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Glycan recognition by lectins mediates important biological events. This Tutorial Review aims to
introduce lectin—ligand interactions and show how these molecular recognition events inspire innova-
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Key learning points

e Introduction to glycan and glycoconjugate structure.

o Factors influencing ligand-lectin interactions.

e Principles for glycomimetic research.

o Principles for multivalent ligand design to increase avidity and selectivity.
o Applications in chemical biology, biomedical science.

1. Introduction

Glycans are mostly found on cell surfaces of organisms. These
carbohydrates are conjugated to proteins (glycoproteins) and
lipids (glycolipids). Glycoconjugate-protein recognition modu-
lates biological events including cell adhesion, disease progres-
sion, immunological responses and infection." Lectins are one
of two distinct classes of glycan binding proteins, the second
being proteins that bind sulfated glycosaminoglycans. Lectins
are classified into evolutionarily related families identified by
carbohydrate-recognition domains (CRDs) based on primary
and/or three-dimensional structural similarities. Lectins typi-
cally recognize terminal groups on glycan ligands, which fit
into CRDs.> Multivalency occurs, when multiple copies of
ligands are found on natural scaffolds, as for glycans on
surfaces. Lectins are often also multimeric, which results from
either noncovalent or covalent association of two or more
monomers with CRDs. Interaction between multimeric lectins
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of new ligands for applications inspired by knowledge of natural glycan ligand structure and function.

and multimeric ligands gives more avid interaction.® Ligand
lectin recognition is central to the sugar code in biology
(Fig. 1).*

This Tutorial Review focuses on three small lectin ligand
types: natural glycan ligands; glycomimetics and glycocluster
ligands. We provide knowledge of glycan structure (Section 2)
and features of their interaction with lectins.” Design of bioa-
vailable glycomimetic ligands (Section 3) and small glycoclus-
ters (Section 4) with biomedical or chemical biological
applications are emerging from research. We have selected
case studies to demonstrate how novel lectin ligand inhibitors
are being developed, including some that are entering or have
entered clinical trials. We discuss how research on lectin
ligands is leading to innovations enabling precision delivery
of vaccines and short interfering RNA (siRNA) to cell types and
for chemical biology or sensing applications based on
glycoclusters.

2. Natural glycans and interaction with
lectins
2.1 Introduction to glycans

Mammalian cell surface glycans (Fig. 2),° are comprised of
monosaccharides in pyranose forms (Fig. S1, ESI{), including

This journal is © The Royal Society of Chemistry 2024
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mannose (Man), galactose (Gal) or N-acetylgalactosamine
(GalNAc), N-acetylglucosamine (GlcNAc), fucose (Fuc) and
N-acetylneuraminic acid or sialic acid (NeuAc). Herein it is
assumed that abbreviations such as Gal, GalNAc refer to the
more common pyranose form unless otherwise stated (e.g.
Man = mannopyranose, Mans = mannoseptanose). The position
of linkage between saccharides and anomeric configuration
generated by glycosyltransferases influences the properties of
glycans produced, including their interaction with lectins.

2.2 Pyranose ring conformation is influenced by steric
interactions and torsional strain

Pyranoses adopt chair conformations (Fig. S4, ESI{) to mini-
mise strain with most substituents equatorial to minimise
steric repulsive interactions; this, for example, gives the *C
conformation for Gal depicted in Fig. 2 and Fig. S4A (ESIY); its
'C, conformer has both destabilising 1,3-diaxial interactions
and Hassel-Ottar (1,3-syndiaxial or syn-pentane) interactions.
The boat is not preferred as it displays torsional strain.
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2.3 The exo-anomeric effect influences conformation

