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Multivalent glycocyclopeptides: conjugation
methods and biological applications
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Click chemistry was extensively used to decorate synthetic multivalent scaffolds with glycans to mimic
the cell surface glycocalyx and to develop applications in glycosciences. Conjugation methods such as
oxime ligation, copper(l)-catalyzed alkyne—azide cycloaddition, thiol-ene coupling, squaramide coupling
or Lansbury aspartylation proved particularly suitable to achieve this purpose. This review summarizes
the synthetic strategies that can be used either in a stepwise manner or in an orthogonal one-pot
approach, to conjugate multiple copies of identical or different glycans to cyclopeptide scaffolds
(namely multivalent glycocyclopeptides) having different size, valency, geometry and molecular
composition. The second part of this review will describe the potential of these structures to interact

rsc.li/chem-soc-rev

1. Introduction

A myriad of molecular scaffolds such as cyclodextrins, calixarenes,
fullerenes, polymers, dendrimers, peptides or nanoparticles was
developed for diverse applications in glycoscience."™ Their utili-
zation as a carrier to conjugate glycans was largely explored to
provide multivalent glycosylated structures having enhanced
binding avidity and selectivity towards carbohydrate-binding
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with various carbohydrate binding proteins or to stimulate immunity against tumor cells.

proteins due to the “glycoside cluster effect”.*® Cyclopeptides
have also found an important place in this area over the past two
decades. Originally used to expose peptide fragments for mimick-
ing natural proteins,*’ they were proven to be attractive for in vivo
applications due to their conformational stability, improved resis-
tance against enzymatic degradations and lack of immunogeni-
city. Taking advantage of these favorable features, cyclopeptides
were more recently decorated with a variety of glycans with the
aim to decipher, stimulate or inhibit multivalent biological
processes.® To achieve this purpose, the chemical strategy should
be as modular as possible to provide a diversity of scaffold

Angela Martin-Serrano Ortiz recei-
ved her BSc in Chemistry from
University of Castilla-La Mancha
(2011) and her MSc in Biological
Analysis and Laboratory Diagnosis
from University of Granada (2012).
Then, she joined the Allergy Group
at Biomedical Research Institute of
Malaga (IBIMA) and she did a stay
at Royal Institute of Technology
(KTH). After obtaining her PhD
from the University of Malaga
(2018), she joined BioNanoDen
Group at University of Alcald.
Currently, she is member of MultiGlyco team at University of
Grenoble-Alpes, where she works on the synthesis and preclinical
evaluation of antibody recruiting glycodendrimers for cancer and
infectious diseases treatment.

Angela Martin-Serrano Ortiz

This journal is © The Royal Society of Chemistry 2022


https://orcid.org/0000-0002-6410-0866
https://orcid.org/0000-0002-2908-8910
https://orcid.org/0000-0003-2530-0299
https://orcid.org/0000-0003-4963-3848
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cs00640e&domain=pdf&date_stamp=2022-10-03
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00640e
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS051020

Open Access Article. Published on 04 bs-Ahinime 2022. Downloaded on 2026/04/18 2:36:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

structures and thus identify the optimal spatial arrangement
of glycan with respect to the targeted carbohydrate-binding
protein. The synthesis of cyclopeptides, which first requires the
solid-phase assembly of linear peptide precursors, clearly fulfils
this criteria. Aminoacids with functionalizable side chain such as
Lys, Asp or Glu can thus be incorporated at defined positions in
the peptide sequence, thereby providing a total control of the
valency as well as distances between glycans in the
cyclopeptide.”'® In addition, introducing B-turn inducers (i.e.
Gly/Pro or Pro/p-pro) in the peptide sequence allows both the
conformational stability of the scaffold in solution and the spatial
orientation of glycans.

Beside this, click chemistry undoubtedly had a huge positive
impact in this field."*'* The development of a large variety of
conjugation methodologies has not only facilitated the synth-
esis of the first generations of multivalent glycosylated scaffolds
but it has also spectacularly increased the molecular diversity
that is now accessible. By incorporating “clickable”” chemical
functions at defined positions within the peptide sequence,
cyclopeptides can be easily conjugated in aqueous conditions
with unprotected glycans bearing complementary chemical
functions to provide multivalent systems. In addition, the
utilization of iterative protocols or successive orthogonal click
reactions enables the preparation of more complex glycosylated
systems with tunable biological properties, by combining mul-
tivalent scaffolds with similar or different structural features to
a central cyclopeptide.'®'* This review aims at highlighting
the recent advances in this field. The diversity of conjuga-
tion procedures available for the construction of cyclopeptides
displaying covalently attached glycans through linear or
branched linkers, namely glycoclusters and glycodendrimers
respectively, will be described in the first part of this review.
The second part will emphasize the biological applications
that are currently being developed with these multivalent
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glycocyclopeptides, with a particular focus on antiadhesive
and immunotherapeutic tools.

