by competing for
the binding site, but also by strongly solvating the ligands. In
addition, due to their high hydrophilicity, most carbohydrate-
protein interactions occur at the interphase between the
solvent and the protein surface’ All these phenomena
contribute to the low binding affinities between carbohydrates
and proteins."”'® In addition, selectivity is also a difficult task,
since the most common monosaccharides differ only in the
stereochemistry of a single stereogenic centre.

Due to the plethora of carbohydrate-mediated processes,
the need for new tools recognizing carbohydrates has grown in
recent years with the aim of studying and understanding the
molecular basis of the recognition process, but also to develop
new diagnostic and prognostic strategies." Initially, lectins and
antiglycan antibodies were the first choice used as carbohy-
drate-binding agents (CBAs) to tackle this task.”**" However,
although they are currently extensively used in glycobiology,
their therapeutic development is unfortunately hampered by
their protein nature that gives poor stability under physiological
conditions. In addition, the lack of specificity together with the
apparent immunogenicity of the lectins and the difficulties in
purifying the antibodies has further limited their use in therapy
and imaging.”?

1.3. Artificial carbohydrate-binding agents (CBAs)

To overcome the problems given by protein CBAs, in the last
decades, artificial alternatives have been developed. To properly
recognize a carbohydrate, an artificial CBA must address both
polar interactions and hydrophobic effects and satisfy the
correct orientations of binding groups."” Among the classes of
artificial CBAs is possible to distinguish between those that use
boronic acids to bind sugars, which forms strong and reversible
covalent bonds with 1,2- or 1,3-diol groups,”® and those that,
following a biomimetic approach, mimics the recognition
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function of proteins exclusively relying the recognition on non-
covalent interactions.*** Recent advances in boronic-acid-
based receptors have been extensively reviewed over the last
few years®?*® and include the interesting results obtained with
molecular imprinted polymers (MIPs) not only in the recognition
of biologically relevant glycan,*® such as the blood antigens H,
B and A" but also of both the glycan and peptide structure of
glycoproteins such as in the case of the highly mannosylated
glycans of ovalbumin (OVA) and horseradish peroxidase
(HRP).BZ]

Another class of artificial CBAs that has shown to be
promising for carbohydrate recognition is that of the
aptamers.®¥ Aptamers are functional single-stranded oligonu-
cleotides capable of binding specific small molecules or
proteins which are usually prepared through an in vitro
evolution process called systematic evolution of ligands by
exponential enrichment (SELEX).®Y In the field of carbohydrate
recognition, aptamers have only recently been introduced.
Although the first results were obtained with aptamers
functionalised with boronic acid binding groups, more recently
aptamers following a biomimetic approach have proven to be
able to effectively recognise glycans. Interesting results have
been obtained in the discrimination of different protein
glycoforms® as well as in the binding of the glycosylated form
of human prostate specific antigen (hPSA)®® or in the targeting
of the highly mannosylated glycoprotein gp120 of HIV.5”

The most studied class of biomimetic CBAs is that of
synthetic receptors for carbohydrates. Since the first example
developed by Aoyama in 1988,¥ this heterogeneous group of
small molecules, tailored-made for carbohydrate recognition,
has grown extensively to achieve effective binding properties
and selectivity in the recognition of biologically relevant
saccharides.”” The successful use of biomimetic CBAs in a
biological context has further raised interest in the topic, which
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is still a hot field of current research.”>*" However, development
of effective biomimetic receptors that have to compete with a
polar solvent such as water is indeed a non-trivial task. For this
reason, a common approach in the design of new structures
consists in beginning the investigation of binding properties in
a low competitive medium such as an organic solvent, where
polar interactions are enhanced, with the aim to move forward
towards aqueous media once effective recognition properties
have been achieved.*?

To address the binding requirements for an effective
recognition and to find the optimal balance between rigid
building blocks that pre-organize the binding groups for
interaction and flexible structures that enhance adaptability to
the guest, several architectures have been adopted including
covalent macrocycles, coordination-driven macrocycles, acyclic
structures, cages and foldamers.

In the last years, much effort has been devoted to the
development of synthetic receptors for glucose, often driven by
an interest in developing new potential glucose sensors to
monitor its levels in the bloodstream.****' However, with the
exception of glucans (a class of glycans that are polymers of D-
glucose), it is most common to find monosaccharides other
than D-glucose as constituents of glycans - e.g. D-galactose
(Gal), L-fucose (Fuc), D-mannose (Man), N-acetyl-D-glucosamine
(GIcNAC), N-acetyl-D-galactosamine (GalNAc) and N-acetylneur-
aminic acids (Neu5Ac) (see Scheme 1). Many step forwards have
been made in the recognition of different type of monosacchar-
ides by several research groups and their results have been
collected in valuable reviews.'>?>34647 Hawever, the saccha-
rides constituting glycans are part of complex structures, and
there are relatively few examples in the literature of synthetic
receptors for di- and oligosaccharides, and even fewer for
glycoconjugates. Indeed, to recognize more complex ligands,
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Scheme 1. Saccharides, alkyl glycosides and glycoconjugates with corresponding abbreviations.

receptors have to fulfil structural and functional requirements
that are often different from those for a single monosaccharide.