The o- and B-p-glucopyranoses are the main populated forms for
glucose in water and are in equilibrium and a preference is
observed for B-o-Glc (equatorial OH at C-1). However, there is
~3-fold increase for the OH group at C-1 in Glc to be axial
compared to cyclohexanol; this increased preference for the axial
anomer is the original definition of the endo-anomeric effect.”
The endo-anomeric effect’ is stereoelectronic, requiring an
electron withdrawing heteroatom (O-5) in the ring and an
electron withdrawing atom (O-1) at C-1. One model proposed
to explain the endo-anomeric effect is hyperconjugation (Fig. S2,
ESIT), possible when the anomeric substituent is axial, but, not
when equatorial. Another proposal to explain the effect is based
on minimisation of electrostatic repulsion between oxygen
atoms. Explaining anomeric preference is, however, more
complex and influenced by multiple factors'® such as solvent,
and the extent of steric repulsions, which are reduced by electron
withdrawing substituents.'" The endo-anomeric effect gives rise
to the exo-anomeric effect (Fig. S3, ESIt), which is considered
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Fig. 1 Cartoon illustration (not to scale) of selected lectin ligand mediated events at a cell surface.

when accurately calculating energies of ligand conformers that
interact with lectins.

2.4 The gauche effect and conformation

The gauche effect™ is a stereoelectronic based increase in the
preference for the gauche arrangement of F, and to a lesser
degree, of O substituents on adjacent carbon atoms and is thus
relevant to carbohydrates, particularly the w torsion in 1,6
disaccharide and related linkages (Fig. S5, ESIT).

2.5 Interglycosidic torsion preferences determine glycan
conformation

The 3D structure of glycans is determined primarily by the
conformational preferences of the bonds between saccharide

Saidulu  Konda was born in
Telangana, India (1985), and is
currently Senior Chemist at Arran
Chemical ~ Company,  Athlone
(Ireland). He received his BSc from
Osmania University in 2007 and
MSc in Organic Chemistry from
M.N.R. P.G. Collage (Affiliated to
Osmania University) in 2010. He
got his PhD in Stereoselective
Synthesis of C27-C35 Eribulin
Fragment and Related Macro-
cycles, at the University of
Hyderabad (UGC Research Fellow)
in 2015 under the supervison of Professor Prabhat Arya. After four years
(2016-2020) industrial experience in GVK Biosciences, Bengaluru he
was appointed as a postdoctoral researcher for three years (2020-2023)
supported by SFI and the Irish Research Council at NUI Galway under
the supervision of Professor Paul Murphy. His research interests are (i)
the synthesis of natural product-inspired macrocycles, (ii) total
synthesis of natural products, and (iii) carbohydrate research.

Saidulu Konda

9430 | Chem. Soc. Rev., 2024, 53, 9428-9445

residues (interglycosidic torsions, @, ¥, w), influenced by the
exoanomeric effect, gauche effect and steric factors. The topic
has been reviewed." Disaccharide conformation based on
crystal structure data of glycans bound to proteins/antibodies,
collected by Wormwald and co-workers provides experimentally
derived information, which includes ®-¥ and &-¥-w plots.**
Woods’s glycam.org is a reliable source of low energy structures
of glycans."® We provide additional notes and Fig. S3-S8 (ESI¥)
on glycan conformation in the ESIf file as well as selected
energy surface plots reproduced from literature sources in Fig.
$9-S12 (ESIt).*®

2.5.1 Case study: structure of lactose. NMR study from
Jiménez-Barbero and co-workers of lactose in water indicated
75-97% population of the exo-syn ¢ and syn-¥P'” conformer
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Fig. 2 Selected examples of lectin ligands. SNFG nomenclature was generated using glycoglyph.® The N-glycan and O-glycans shown are bivalent
glycoclusters where two LacNAc disaccharides (blue) are presented on saccharide scaffolds (black).

with minor population of exo-syn @ and anti-¥ (~ 3-25%), and
with no evidence of population of other conformers. The latter
analysis was based on favourable comparison between residual
dipolar coupling measurement and molecular dynamics (MD)
simulations, which gave @ and ¥ of 49° and 13° for the major
conformer, which agreed well with lactose’s crystal structure
geometry.'®

2.5.2 Case study: structure of Manal,6Man. MD simula-
tions and NMR spectroscopy showed'® that the glycosidic torsion
preferences for Mana1,6Man in water were: (i) exo-syn-@; anti-¥
(Fig. S4E, ESIt); @ was ~50: 50 gg and gt conformers, accounting
for ~95% of all w torsion conformers.