2. Conjugation methodologies

Click chemistry has become an essential tool to construct
biomolecular systems with polyfunctional molecules which
have often uncompatible chemical reactivity.'® The large variety
of reactions available today rely on the regioselective incorpora-
tion of highly reactive functional groups in both reacting
partners, ie. glycans and peptides in the present case, to ligate
them chemoselectively under mild experimental conditions.
Among click reactions, oxime ligation (OL), copper(1)-
catalyzed alkyne-azide cycloaddition (CuAAC), thiol-ene cou-
pling (TEC), thiol-chloroacetyl coupling (TCC), squaramide
coupling (SqC) or Lansbury aspartylation have been explored
as single methods to construct simple multivalent glycocyclo-
peptides as well as in multiple combinations to assemble more
sophisticated biomolecular systems.

Oxime ligation (OL)

Oxime ligation is a highly attractive reaction due to its excellent
efficiency and compatibility with a large set of biomolecules.
This reaction is generally quantitative and is carried out in
aqueous media, making it suitable for the conjugation of
unprotected glycans and peptides.'® The oxime ether bond
results from the reaction between an oxyamine and an aldehyde
(or a ketone) function which react under mild acidic conditions
(pH 3-5)"7 with high chemoselectivity and minor risk of side
reaction. Moreover, oxime ether was shown to be stable in
different chemical conditions'® as well as in vivo."

OL was first exploited for neoglycopeptides by taking advan-
tage of the reducing end of carbohydrates that reacts as an
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Scheme 1 Strategies for the synthesis of aminooxy glycans 1-11: (A) using phase transfer catalysis from glycosyl bromides;

(B) using glycosylation from

glycosyl fluorides. Reagents and conditions: (i) NHS, TBAHS, CH,Cl,, Na,COsz 1 M; (ii) PhthOH, BF3-Et,O, TEA, CH,Cl,. Abbreviations: NHS: N-

hydroxysuccinimide; TBAHS: tetra-butyl-ammonium-hydrogen-sulfate; PhthOH: N-hydroxyphthalimide; TEA: triethylamine; Gal:

galactose; Glc:

glucose; GalNAc: N-acetylgalactosamine; Man: mannose, Fuc: fucose, Lac: lactose; TF: Thomsen—Friedenreich.

electrophile®® > with peptides bearing an aminooxy group.

Nevertheless, this strategy implies the sugar ring-opening,*?
non-natural conformation that can affect the expected biologi-
cal interaction.>* To overcome this limitation, several groups
have developed synthetic strategies to incorporate aminooxy
function at the reducing end of glycans by a stereoselective
reaction based on phase transfer catalysis (Scheme 1A)*>*° or by
glycosylation upon activation with a fluoride (Scheme 1B).””*®
These methodologies provided a library of aminooxy glycans 1-11
with a well-defined anomer configuration that is maintained upon
condensation with the peptide bearing the complementary
chemical group.

Functionalization of peptides with aldehyde or ketone func-
tions can be performed using a variety of methodologies.>® For
example, a site-specific introduction of aldehyde groups into
recombinant proteins was reported using an hexapeptide con-
taining a Cysteine (Cys) residue which can be transformed into
a formylglycine (fGly) by a formylglycine-generating enzyme to
provide the modified protein 12 (Scheme 2A).%°

Chemical strategies based on solid-phase peptide synthesis
(SPPS) can also allow the incorporation of a keto-amino acid at

8758 | Chem. Soc. Rev, 2022, 51, 8756-8783

a defined position in a peptide sequence (13, Scheme 2B),*® or
of a Serine (Ser) residue at N-terminus of a peptide (14) to
provide an oxo-aldehyde function upon treatment with sodium
periodate (15, Scheme 2C).>' While being largely exploited
for different purposes,®**® the latter strategy needs to be care-
fully controlled to avoid side oxidations of methionine, trypto-
phan and histidine.** Most importantly, the oxime bond
formed from an oxo-aldehyde, namely keto-oxime, is much
more stable than an oxime ether resulting for the condensation
with an aliphatic aldehyde, especially under biological
conditions.'® This latter strategy using oxo-aldehydes is then
particularly attractive to produce a wide range of multimeric
glycocyclopeptides.