The focus of this review is to summarize and compare the
work that has been done in the field of biomimetic recognition
of carbohydrates targeting glycans and their constituting
saccharides. The review will be organized in sections treating
different saccharides including mannosides and highly manno-
sylated proteins in Section 2, sialic acid and related glycans in
Section 3, galactosides and the structurally related fucosides in
Section 4, GIcNAc and related O- and N-glycans in Section 5,
and glycan polysaccharides in Section 6.

ChemPlusChem 2024, 89, €202300598 (4 of 15)

2. D-Mannose and mannosylated glycans

D-Mannose is a monosaccharide found both as part of the core
structure of N-glycans (Man;GIcNAc,) and as the terminal
residue of high-mannose type N-glycans (Mans,GIcNAc,, see
Figure 1), which are commonly found on the surface of several
pathogens."®*¥ Indeed, high-mannose type N-glycans exposed.

On enveloped viruses such as HIV,***" Zika virus,*? Ebola
virus®? and SARS-CoV-2,"¥ have recently been shown to be
central to the infection mechanism and have emerged as key
targets for novel therapeutic approaches. For instance, oligo-
mannose N-glycans on glycoprotein gp120 of HIV facilitate the
viral entry by binding to the receptor domain of the host cell

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 1. Principal high-mannose type glycans structures (Mans ,GIcNAC,).
Man is represented as green dots, GIcNAc as blue squares.

protein DC-SIGN, while oligomannosides on the spike protein of
SARS-CoV-2 are known to stabilize the “up” state of the
protein,”” which is required for binding to the host cell
angiotensin converting enzyme 2 (ACE2). High-mannose type
N-glycans are also overexpressed in aberrant glycans found on
certain cancer cells including those of human liver,®™ lung,*®
breast,®”*® and prostate,”” so becoming an appealing target for
cancer therapy and imaging.

Because of the importance of oligomannosides, researchers
have focused on CBAs that target D-mannose. These CBAs
include the only known non-peptidic CBA of natural origin, the
antibiotic pradimicin A (PRM—A) (Scheme 2).*” PRM—A has
shown potent antimicrobial activity against fungi, such as
Candida albicans, by altering membrane permeability upon
mannoside recognition in a Ca’" dependent manner."*?
Recently, a PRM—A derivate functionalised with a fluorescent
probe was successfully used to stain the cell wall of Candida
rugosa, demonstrating the versatility of this tool in visualizing
cell surface glycans.®® Furthermore, PRM—A has also been
shown to prevent HIV entry by recognizing mannosides
exposed on the gp120 glycoprotein of the viral envelope,
showing an ECy,=3.33 uM against HIV-1.4¢

ChemPlusChem 2024, 89, €202300598 (5 of 15)

Pradimicin A
PRM-A

Scheme 2. Chemical structure of pradimicin-A.

In the field of supramolecular chemistry, many efforts have
been made in the development of biomimetic synthetic
receptors for mannosides. In a pioneering stage Diederich and
coworkers have reported a family of spirobifluorene cleft
structures showing selective mannose recognition (see 3 in
Scheme 3).%® These chiral receptors, developed to study the
role of chirality in the recognition of chiral species like
carbohydrates, showed good affinity and appreciable enantio-
selectivity towards OctaMan in chloroform, as (S)-3 binds with a
K,=1.27x10*> M~ while (R)-3 shows a K,=8.7x10> M.

Instead, using receptor chirality to tune selectivity between
different carbohydrates was a strategy pursued by Martinez and
collaborators with a pair of chiral hemicryptophane cages, the P
(right-handed helix) and the M (left-handed helix), that showed
opposite preferences between D-glucose and D-mannose.™
Indeed, the M-4 receptor (Scheme 3) was able to recognize in
chloroform OctBGlc with a K,=9.93x10> M~' and OctpMan with
a K,=7 M~" while the P-4 enantiomer recognized OctBGlc with
a K,=4.5x10' M" and OctpMan with a K,=8.56x10* M~". The
pre-organization provided by the cage structure helps the
receptor to exploit the chirality in the enantiodiscrimination of
the guest reaching a significant difference in mannose recog-
nition between the P and M receptors of two orders of
magnitude.

Taking advantage of chirality to find the best match with
the saccharide was also the approach taken by Roelens and
coworkers with a family of chiral receptors based on 1,2-trans-
diaminocyclohexane as chiral building blocks. These receptors
belong to the larger family of aminopyrrolic receptors previ-
ously developed by the same group,®**® which have shown
selectivity towards mannosides, as observed for the tripodal
receptor 5 (Scheme 4),” which recognizes OctpMan with a
BC2,=6.8x107* M in a more competitive solvent than chloro-
form, such as acetonitrile. The macrocyclic receptor 6 and the

%Q? dégﬂ@

Scheme 3. Chemical structure of receptors 3 and 4.
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Scheme 4. Chemical structure of receptors 5-10.