2.6 What glycan conformation is recognised by a lectin?

The conformation of a ligand bound to the lectin CRD may
be similar to that determined in the gas phase, in solution or in
crystal structures.”® Summarised in Table S1 (ESIf) are the
glycosidic torsions observed in a subset of crystal structures,
where lactose or its derivatives are bound to various galectin
CRDs; the bound ligands all have the exo-syn @ and syn-¥
conformation, which is like unbound lactose conformers
observed in gas/solution/solid state.

There is evidence also for multiple modes of binding, where
lectins recognise different ligand conformers, which arise if
multiple conformers are populated. The interaction between
a Manol-3Man and rat mannose binding protein (rMBP)
was studied by NMR spectroscopy and MD.>" The unbound
Mano1-3Man showed population of two conformers, where the
interglycosidic torsions were: (i) exo-syn @ and syn-¥ and (ii)

This journal is © The Royal Society of Chemistry 2024

exo-syn @ and anti-¥ and the two conformers were detected to
bind to rMBP.

Induced fitting of lectin may occur on binding, and ligand
conformer selection is known.?” One interesting example of
induced fitting is in catch bonding. Catch bonds are biological
interactions that are enhanced by mechanical force and
occur when protein-ligand binding mode changes, due to
conformational changes, leading to altered affinity. Catch bonding
is associated with cell-cell adhesion under shear stress.

2.6.1 Catch bonding in FimH-Man interaction. FimH is a
bacterial adhesin that recognises Man containing glycans and
is associated with urinary tract infection. FimH is a two-domain
protein, composed of an N-terminal lectin domain (FimH;p)
and a C-terminal pilin domain (FimHpp). Binding of small
ligands by FimH?’ is influenced by allostery where FimHpp
induces a low affinity open shallow CRD conformation. Under
conditions of shear stress,** however, allostery is switched off,
the lectin domain adopts a closed deep conformation,>® which
binds the ligand more tightly; this conformational change plays
a key role in maintaining bacterial adhesion to Man containing
glycans on kidney cells under shear stress associated with urine
excretion. The FimH;p in the closed conformation shows
high affinity for mannose with Ky 1.672 + 0.094 uM (ITC),*®
whereas the Ky for the open conformation to bind mannose is
only 0.32 & 0.02 mM>’ showing the importance of binding site
shape (shallow vs deep) in influencing affinity in lectin-ligand
interaction.

2.6.2 Catch bonding in selectin-ligand interaction. Le* is
typically found on leukocyte and other cell surface glycolipids

Chem. Soc. Rev., 2024, 53, 9428-9445 | 9431


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00642a

Open Access Article. Published on 20 August 2024. Downloaded on 04.06.2026 04:25:49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

(Fig. 2) or glycoproteins and its interaction with E-selectin
contributes to cell-cell adhesion during the inflammatory/
immune response.”® Several E-selectin-sLe® crystal structures
have been reported and different binding modes have been
observed after (i) soaking E-selectin crystals with sLe* (PDBID:
1G1T)* and (ii) co-crystallisation with sLe* (PDBID: 4CSY).*°
MD simulations predicted that E-selectin has a higher affinity for
sLe™ by 0.82 kcal mol " in the 4CSY structure versus that of 1G1T,
which corresponds to a ~4-fold affinity enhancement for the co-
crystallisation induced complex. This higher affinity binding
mode is induced under conditions of shear force, where the
lifetime of sLe*-selectin complex is increased, with this
sustaining attachment and rolling of neutrophils and other
immune cells on blood vessels, as part of the immune response.

2.7 Non-covalent interactions in lectin ligand complexes

Hydrogen bonding of saccharide hydroxyl groups, including
water mediated H-bonding between ligand and lectin is pre-
valent. For NeuAc containing glycans, there is frequently salt
bridging or charged-charged or charged-neutral H-bonding to
arginine, interactions which also occur for sulfated glycans.
Hydrophobic interactions and/or CH-Pi interactions®' are fre-
quently involved. Ligand hydroxyl groups can coordinate to
metal ions (e.g. Ca®>") which induce charge transfer interactions
from saccharide to metal ion.** Fig. $3-S5 (ESIt) shows inter-
actions in selected complexes between ligands and lectins.
Fig. S3 (ESIt) shows the interaction of sulfatide with galectin-8,
with recent crystallographic evidence showing that sulfatide
sphingosine residue’s hydroxyl group has indirect water mediated
H-bonding interaction with the N-terminal domain;* this shows
contribution to lectin-ligand interaction of the sphingosine com-
ponent of the glycolipid and contributes to understanding
how sulfatide recognises lectins. We discuss below the full ligand
for P-selectin, which is a glycosulfopeptide of the P-selectin
glycoprotein ligand (PSGL). Thus, lectin-ligand recognition does
not always involve only the glycan residue.