The first example of synthesis of multivalent glycocyclopep-
tides by OL was described in 2003 by Renaudet and Dumy.*”
this study, tetravalent structures were prepared from a cyclo-
decapeptide scaffold 16 (Scheme 3) bearing four Ser attached to
Lysine (Lys) side chain in alternated position. After treatment
with sodium periodate, the resulting scaffold bearing 4 oxo-
aldehydes 17 was reacted with diverse aminooxy glycans in
sodium acetate buffer (pH 4). Interestingly, much faster

This journal is © The Royal Society of Chemistry 2022
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reactions were observed with alpha glycans compared to beta
(1 hvs. 24 h, respectively) to achieve a quantitative conversion.
The tetravalent glycoclusters 18-22 were finally isolated by RP-
HPLC in 70-80% yield. NMR studies indicated that oxo-
aldehydes provided oxime-ether derivatives as stereochemically
homogeneous products whereas aliphatic aldehydes rather led
to a E/Z mixture.

The same strategy was used in other studies with the same
efficiency,®®*” however significant differences of reactivity were
observed with cyclopeptides displaying methylketone moieties.*®

Copper(1)-catalyzed alkyne-azide cycloaddition (CuAAC)

The copper(i)-catalyzed alkyne-azide cycloaddition (CuAAC)***°

was also widely used for the construction of biomolecular
systems including multivalent glycosylated structures.*’ This
reaction occurs at room temperature using both organic and
protic polar solvents such as alcohol or water, which are fully
compatible with carbohydrates and peptides. In addition, the
CuAAC reaction results from partners bearing an azide and an
alkyne group to provide a very stable 1,2,3-triazole regioisomer

This journal is © The Royal Society of Chemistry 2022
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exclusively. However, CuAAC requires special attention as the
copper(i) catalyst can be trapped by chelating aminoacids and
promote the formation of reactive oxygen species (ROS) respon-
sible for biomolecular damages.*> Since 2002, significant meth-
odological advances were carried out concerning the copper
catalytic system.”® Depending on the solvents used in the
reaction, a wide variety of copper source (Cu salts, complexes,
nanoparticles, and metallic Cu) can be used as a pre-catalyst to
provide the active Cu() species. Stabilization of the Cu() using
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) or other
derivatives also has the ability to prevent the catalyst oxidation
to Cu(u), which greatly improves the reaction outcome.

CuAAC was used successfully by several groups for the
synthesis of a variety of cyclopeptide-based glycoclusters and
glycodendrimers. In a first study, tetravalent structures were
prepared from the cyclodecapeptide 23 displaying four azido
groups (Scheme 4A).** These chemical functions were intro-
duced in the peptide sequence by SPPS using Lys modified at
their side chain (also called N-Fmoc-g-azidonorleucine) by
diazotransfer reaction.*

Chem. Soc. Rev,, 2022, 51, 8756-8783 | 8759
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Scheme 4 Assembly of glycoclusters by CUAAC: (A) from the tetravalent scaffold 23; (B) from the hexavalent scaffold 30. Reagents and conditions: (i)
Cu micropowder, tBUOH/AcCONH, (pH 7.4), r.t., 3 h, 70-75%; (ii) CuSO4-5H,0, THPTA, sodium ascorbate, PBS (pH 7.4), r.t., 1 h, 85%.

The coupling reactions were carried out with several pro-
pargyl glycans 24-26 using copper micropowder to afford the
tetravalent structures 27-29 in 70-75% yields after HPLC
purification. Of note, no trace of incomplete reaction was
observed thus confirming a comparable efficiency of CuAAC
to OL. In another study, Pifferi et al. described the synthesis of
hexavalent glycoclusters from the tetradecapeptide 30 bearing
an azido linker at the Lys side chains (Scheme 4B).*° In this
case, the use of copper sulfate, sodium ascorbate and THPTA
was preferred for the conjugation which allowed the formation
of the mannosylated cluster 31 with higher yields (85%) than
previous conditions. Similarly, the Li group has reported the
synthesis of a tetravalent mannosylated cluster that was
obtained from a cyclodecapeptide having four Lys functiona-
lized with alkyne instead of azido group.?” The coupling reac-
tion with azidoethyl mannoside was preformed under
ultrasonic irradiation with Cu(OAc), and sodium ascorbate to
generate Cu(1) in situ, however the expected tetravalent cluster
was obtained with moderate yield (44%).