acyclic receptor 7 (Scheme 4) are the most important examples
of these chiral receptors.™ Indeed, receptor (5)-6 showed the
best affinities for OctpMan, with a BC,=83x10"°M in
acetonitrile, and a marked (1:15) enantioselectivity between
the R and S receptors. Conversely, receptor (R)-7 showed
selectivity for OctaMan with a BCY,=1.27x10"* M, but with a
milder enantioselectivity (1:7), most probably explained by the
higher flexibility of its structure, which better adapts the
opposite chirality to the same guest. Because of the importance
of dimannosides as terminal unit of high-mannose type glycans,
the same group has more recently developed a set of chiral
ditopic receptors for the recognition of Manao(1-2)Man target.””
All the set showed selectivity towards dimannosides over
monosaccharides and in particular receptor 8 (Scheme 4)
demonstrated the most interesting binding properties towards
Oct(aMan)BMan in a competitive organic solvent mixture of
DMF 30% in chloroform. Indeed (S)-8 showed to enantioselec-
tively recognize the dimannoside with a marked affinity with a
BCY,=1.5x10"° M (see binding mode in Figure 2) whereas the
enantiomer (R)-8 showed an affinity two orders of magnitude
lower with a BC);=1.32x10"* M.

The family of aminopyrrolic receptors has been successfully
used to target high-mannose type glycans in different biological
contexts. Indeed, in analogy to PRM—A aminopyrrolic receptors
showed antimycotic activity up to MIC=2pgmL™" towards
Pichia norvegiensis and Prototheca wickerhamii comparable to

ChemPlusChem 2024, 89, €202300598 (6 of 15)

Figure 2. Global minimum structure obtained from a search of the conforma-
tional space for the complex between (S)-8 and Oct(aMan)BMan. Hydrogen
bonds are depicted as dashed lines. Adapted from ref. [70] with permission
© 2013 John Wiley & Sons, Inc..

known antibiotics such as amphotericin B."" Aminopyrrolic

receptors also demonstrated binding abilities towards the
mannosylated gp120 glycoprotein of HIV as measured by
surface plasmon resonance (SPR) analysis and showed antiviral
activity inhibiting HIV-1 entry in T-lymphocyte cells with an EC;,
up to 1.7 uM."? Antiviral activity of aminopyrrolic receptors was
also evaluated against another enveloped viruses, the SARS-
CoV-2. Aminopyrrolic receptors demonstrated a broad neutraliz-
ing activity with ICs, ranging from 7.9 to 16.8 uM towards
several variants of the spike protein.”® Antiviral activity appears
to be due to the binding to the mannosylated spike protein,
which in turn inhibits binding of the latter to ACE2 receptor, as
suggested by saturation transfer difference (STD) experiments
carried out with the recognition binding domain (RBD) of the
wild-type spike protein. In analogy to certain mannose binding
lectins and PRM—A, aminopyrrolic receptors demonstrates the
capability to induce a caspase-dependent apoptosis with low
micromolar /G, in cancer cells expressing high level of mannose
glycans.” Interestingly, cytotoxic activity was dependent on
the expression levels of mannose glycans on the cell surfaces
and on the ability of receptors to recognise mannosides. In
particular, compounds (R)-7 and (S)-7 showed ICs, values of 1.3
and 2.7 uM, respectively, and their apoptotic activity was
inhibited in a concentration dependent manner by addition of
MeaMan. Moreover, the ability of mannose-binding concanava-
lin A (ConA) to bind cells overexpressing mannosides was
attenuated in the presence of (R)-7 and (S)-7. More recently,
receptor (R)-7 has been used to develop functionalized
niosomes for mannose-targeted doxorubicin delivery.” In vitro
studies towards triple-negative cancer cells (MDA-MB-231),
overexpressing high-mannose type glycans, showed for the
functionalized niosomes a cytotoxic activity comparable to free
(R)-7 demonstrating the correct presentation of the CBA in
niosomes, and for functionalized niosomes loaded with doxor-
ubicin a cytotoxic activity comparable to free doxorubicin but
with an appreciable increment in apoptosis given by the CBA.

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Finally, comparison studies with normal H9C2 cells showed a
protective role of the formulation on cardiomyocytes.

The class of aminopyrrolic receptors was further expanded
by Braunschweig and coworkers using a biphenyl scaffold.”®
They report in 201377 and later in 2018"® the binding proper-
ties of the tetrapodal receptor 9 (Scheme 4) able to selectively
recognize OctBMan with a K,=12x10°M" and K,,=
3.0x10' M™' corresponding to 1:1 and 2:1 receptor-sugar
association constants in dichloromethane. Later the same group
published the antiviral activity against Zika virus of a library of
receptors for mannosides.”” Among the tested compounds, the
ditopic receptor 10 (Scheme 4) resulted the most promising.
The receptor is structured with two biphenyl cores, functional-
ized with aminopyrroles and linked through a tetraethylen
glycol spacer. The authors evaluated the infection inhibition in
different cell lines (HeLa and Vero) and compound 10 reported
an /C5,=0.24 uM in Hela and IC;,=0.16 uM in Vero, together
with a negligible toxicity.