2.8 Thermodynamics of lectin-ligand interaction

Low affinity lectin-monosaccharide interactions are prevalent,
and a contributing factor is that the binding pocket (CRD) is
often shallow, with a substantial area of bound ligand sur-
rounded by solvent water, contributing to a relatively high
dielectric constant, ¢, for the CRD. Coulomb’s law implies the
force between electrostatic based interactions, which include
H-bonding,** is weaker in a pocket with higher ¢ and this
increases K4 or reduces affinity. Higher affinity can arise where
pockets are deeper and have lower ¢ as for FimH in its high
affinity binding conformation as occurs in catch bonding.
Ernst and co-workers indicate® the strength of a H-bond could
increase by ~ 10 fold in a pocket with ¢ = 5-10 compared to one
with ¢ = 20. Another feature is that K4 depends upon ligand
binding on and off rates (Kg = koft/kon). It is easier for a ligand to
dislodge from a shallow pocket than from an enclosed one and,
thus, ko is reduced in the deeper pocket, reducing Ky.

The binding free energy (—AG) increases (K4 reduces) as
affinity increases, when comparing ligands and it has

9432 | Chem. Soc. Rev,, 2024, 53, 9428-9445
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contributions from enthalpy (—AH) and entropy (+TAS) accord-
ing to the equation —AG = —AH + TAS. Ligand binding is often
enthalpy driven with the entropy change usually unfavourable,
although there are exceptions such as for the sLe™-E-selectin
interaction.>®

Increasing —AH is associated with stronger interactions or
extended site interactions, although it could be reduced if the
binding mode must adopt an energetically less favourable
conformation. Extended site interactions arise, for example,
for a larger oligosaccharide binding to a lectin, when compared
to a monosaccharide.””

It has been proposed that when performing research to
optimise ligand affinities, required during drug discovery, to
focus on measuring or computing free energies of protein-
ligand interactions, rather than trying to solely focus on
improving enthalpy or entropy alone, as enthalpy-entropy
compensation can frustrate ligand design.*®

2.8.1 Case study - dissection of entropy contributions to AS in
FimH-ligand binding

The entropy contribution to the free energy of binding is a sum
of changes in translational, rotational, conformational, and
solvation entropies. A study by Peczuh, Ernst and co-workers
provides an informative analysis of various entropy contribu-
tions in the binding of monosaccharide ligands to the high
affinity state of FimH.%’

Conformational entropy, due to induced fitting, results from
a ligand and/or lectin reorganising from a non-binding to
binding conformation. The degree to which reorganisation
takes place influences the magnitude of AS and is unfavourable
entropically and reduces —AG. Two high affinity ligands for
FimH, heptyl f-o-Man, and a septanoside, heptyl -p-Mans,
were studied, with ITC investigation indicating the difference
in K4 (AAG = 5.5 k] mol " or ~1.3 kcal mol ") between the two
ligands is mainly due to TAS (see Table 1).

Metadynamics simulations showed that the septanoside’s
ring is more flexible than of heptyl f-p-Man. The crystal
structures of both ligands with FimH revealed identical
H-bonding networks in their interaction, consistent with near
identical enthalpy change measured for the two ligands. There
is a conformation difference when orientation of heptyl groups
is compared in the two co-crystal structures, but DFT calcula-
tions indicated that the binding energy contribution by the
heptyl groups are equivalent in both crystal structures and
that only one of the septanoside ring conformers is bound by
the lectin. The TAS due to losses in rotational and translational
entropy on binding were considered equal in both cases
(=10 kJ mol ™). The authors concluded that the entropy differ-
ence is associated with either solvation or conformational
entropy. ITC measurements at different temperatures revealed
almost identical AC,, values for both ligands, which enabled
establishment that the desolvation entropies (+TASgon, =
+69.1 k] mol " & +68.8 k] mol ') are nearly identical for the
two ligands. The authors concluded that the difference in
conformational entropy (+TAScons = +66.4 k] mol ") for heptyl
B-0-Man vs. +70.6 k] mol " for heptyl B-p-Mans accounts for