Other conjugations

Fan and coworkers synthesized galactosylated cyclopeptides
using squaramide coupling (SqC). They designed a series of
structures of different sizes to identify optimized ligands for the
cholera toxin, a protein composed of five recognition domains
specific for B-Gal.*®

Linear peptide precursors alternating various amino acids
with 1-Lys were synthesized on solid support using the standard
Fmoc/tBu strategy and an allyl ester as protecting group of the
C-terminal end (Scheme 5). After Fmoc and allyl removal, the

8760 | Chem. Soc. Rev,, 2022, 51, 8756-8783

peptides were head-to-tail cyclized on the solid support, cleaved
and purified to obtain three cyclopeptides in 24-30% yield after
HPLC purification. These peptides (such as 32) were further
functionalized with PEGylated linkers using successive squar-
amide coupling steps. A first conjugation of the Lys side chain
with the squarate activated linker 33 was carried out and
followed by Boc removal by acidolysis. These two reactions
were repeated successively until reaching the desired linker
which was finally terminated with squarate activated galacto-
sylated linker 34 using similar conditions. A total of twelve
pentavalent structures such as 35 were thus prepared with yield
over 70% after RP-HPLC purification. Subsequent competitive
binding assays revealed ICs, in submicromolar range for the
larger cyclopeptides having the shorter linkers.

In 2004, Wittmann and co-workers identified high affinity
ligands for wheat-germ agglutinin (WGA) from a one-bead one-
compound library of 19440 cyclopeptides composed of alter-
nated 1- and p-amino acids with variable side chains and
displaying up to six BGlcNAc through an urethane bond.** On
the basis of this report, the same group further designed a new
cyclooctapeptide functionalized with four oGIcNAc units
instead of BGIcNAc to change the glycan unit orientation and
having a shorter and more rigid linker than previously.>® The
cyclopeptide 36, prepared from a TentaGel resin, displays four
adjacent or alternate p-2,4-diaminobutyric acids (p-Dab) as
branching residues for the glycan units after amine deprotec-
tion (Scheme 6).

The conjugation was carried out on the solid support with
an excess of the acetylated glycosyl p-nitrophenyl carbonate 37
in presence of DIPEA in NMP. The total conversion of free

This journal is © The Royal Society of Chemistry 2022
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amines was confirmed by colorimetric tests on the resin
beads.”’** After cleavage followed by deacetylation and RP-
HPLC purification, the corresponding tetravalent glycopeptide
38 was obtained in 15% yield based on the resin loading.
Competitive enzyme-linked lectin assays finally indicated a
significant improvement for 38 over the best glycopeptides
identified from the previous library with longer and more
flexible linkers.*® This result was supported by X-ray crystal-
lography and NMR spectroscopy experiments which indicate an
optimized conformational pre-organization compatible with
multivalent interactions with WGA.

This journal is © The Royal Society of Chemistry 2022

In 2003, Otha et al. used a chemoenzymatic approach to
synthesized glycotentacles composed of different amino acids
and displaying three GM3 [i.e., Neu5Aco(2,3)Galf(1,4)Glc], a
well-known trisaccharide ligand of the hemagglutinin (HA) of
influenza virus.”®> The design was based on the structural
feature of HA which is trimeric protein having a total of three
binding sites for sialylated ligands separated by 40-50 A. Three
linear peptides of 18-22 aminoacids, each containing three
Gln, were synthesized using the Fmoc-Asp-ODmab strategy®*
then cyclized either on the solid support or in solution to afford
cyclopeptides such as 39 (Scheme 7).

After cleavage, deprotection and purification by gel filtra-
tion and preparative HPLC, the Gln side chain of the cyclo-
peptides were conjugated with a large excess of 6-aminohexyl
lactoside 40 using transglutaminase from guinea pig liver. In
each case, this enzymatic transamination reaction was found
incomplete and led to unseparable mixtures of mono-, bi-
and tri-functionalized cyclopeptides. The final incorporation
of sialic acid units was carried out with CMP-Neu5Ac and
the recombinant rat a-2,3-(N)-sialyltransferase to provide
GM3 conjugates such as 41. Overall yields after the two
enzymatic steps and purification by lectin-based affinity
chromatography, gel filtration and HPLC were 8-10% for
monovalent, 7-20% for divalent and 7-33% for trivalent
structures. Further biological assays and structural studies
revealed that the amino acid composition influences the
glycocylcopeptide conformation in solution, the spatial
orientation of GM3, and therefore the affinity to the influ-
enza virus hemagglutinin.