Inspired by the calcium-mediated mannose binding of PRM-
A% and the mannose recognition property of certain C-type
lectins, that employ Ca’' ions to coordinate the guest (see
Figure 3a), synthetic receptors that use metal ions for mannose
recognition were developed and shown to be effective. One
interesting study is that of Striegler and coworkers who have
presented in 2003 a binuclear copper(ll) complex 11 (Figure 3)
able to recognize D-mannose in water with a pK,,,=4.06.""
Unfortunately, strong interactions are only observable at
alkaline pH (pH=12.4), quite far from physiological conditions.

More recently in 2018 Huc and coworkers proposed an
aromatic oligoamide metallofoldamer (12, Figure 3) for man-
nose recognition.®"” The oligoamide is adaptable while in
solution and it forms the receptor cavity upon addition of Cu**
ions. The helical receptor binds D-mannose over other mono-
saccharides with K,=4.50x10* M~ in a 20% mixture of DMSO
in chloroform. Crystal structure of the complex revealed an
unusual second-coordination sphere interaction between Cu?®*
hydrates and the carbohydrate that result in the moderate
affinity observed.

A foldamer architecture for mannose recognition was also
adopted by Abe and Inouye by mean of a pyridine-acetylene-
phenol hexamer 13 (Figure 4) that fold upon binding to the
saccharide ligand.®? Although the nanomolar affinities ob-
served in dichloromethane, low selectivity was observed among
octyl o- and B-glycosides. However, a certain degree of
selectivity towards D-mannose was observed in solid-liquid
extraction experiment in dichloromethane where D-mannose
was predominately extracted over other monosaccharides. A
nonameric analogue 14 of the previous receptor having alkenyl
side chains was used to form helical structure upon binding
with D-mannose extracted from solid followed by metathesis
reaction to staple the templated helix.®® D-mannose extraction
experiment from solid in dichloromethane showed again a
selectivity towards this sugar.
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Figure 3. a) Detail of the binding site of the CRD4 of mannose receptor
(CD206) of macrophages in complex with MeaMan (from PDB entry: 7JUB);
b) structure of receptor 11; c) schematic representation of receptor 12
sequence; d) representation of folding upon metal coordination followed by
metal-assisted encapsulation of the ligand. Adapted from ref. [81] with
permission from The Royal Society of Chemistry.

a)

Figure 4. a) Structures of receptors 13 and 14; b) model of the helical
complex of 13 (side alkyl chains were substituted with methyl groups for
simplicity) with B-D-glucose obtained by DFT calculation. Adapted from
ref. [82] with permission. © 2015 John Wiley & Sons, Inc.
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3. Sialic acid and sialylated glycans

Sialic acids are a family of 9-termed carbohydrates of which N-
acetylneuraminic acid (Neu5Ac), often simply referred to as
sialic acid, is the most representative. Sialic acid is a common
terminal residue in mammalian glycans, and it is found in many
TACAs. The recognition of Neu5Ac is of note one of the most
crucial processes in the immune response.®” Indeed, many
protein families expressed on the surface of immune cells have
the capability to recognize sialic acid-containing self-antigens.
Upon recognition of sialylated glycans different proteins can
up- or downregulate the immune response.® This mechanism
is used to overcome autoimmune responses, but many
pathogens mimic sialic acid-containing glycans to evade
immune cells.® Sialic acid recognition is usually driven by a salt
bridge between the carboxylic group and an arginine in the
binding site of the protein. Taking advantage of the electro-
static interaction established with cationic hosts is a strategy
that has been widely pursued in the development of functional
materials for the separation, sensing and analysis of sialylated
glycans.®”

Despite the large number of processes in which sialic acid is
involved, there are few examples of artificial CBAs targeting this
sugar in the literature, and most of them feature the use of
boronic acids.®™™ However, some biomimetic synthetic receptors
can also be found, such as the tripodal receptors 15 and 16 of
Mazik and coworkers (Scheme 5).8% The authors used a
biomimetic approach by means of charged groups to establish
a strong interaction with carboxylic group of the sialic acid.
Receptor 15 is endowed with a guanidine residue and two
pyridine moieties while receptor 16 is decorated with three
methylbenzimidazoles, linked to the benzene scaffold through
amide bonds. Both the receptors are capable to strongly
recognize the tetramethylammonium salt of sialic acid in a
highly polar medium such as the mixture water/DMSO 1:9. The
receptors showed a different stoichiometry in the complexation
of the sugar, as highlighted by experimental data, and
confirmed by modelling. Indeed, receptor 15 can accommodate
1 to 2 sugar molecules in its binding site, with the K,,=
1.5x10° M™" and a K,,=3.2x10* M. Instead, receptor 16 can
accommodate 1 to 3 sugar molecules in its binding site, with
Ky =2.0x10° M7, K, =6.1x10* M~ and K,;=1.2x10* M. Later

Q HNON
N ’\Q HNE, NH o 3CF j
\/ AT 3 g
N AN e
NH HN 7 g NH2 NH
/
a\ )

15 16

Scheme 5. Chemical structure of receptors 15-17.
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the same group has developed a set of tripodal receptors
bearing a combination of cationic and neutral binding arms
that turned out to be effective in the recognition of Neu5Ac
also in aqueous media.”® Indeed, one of the most effective
receptors of the set, 17, accommodating up to two guests in
the binding site showed an affinity with K,,=7.68x10° M~" and
K,,=2.6x10° M~" in a 1/5 mixture of D,0/DMSO (Scheme 5).