This journal is © The Royal Society of Chemistry 2024
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Table 1 Data for binding of ligands to FimH

heptyl p-D-Man O heptyl -D-Mans O

—AG +TAS
Ligand Ky (nM) (k] mol™") —AH (k] mol™?) (k] mol ™)
heptyl 29 (25.8-32.3) +43.0 +50.3 (+50.2 to +50.7) —7.3
B-p-Man
heptyl 264 (245-284) +37.5 +49.4 (+48.9 to +49.8) —11.8
B-p-Mans

most of the 10-fold difference in affinity (AASone = 4.2 kJ mol ™,
~1.0 keal mol™).

3. Glycomimetic ligands for galectins,
selectins and siglecs

For drug discovery, substances that maintain a therapeutic
concentration over an extended period, metabolic stability, and
slow and prolonged renal excretion are required,*® however, these
requirements are usually not met by natural glycan ligands, but
may be met by synthetic mimics or glycomimetics, which
requires acquiring fundamental knowledge of lectin-ligand inter-
action, such as identification of the key groups involved in
interactions and 3D structure.*"*> High affinity ligands, ideally
with K4 ~ 50 nM or lower, is desired for drug discovery projects
along with good selectivity profile for the lectin of interest. Oral
bioavailability for glycomimetics is desired but is not essential.
The development of glycomimetic drugs, substances that are
clinically approved by regulatory bodies, has been relatively slow
compared to other types of drugs. Tamiflu, although not a lectin
inhibitor, is an exemplar synthetic glycomimetic,** which gained
regulatory approval as a drug. Tamiflu is a glycosidase (neurami-
nidase) inhibitor, for therapy or prevention of influenza infection.
Tamiflu’s development started from 2,3-dehydro-2-deoxy-NeuAc,
which is a mimetic of the transition state of the neuraminidase
catalysed reaction. One lesson from Tamiflu’s development was
that the systematic elimination of polar groups and their replace-
ment with a more lipophilic group did not compromise affinity.
Oral bioavailability was achieved by esterification of the acid
group to give a lipophilic prodrug. A general strategy employed by
medicinal chemists in lectin ligand development, is to identify
core structural features in the native ligand essential for lectin
recognition with subsequent removal of unnecessary polar groups,
while appending groups capable of additional interactions or give
desired pharmacological properties. Such approaches have, in
recent years, yielded candidates that have entered clinical trials
as E-selectin and galectin-3 inhibitors.

3.1 Glycan ligands for galectins

Galectins™*
are known, that play roles in cancer and inflammation and they
generally bind B-galactopyranosides.*® There are three types of
galectin: prototype (e.g: galectins-1,7), chimeric (galectin-3) and

are tissue lectins, of which 15 mammalian members

This journal is © The Royal Society of Chemistry 2024
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tandem repeat (e.g. galectin-4,8,9). Tandem repeat galectins have
two unique CRDs, referred to as the N and C-terminal domain,
separated by a covalently bound peptide linker. The CRDs have a
conserved B-sandwich core sequence containing ~130 amino
acids which contains a groove long enough to hold a linear
tetrasaccharide. Binding of the galactopyranoside within the
galectin CRD’s groove is the most conserved feature of ligand
recognition and includes cooperative H-bonding of the 4-OH and
6-OH with His, Arg and Asp residues; there are CH-Pi interactions
of the a-face of Gal with Trp. Lactose is considered a minimal
ligand with affinity in the mM range,*® although binding has been
detected for some galectins at mM or high mM concentrations
for simpler galactopyranosides (see Table S2, ESIt). The various
galectins bind lactose’s exo-syn-®@/syn-¥ conformer. For some
galectins, the affinity is increased for LacNAc derivatives compared
to lactose with extended site interaction involving the acetamide
explaining this. Gal-8,"” shows high affinity (2.7 pM, from SPR) for
3-O-sialylated lactose compared to LacNAc (type 1 or 2) or lactose
(79-420 pM), with the increased affinity due to the interaction of
the NeuAc carboxylate with sidechains of Arg59 and GIn47 in the
N-terminal CRD (Gal-8N).*® Thus while galectins minimally recog-
nise P-galactopyranosides, the affinity and selectivity varies
between different galectins for different glycans, with synthesis
being used to develop more potent glycomimetic ligands.