In 2016, Davis and collaborators published a pyrene-based
receptor 18 (Scheme 6), bearing guanidines both as hydro
solubilizing and binding groups for Neu5Ac recognition.”" The
tetrapodal receptor presents two identical binding sites and can
effectively recognize MeaNeu5Ac in water at physiological pH
with a 1:2 (R:G) binding stoichiometry. The constants of the
equilibria were reported to be K,;=131x10*M"", K,,=
5.70x10* M~" and K,; =30 M. The third constant is weaker, but
its presence is justified by the structure of the receptor that can
potentially recognize till four units of Neu5Ac.

Recently Mooibroek and collaborators prepared a new
synthetic CBA for sialic acid freely soluble in water and
assembled by metal coordination. The metal-assembling strat-
egy is indeed convenient to obtain polycyclic structures that
generally requires long synthesis concerning macrocyclizations
with low yields. Receptor 19 (Scheme 6) is a Pd,L, cage, where L
is a dipyridyl ligand.®” The guanidinium terminal functions of R
groups are responsible of the water solubility and the receptor
shown to recognize Neu5Ac in water with an affinity of K,=
24,0 M™' and good selectivity among other anionic monosac-
charides such as glucuronic acid and galacturonic acid.

Following a dynamic combinatorial approach Ravoo and
coworkers have assembled a set of cyclic hexapeptides as
carbohydrate receptors by means of a dynamic combinatorial
library (DCL) of tripeptides using the reversible disulfide
exchange reaction.” Composition of DCL in the presence of
Neu5Ac changed yielding an amplification of two times the
cyclic homodimer HisHis 20 (Scheme 7) that turned out to be
able to bind Neu5Ac in water with a 1:2 (R:G) binding
stoichiometry with K,;=143 M™', K,,=5.08x10° M™" as deter-
mined by ITC experiments.®

Inspired by the central role of coordination of saccharides to
metal ions in C-type lectins, Strongin and coworkers have taken
advantage of the similar properties of trivalent lanthanides and
Ca’" to develop water-soluble salophene-lanthanide complexes

Scheme 6. Chemical structure of receptors 18 and 19.
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Scheme 7. Chemical structure of receptors 20, 21 and 22.

as fluorescent sensors for the detection of carbohydrates.” If
using the complex with La®* (21) yielded effective recognition
at physiological pH towards D-glucose, maltose and maltotriose
(500, 1666 and 2500 M™' respectively), when Eu*' is used
instead the receptor (22) turned out to be able to selectively
detect sialic acid-containing gangliosides, such as the mono-
sialo GM1 and the disialo GD1a and GD1b, over asialo
analogues (Scheme 7). The recognition involves multiple coordi-
nation sites belonging both to sialic acid and proximal
oligosaccharides and presents higher selectivity with respect to
europium(lll)-tetracycline complexes.

4. Galactosides and Fucosides

D-Galactose is the epimer in position 4 of D-glucose. The first
dietary resource of D-galactose is the disaccharide lactose
found in milk and in dairy products. D-Galactose is one of the
main constituents of glyconjugates both as simple D-galactose
or N-acetyl-D-galactosamine and can also be found in many
tumoral markers such as Tn, TF and STn. D-Galactose could be
present both in the o configuration and the B, however, the a
configuration is the most common as terminal epitope.”

L-Fucose is structurally related to D-galactose being its 6-
deoxy L-analogue. As this latter it is an essential constituent of
glyconjugates, in which is usually been found as a anomer as
terminal saccharide. L-Fucose can be linked to GIcNAc,
disaccharide in the core structure of several N-glycans where its
presence is crucial to the glycan conformation and to the
orientation of the different antennae.”” L-Fucose is also a
constituent of the glycans in the ABO blood group and the
Lewis antigen systems.

Since the design of a selective receptor for axial-substituted
carbohydrates such as D-galactose and L-fucose proved to be
more challenging than for all-equatorial carbohydrates, several
different approaches have been taken to achieve an effective
recognition. Inspired by previously reported polyamidic recep-
tors for all-equatorial carbohydrates, Mooibroek and coworkers
have proposed a hybrid design based on a covalent scaffold
part of a coordination-driven macrocyclic structure.”® Receptor
23 (Scheme 8) has a temple-like architecture in which the floor
is represented by a biphenyl moiety covalently linked to four
isophtalamide pillars and the roof is constituted by pyridine
units chelating a Pd** ion. The receptor exclusively recognizes

ChemPlusChem 2024, 89, €202300598 (9 of 15)

B-octyl galactopyranoside over other a and B glycosides in a
competitive organic mixture of 10% DMSO in CD,Cl, with a K,=
5.5x10° M~'. Decreasing the polarity of the solvent with a
mixture of 5% DMSO in CD.Cl, increases the affinity for the
galactoside by one order of magnitude while the affinity for
mannosides and glucosides becomes measurable but remains
two orders of magnitude lower than that for the B- galactoside.

Many efforts have been taken on the recognition of
galactose containing oligosaccharides. Of note is the example
of the peptide receptor 24 of Hall et al. (Scheme 8)."" Despite
the study is mostly focused on strongly effective bis(boroxoles)
derivatives for the recognition of galactose oligosaccharides,
receptor 24 stands out for the biomimetic approach followed.
Indeed, using competitive ELISA experiments the peptide-like
receptor showed an IC;, =100 pM for the TF antigen in aqueous
media, an affinity only four times weaker that the correspond-
ing bis(borozole) derivative, highlighting the role of non-
covalent interactions in the recognition process.

Achieving complex macrocyclic structures by self-assembled
coordination to metal ions was a strategy followed by He and
collaborators that have presented in 2012 a metal-organic octa-
nuclear triangular prism 25 recognizing saccharides."® The
constructive and chelating unit of the complex is H,TRBS
showed in Figure 5b). H,TRBS contains several amide moieties
that constitutes the tridentate chelating unit for metal coordi-
nation. The metal-organic polyhedral complex 25 was obtained
by treatment of the chelating unit with Ce(NO,);-6H,0. The
formation of the described structure was confirmed by X-ray
crystal analysis. Binding properties of the Ce-TRBS were
analysed by fluorescence titrations revealing a selective recog-
nition for lactose over other mono- and disaccharides with a
logK,=3.06 in DMF/acetonitrile 1:9. Because of the optical
properties of the complex, this receptor works as a selective
chemosensor for lactose.

Despite the success in molecular recognition of galactosides
in organic solvents, the examples of receptors effective towards

N, N
o \y g™ “/ o
NH= \ =\-N
N N
R Q \/ 4 9 R
NH HN

Scheme 8. Chemical structure of receptors 23 and 24.
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Figure 5. a) Structure of H,TRBS; b) molecular structure of the octa-nuclear
bicoronal triangular prism 25. Adapted from ref. [100] with permission from
The Royal Society of Chemistry.

this axially substituted monosaccharide in water are rare in the
literature. An example comes from Francesconi and coworkers,
which reported in 2018 the macrocyclic receptor 26 (Fig-
ure 6a),"" constituted by two anthracenes for CH—n interac-
tions with the aliphatic backbone of the sugar and two
diaminocarbazole as tridentate hydrogen bonding units."” The
receptor turned out to be able to accommodate all-equatorial
saccharides, such as MeBGlc (BC),=1.3x10"*M), but remark-
ably, the molecule showed an interesting affinity for MeaGal
with a BC)=1.2x10"* M, resulting in one of the most effective
receptors for galactosides in water. However, the most relevant

Figure 6. a) Structure of receptor 26; b) complex between 26 and MeoFuc.
Adapted from ref. [101] with permission. Copyright: Wiley-VCH, 2018.
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result of 26 was the affinity reported for MeaFuc for which this
receptor showed selectivity. Indeed, the a-fucoside was recog-
nized with a micromolar affinity (BCy,=3.6x10"*M) that is
closely comparable with those reported for several fucose/
galactose-binding natural lectins, and an impressive o/f3
selectivity of 30-folds. Selectivity towards 1,4-diaxial substituted
monosaccharides, such as the a anomers of D-galactose and L-
fucose, appears to be governed by hydrogen bonding
interactions with the diaminocarbazole binding units as
suggested by thermodynamic parameters showing a strong
enthalpic contribution and NMR-based minimum energy struc-
ture of the complex with MeaFuc showing hydrogen bonding
interactions involving both the axial oxygens (Figure 6b).

5. N-Acetyl-D-glucosamine in O- and N-glycans

N-Acetyl-D-glucosamine is one of the most abundant sugars in
Nature. Indeed, this carbohydrate represent the repeating unit
of chitin, the polysaccharide that constitute the exoskeletons of
arthropods and the cell wall of fungi. In mammals, GIcNAc does
not have a structural role, but it is instead one of the most
common saccharides of N- and O-glycans. For instance, O-
GIcNAc is a dynamic post-translational glycosylation of proteins
at level of serine or threonine residues that have role in critical
biological processes and in the aetiology of diabetes and
neurodegeneration.”'* GIcNAc can also be found both in the
core region of N-glycans as GlcNAc, disaccharide directly linked
a residue of Asn part of the protein backbone, as well as in the
antennas of hybrid and complex N-glycans but generally not as
a terminal residue. Although GIcNAc of the core is generally not
recognized by proteins in mammals, the targeting of GIcNAc
with artificial CBAs could be an effective strategy for protein
glycan analysis and separation, and to study glycans as
recognition sites.