3.2 Glycomimetics for galectins

Nilsson et al. generated 3’-amino-LacNAc, where the galacto-
pyranoside 3-OH is replaced with an amino group and subse-
quent amide synthesis from the amino group led to the
p-methoxytetrafluorobenzamide, which was ~50-fold more
potent than LacNAc; this showed the benefit from modifying
galactopyranoside’s 3-position.*® Nilsson and co-workers later
synthesised 3-substituted derivatives of thiodigalactoside (TDG,
Fig. 3). TDG was first synthesised more than 100 years ago>®
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Fig. 3 Evolution of galectin glycomimetic ligands.
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and is stable to the action of galactosidases due to its S-
glycoside and, thus, has bioavailability. TDG inhibits several
galectins®® (Table S2, ESIf) with higher affinity than lactose/
LacNAgc; it has similar affinity for galectin-1 and galectin-3 and
has proven to be useful for study of their biological function.>?
TDG has a Ky ~ 50 uM for galectin-3, and subsequent
replacement of its two 3-OH groups with aryltriazoles led
to GB1039,>® with a much improved Ky, 68 + 10 nM.>*
S-Glycosidic linkages may have more flexibility than an
O-glycoside,> yet, galectin-3 selects a conformer of GB1039
with an inter-residue torsion profile similar to lactose.”®
GB0139 entered clinical trials as an inhaled, not orally avail-
able, inhibitor of idiopathic pulmonary fibrosis.”” However the
GB1039’s Phase 2b trial was not successful and Galecto, Inc.
have since discontinued its development.>® Research inspired
by GB1039 has, however, led to discovery of GB1211°>°° and
GB1107, which are both orally available. GB1211 is a nM range
inhibitor, with selectivity for galectin-3 and its affinity is explained
by interactions like those shown in Fig. 3 for GB1107.®" The cell
permeability of GB1211 is linked to its lower polar surface area,
when compared to GB1039 (114 vs. 201 A%). GB1121 has a better
safety profile than GB1107 and Galecto, Inc. are now pursuing
clinical evaluation of GB1121 for oncology and liver fibrosis.

3.3 Selectin glycomimetic ligands

P-, E- and L-selectin are glycoprotein receptors that are involved
in adherence and subsequent rolling of leukocytes on endothe-
lium during inflammation or immune response before their
secure attachment and recruitment into tissues and sLe™ is a
minimal glycan ligand for the selectins. There have been
sustained efforts over 30 years to develop pharmacologically
effective sLe* mimetics.

The binding of sLe* to E-selectin is dependent on bidentate
coordination of r-fucopyranoside to Ca** and interaction of
NeuAc’s carboxylate with Tyr and Arg. sLe™ is preorganised into
its bioactive conformation with high and low affinity binding
modes identified (Section 2.5.2 above).®” Interaction of sLe* to
E-selectin is enthalpically unfavourable and entropically driven
(~AH = —5.4 £ 0.7 k] mol ™", +TAS = +23 + 1 k] mol ).

Regarding P-selectin, a high affinity natural ligand has been
identified, PSGL-1. PSGL-1 is a homodimeric transmembrane
protein that presents sLe™ and sulfated tyrosine residues. The
soluble recombinant form of PSGL-1 has a Ky value for P-
selectin of ~800 nM, which has much higher affinity than sLe*
alone (Kq = 7.8 mM). The affinity of PSGL-1 compared well to
that of a truncated sulfated glycopeptide derived from the
PSGL1, presenting the sLe® and three sulphated tyrosine resi-
dues. Crystal structure of the glycosulfopeptide ligand bound to
P-selectin showed interactions of the sulfate groups with Arg85
and His114, residues not replicated for E-selectin, explaining
the increased affinity of PSGL-1 for P-selectin.®?