In the recognition of an all-equatorial carbohydrate such as
GIcNAc, temple structures turn out to be effective. Indeed, in
2009 Davis and coworkers reported a water-soluble polyamidic
receptor 27 (Scheme 9) based of biphenyl roof and floor."™
Receptor 27 selectively recognizes GlcNAc (K,=5.6x10"M™)
over other mono- and disaccharides especially as its methyl
glycoside (MeBGIcNAc, K,=6.3x10> M™"). Interestingly, no bind-
ing was detected for the disaccharide GIcNAc, and a weak
binding was observed for the glycoside 1 N-linked to a residue
of Asn (K,=4 M™"). Contrarily, the glycoside 2 O-linked to a
decapeptide based on a sequence from casein kinase Il, known
to be subject to O-GlcNAcylation, was strongly recognized with
a K,=1.04x10°M~". NMR based minimum energy structure
revealed the origin of selectivity towards GIcNAc by means of
hydrophobic contacts made by the methyl of the NHAc group
with the aromatic rings of the receptor.

A step forward in the recognition of MepGIcNAc and of the
glycopeptide 2 was made in 2016 by the same group with a
polyamidic temple structure based on pyrenyl floor and roof."*
While in receptor 28 the pyrenyl units are “eclipsed” in receptor
29 are “stagged” (Scheme 9). The receptors are both hydro-
soluble thanks to a polycarboxylic dendritic residue on each of

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Scheme 9. Chemical structure of receptors 27-29.

the four pillars. Compounds 28 and 29 showed high affinities
for MeBGIcNAc with association constants of K,=2.1x10°M™
and K,=1.82x10" M respectively. The stronger binding ob-
served with 29, that exceeds that observed with the GIcNAc-
binding lectin wheat germ agglutinin, was ascribed to a more
extended pattern of interactions with the sugar as highlighted
by NMR and modelling studies. Contrary to the monosacchar-
ide, binding studies towards 2 revealed a strong binding only
with receptor 28 (K,=6.7x10* M™"), while in contrast binding
with receptor 29 was no quantifiable. The boost in affinity
moving from MeBGIcNAc to 2 was explained by additional
interactions occurring between the peptide aglycon and the
receptor including some with the dendritic side chains as
envisaged by NMR based minimum energy structure (Figure 7).

Figure 7. Complex between O-glycan 2 and receptor 29. Adapted from
ref. [106].
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Designing effective synthetic receptors for a relatively large
guests such as an oligosaccharide can be challenging since an
increment in the complexity of the guest is generally addressed
with a higher complexity of the receptor. An opposite approach
was instead followed by Francesconi and coworkers that in
2021 have reported the simple acyclic receptor 30 that turned
out to be selective and particularly effective in the recognition
of GIcNAG, in water (Figure 8).'” The tweezer-shaped architec-
ture showed no binding towards a broad panel of mono-
saccharides including MeBGIcNAc, while it presents a micro-
molar affinity with a BC),;=1.6x10"* M towards the disaccharide
MeBGIcNAc,. This guest was selectively recognized over other
structurally related 1,4-linked disaccharides including cellobiose,
maltose and lactose for which affinities one order of magnitude
lower were measured. The marked affinity for MeBGIcNAc,,
which exceeds of one order of magnitude also that measured
for the pseudo-lectin hevein from Hevea brasiliensis, was
explained by the extended network of hydrogen bonds, CH-n
interactions and hydrophobic contacts established with the
disaccharide, while the selectivity with respect to cellobiose is
ascribable to additional interactions with one of the two NHAc
groups interacting with the diaminocarbazole unit of the
receptor.'®®

More recently the same tweezer-shaped architecture proved
to be also effective in targeting of the GIcNAc, disaccharide
within the core structure of a complex N-glycan."* Indeed, the
tetraphosphonate analogue 31 (Figure 9), prepared to circum-
vent the self-association phenomenon of the progenitor 30,
demonstrated the capability to intercept and strongly recognize
the GIcNAc, disaccharide at the stem of sialoglycopeptide SGP
with the same affinity observed for the disaccharide (BCY, =
1.7x107* M). Despite the undecasaccharidic structure and the
pentapeptide chain, the recognition occurs exclusively with the
GIcNAc, disaccharide as confirmed by NMR studies. Moreover,
the binding seems to not alter the presentation of the glycan
terminals as suggested by NOESY and modelling studies in
which it was possible to establish the existence in solution of
the two most common conformations of the ligand, the
“extend” and the “backfolded”, differing in the torsional angles
around the Mana1-6Man linkage."'”

_ 30:H
31: PO~

R

Figure 8. a) Structure of receptors 30 and 31; b) complex between 30 and
MeBGIcNAc,. Adapted from ref. [107].
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Figure 9. a) Complex between 31 and SGP with the glycopeptide in the “extended” conformation; b) Complex between 31 and SGP with the glycopeptide in

the “backfolded” conformation. Adapted from ref. [109].

6. Polysaccharides

Polysaccharides are the most representative macromolecules in
nature. Their roles are various, from the structural function of
cellulose and hyaluronic acid to energy storage of starch and
glycogen up to the anticoagulant function of heparin. The
recognition of polysaccharides with small molecules is, of note,
a difficult task due to the dimensions and the complexity of
these structures. However, the recognition of repeating units of
polysaccharides could be an effective strategy to alter the
physical and chemical properties of these polymers. Cellulose is
composed by repeating unit of cellobiose, an all-equatorial
disaccharide the recognition of which has been largely explored
with synthetic receptors. The first important result towards this
sugar was obtained by Davis and coworkers in 2007. The
authors described receptor 32 (Scheme 10), a temple structured
receptor with two meta-terphenyl platforms as roof and floor
that recognizes cellobiose in water with an affinity of K,=
6.0x102 M~'.1

More recently, a simplification of the temple structure led
the same group to publish the bicyclic receptor 33 (Scheme 10),
composed of three polyamidic hydrogen-bonding units and
two pyrenes!"? The affinity for cellobiose in water was
significantly increased with respect to 32 (K,=3.90x10°M™),
but more interestingly, the receptor showed an increase in
affinity as the oligomer increases in length, resulting in a K,=
5.20x10° M™' for cellotriose and K,=1.20x10* M™" for cellote-
traose, while longer oligomers were recognized with an average
affinity of K,=8.80x10° M~". Indeed, receptor 33 turned out to
be able to form threaded complexes not only with these
oligomers but also with cellulose as assessed by circular
dichroism and atomic force microscopy experiments. If recog-
nition of all-equatorial oligosaccharides can be challenging,
designing effective receptors for non-all-equatorial oligosac-
chairdes may be perhaps even more so. Simplifying the design
of “temple” receptors Davis and coworkers have more recently
developed a monocyclic receptor 34 (Scheme 10) endowed
with only two isophthalamides and two anthracenes bearing
four methoxy groups."™ Receptor 34 showed selectivity
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Scheme 10. Chemical structure of receptors 32-34.

towards maltose and maltodextrins over other mono- and 1,4-
linked disaccharides including cellodextrins presenting an
affinity of K,=5.80x10>M~" for maltose, K,=1.15x10* M~' for
maltotriose and K,=1.62x10> M~" for maltotetraose. The four
MeO groups play an essential role in tuning the selectivity
towards the a-linked over B-linked, providing additional inter-
action with the glycosyl units external to the cavity thanks to
the curved profile of maltotriose guest, effect that does not
apply to cellotriose as can be envisaged by Figure 10.

Heparin is a natural charge dense glycosaminoglycan (GAG),
commonly used as anticoagulant drug. Given its medical
relevance, many efforts have been taken in the development of
sensors for this polysaccharide. In nature, heparin is recognized
through key interactions between anionic groups and positively
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Figure 10. a) Complex between receptor 34 and maltotriose; b) complex
between receptor 34 and cellotriose. Adapted from ref. [113] with
permission. from The Royal Society of Chemistry.

charged amino acids in the binding sites."" To achieve an
effective recognition following a biomimetic approach, in 2013,
Smith and coworkers prepared a new dye, called by the authors
Mallard Blue (MalB 35), able to selectively recognize heparin in
water (Scheme 11).""* Binding studies performed by UV/Vis
spectroscopy showed a reduction of MalB absorbance upon
addition of heparin that is not significantly reverted by addition
of equimolar amounts of similarly charged cationic species,
suggesting that although binding is driven by electrostatic
interactions the structure of MalB is determinant for selective
heparin recognition. MalB turn out to be also effective in
human and horse serum, in condition in which a traditional
heparin sensor such as Azure A did not work."'

More recently, Alfonso and collaborators proposed another
polycationic receptor for heparin (36, Scheme 11).'""" The
receptor is structured with two aromatic moieties for CH-n
interactions linked together through a spermine linker bearing
the ammonium groups. Calorimetric measurements showed an
affinity for heparin of K;=1.30x10"°* M in aqueous media with
an average stoichiometry of 7.5 molecules of 36 for each
molecule of heparin. A three-dimensional description of the
complex (Figure 11), in which the flexible structure of 36 folds
to interact with the anionic oligosaccharide, was obtained by
molecular dynamic calculations.

Mallard Blue
Mal-B
35

Scheme 11. Chemical structure of receptors 35 and 36.
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Figure 11. Complex of Mal-B with heparin polymer. Adapted with permission
from: ref. [115]. © 2013, American Chemical Society.

7. Summary and Outlook

In the growing field of molecular recognition of carbohydrates
by synthetic receptors, the targeting of glycans and their
constituent elements is a major challenge. Recognition of these
complex ligands requires a tailor-made receptor design, which
has led several supramolecular chemists to explore different
architectures, including temple structures, cages, podands,
tweezer-like structures and foldamers. By relying solely on non-
covalent interactions for biomimetic recognition, significant
progress has been made in recent years and effective recog-
nition has been achieved even in a very competitive medium
such as water, not only towards monosaccharides, but also
towards whole glycans both as oligo- and polysaccharides or
glycoconjugates with proteins and lipids. Progress in glycan
recognition has been summarized in this review, focusing on
the recognition of important saccharides, such as D-mannose,
D-galactose, L-fucose, N-acetyl-D-galactosamine and sialic acid
and the glycans containing them. Recent successful results in
this area will encourage the development of new receptors
selectively recognizing a wider range of glycans and open the
way to further applications ranging from glycosylation-based
protein separation and detection to the study and modulation
of protein-glycan recognition events for biofunctionality.
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