Knowledge regarding ligand-selectin interactions have
informed glycomimetic development. Binder, Ernst, and co-
workers reported mimetics BEM1 and BEM2 (Fig. 4), where the
NeuAc residue is replaced by the S-cyclohexyl lactate group and
the GlcNAc residue is replaced by a substituted cyclohexane.
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The main purpose of the S-cyclohexyl lactate is to ensure
optimal conformational preorganisation of the carboxylate
group, relative to that of the r-Fuc for binding; the use of the
R-cyclohexyl lactate produces a conformation that is not pre-
organised correctly. Preorganisation of ligand pharmacophoric
groups correlates with affinity for E-selectin.® BEM2 showed a
K4 (ITC) of 19 + 2 uM for E-selectin compared to 878 + 93 uM
(ITC) for sLe*, whereas BEM1 was ~ 3-fold less potent than
BEM2. When compared with sLe¥, the affinity gain for BEM2 is
almost entirely due a more favourable enthalpic contribution,
while showing a similar entropic contribution observed for
sLeX. The major difference between BEM1 and BEM2 is in the
entropy contribution, which we speculate may be linked to
more flexibility in the cyclohexane in BEM1, reduced by the
additional methyl substituent in BEM2.

Based on their observations, Ernst, Binder and co-workers
proposed that glycomimetic design should involve replacing
glycan components with predominantly structural (scaffold) roles
with hydrophobic groups that can mimic the same structural role,
to improve the enthalpic contributions to binding while reducing
solvation penalties;® this assumes that the glycan component
being replaced has purely a scaffolding role with no important
interaction with the lectin. This very important finding informs
strategy to contribute to optimising free energy of binding of
glycomimetics. Co-crystallisation of BEM2 with E-selectn (PDB =
4C16) enabled confirmation of the structural role for the
cyclohexane.®® Furthermore, ligands for E-selectin with low nM
range affinity have been synthesised, incorporating groups that
introduce binding at a second site.®”

3.4 Rivipansel and Uproleselan

Rivipansel,®® and Uproleselan are sLe* mimetics containing the
essential minimal pharmacophoric groups for selectin recogni-
tion (Fig. 5), and both contain features found in the BEM2
glycomimetic. In Rivipansel, sulfate groups were incorporated
with the aim to generate an improved L- and P-selectin ligand.
Thus, Rivipansel is as a pan-selectin inhibitor and it showed
increase in affinity for all three selectins compared to sLe*.
Nevertheless, evidence indicates Rivipansel’s effectiveness is
linked to selective inhibition of E-selectin; in an ELISA involving
immobilised selectins, was >78-fold better (~4.3 uM) for E-
than P- (423 uM) and L-selectin (337 pM). Also, Rivipansel
inhibited E-selectin mediated rolling in a flow chamber cell-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00642a

Open Access Article. Published on 20 August 2024. Downloaded on 04.06.2026 04:25:49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

OH_OH

PR

L

NH HN_(O
ONNH

O ..
Rivipansel

OHOH

I
H
N\/\NJ\/\O('\/ ‘)\CH:;

ﬁQiOH CHs Uproleselan

Hg OH o OH OH
Ac HN
5 OMe ° NHA
03 O OH HO
PEGYlated 1o, OH
GSnP-6 = P-G6 ”"
HO OH

CH,S05" CH,SO5 CH,S05"

Fig. 5 Structures of Rivipansel, Uproleselan and P-G6. Amino acids are
shown in single letter code form. Tyr-OSOz™ in PSGL-1 are replaced with
CH,SO3™ groups to get G-SnP-6. PEGylation of GSnP-6 at the side chain
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based assay more effectively than L- and P-selectin. Neutrophil
adhesion to vascular endothelium is mediated by E-selectin and
is a driver of acute vaso-occlusive crisis (VOC) in sickle cell
disease. P-selectin is also upregulated on endothelial cells and
both it and E-selectin bind adhesion molecules on red blood cells
surfaces. Rivipansel was phase-III trialled in human patients with
sickle cell disease (SCD) who were hospitalized for VOC and
required treatment with intravenous opioids to reduce severe
pain from having this condition. In a full analysis the median
time to readiness for discharge (primary end point) was not
different comparing treatment with Rivipansel and placebo and
thus regulatory approval was not granted. However, a later
statistical analysis (post hoc) showed early Rivipansel treatment
within 26.4 hours of VOC pain onset had reduced median time to
readiness for discharge by 41.5 hours, and reduced median time
to discontinuation of IV opioids by 50.5 hours, compared with
placebo (all P < 0.05), indicating that timing of Rivipansel
administration after pain onset may be critical to achieving
accelerated resolution of acute VOC in sickle cell disease
patients.®® More data was presented from the clinical study to
support the proposal that Rivipansel targets E-selectin in patients,
and it seems clear that the sulfate groups of Rivipansel do not
interact optimally with P-selectin, compared to PSGL-1.
Uproleselan is another sLeX mimetic, modified with a poly-
ethylene glycol (PEG) fragment. Although Uproleselan is not orally
available, its pharmacokinetics and pharmacodynamics are much
improved by the PEG residue. A phase 1/2 clinical study has
recently completed where Uproleselan was added to chemother-
apy in patients with relapsed or refractory acute myeloid leukemia
(AML). The preliminary clinical study with Uproleselan reported
promising initial outcomes such as a reduction in mucositis, a
debilitating side effect of chemotherapy,” but, GlycoMimetics,
Inc. recently reported that the primary endpoint was not attained.

3.5 Glycosulfopeptide mimetics for P-selectin

Chaikof and co-workers have rationally designed a more opti-
mal PSGL-1 mimetic, GSnP-6, as a synthetic high-affinity
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specific P-selectin ligand for human therapy (Kq = 22 nM).”"
The hydrolytically unstable tyrosine OSO;~ groups of PSGL-1 are
replaced with chemically stable CH,SO; ™ groups in GSnP-6; these
modifications yield ~3 fold improved affinity for P-selectin, as
compared to that for PSGL-1. Introduction of OSO;~ groups by
chemoenzymatic synthesis is also problematic due to stability
issues with 3’-phosphoadenosine 5’-phosphosulfate, the required
source of sulfate for all eukaryotic sulfations, providing another
advantage of using the CH,SO; ™ modification in the peptide.

MD simulations were used to predict the stability of GSnP-6
bound to a P-selectin model and the structure of the calculated
complex was comparable, only under conditions where His114
was fully protonated, to that of the crystal structure of P-selectin
bound to PSGL-1, retaining all key non-covalent interactions.
GSnP-6 also bound to E- and L-selectin (low pM range) albeit
with lower affinity than for P-selectin.

PEGylation of GSnP-6 gave P-G6 (Fig. 5), which led to
substantial increase in terminal half-life in plasma from several
minutes for non-PEGylated structures to 15.65 + 3.55 hours for
P-G6, a very important development, giving a candidate with
plasma half-life in the range of orally used anticoagulants. In
preclinical study P-G6 inhibited P-selectin binding to murine
and human leukocytes in a dose-dependent manner and
reduced platelet-leukocyte aggregation in vitro and in vivo.
P-G6 inhibited venous thrombosis in a preclinical model with-
out impairing haemostasis.”> Chaikof and co-workers
described recently the gram scale synthesis GSnP-6 with a view
to scale up synthesis for preclinical evaluation; they also show
GSnP-6 displays dose-dependent inhibition of venous throm-
bosis in vivo and inhibits vaso-occlusive like events on a
microvasculature-on-a-chip model system.”?

3.6 Glycomimetics for siglecs

Sialic acid binding immunoglobulin-like lectins (siglecs) are
immune cell lectins, found on the surfaces of most immune
cells and are cell biomarkers.”* Restricted expression patterns
of siglecs have enabled therapies, such as an FDA antibody-
drug conjugate, to be targeted to defined cell populations.”
Liposomes decorated with siglec-1 ligands have been used to
target antigen to macrophages.’® Siglec-2 (CD-22), restricted to
B-cells, is an endocytic r