The Danishefsky group designed a 14-amino acids cyclopep-
tide displaying a cluster of a high mannose glycan expressed in
the silent region of the gp120 glycoprotein of HIV.>> The
scaffold 42 is composed of two Pro-pro B-turns and three Asp

Chem. Soc. Rev,, 2022, 51, 8756-8783 | 8761
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to attach glycans in a controlled spatial orientation using the
Lansbury aspartylation (Scheme 8).%°

This reaction was carried out in DMSO after a pre-activation
step of the Asp side chain with HATU in the presence of DIPEA.
The glycosylamine 43 was immediately added to mixture and
the trivalent compound 44, obtained as a mixture with the
divalent compound was isolated in 45% yield after HPLC
purification. Finally, while SPR experiments confirmed the
efficient binding with the human 2G12 antibody, the conjuga-
tion of 44 to a lipoprotein carrier from Neisseria meningitidis
and subsequent immunization of guinea pigs and rhesus
macaques failed to induce neutralizing antibodies against
HIV.*” A comparable conjugation approach was reported by
the Kunz group for the preparation of multivalent cycloocta-
peptides as potential E-selectin ligands.>®

The Nishimura group has reported the one-pot synthesis of
cyclic peptides composed of several copies of the Ala-Thr-Ala
tripeptide sequence 45 having the disaccharide B-p-galactosyl-
(1-3)-o-p-N-acetylgalactosamine (also called TF antigen)
attached to the Thr side chain (Scheme 9).%°

This glycosylated tripeptide is a repeating sequence found in
the antifreeze glycoproteins which possess thermal hysteresis
activity allowing fishes to survive in freezing conditions.®® The
glycosylated tripeptide 45°" was first oligomerized in a con-
trolled manner using a polymerization promotor (diphenylpho-
sphorylazide, DPPA) and triethylamine in DMF. This reaction
can be performed in the presence of free hydroxyls and pro-
vided a mixture of linear peptides 46 formed by 2, 3 and 4
repeating motifs, the tetrameric structure being the major
product. The cyclization step was finally carried out by diluting
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Scheme 8 Conjugation of high-mannose glycan 43 by Lansbury aspartylation. Reagents and conditions: (i) HATU/DIPEA/DMSO then 43. Abbreviations:
HATU: hexafluorophosphate azabenzotriazole tetramethyl uronium; DMSO: dimethylsulfoxide.
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the crude mixture in DMF and adding DPPA and TEA. The
reaction occurred quantitatively to afford the corresponding
cyclic peptides presenting from 2 to 4 copies of the disaccharide
47 that were isolated by ion exchange chromatography (59%
overall yield). These compounds have shown ice-growth inhi-
bitory effect and high thermal hysteresis value, in particular for
the smaller divalent structure.

Successive ligation strategies

Due to the robustness and versatility of OL, new assembly
methods based on successive oxime bond formation were
developed to combine other biomolecules to a cluster of
glycans, thus providing more complex structures dedicated to
diverse biological applications that will be described in the next
part. Such an approach involving more than one conjugation
step, requires the utilization of orthogonal protecting groups,
either at the aminooxy or at the aldehyde function. However,
both cases would require regioselective protecting groups
whose removal conditions could be problematic if an oxime
linkage is already present. Rose and co-workers suggested the
use of a Ser as a masked oxo-aldehyde to avoid the fastidious
manipulation of protecting groups.’> Beside this, another
limitation of successive OL reactions could arise from an
undesirable side reaction between an oxime bond and free
aminooxy-containing compound required to generate the next
one.®” Such a trans-oximation reaction is favoured by tempera-
ture and acidic catalysis, however, it was demonstrated that it
does not occur on keto-oxime. These different studies converge

towards the fact that successive oxime ligations should be
performed from oxo-aldehydes generated by oxidative cleavage
of Ser.

On the basis of this conclusion, a cyclopeptide 48 composed
of six Lys, four functionalized with Ser and two with an
aminooxy linker was conjugated to different peptides having
oxo-aldehyde at the N-terminus (Scheme 10).5*%*

After this first oxime conjugation with peptide 49, which was
performed in a solution of acetonitrile/water containing 0.1%
of trifluoroacetic acid (TFA), the crude mixture was treated with
sodium periodate to generate four oxo-aldehydes. After purifi-
cation, the resulting compound was successively conjugated
with the aminooxy glycan 2 to afford 50 in excellent yield.

In other studies, OL was explored to increase the number of
glycans presented at the surface of the cyclopeptide.®>°® To this
aim, the upper domain of the cyclopeptide 51 displaying four
oxo-aldehydes was functionalized with the cyclopeptide 52
containing four Ser and one aminooxy linker thus providing
the dendritic structure 53 displaying sixteen Ser at the periph-
ery (Scheme 11).

The excess of 52 was quenched with acetone then the crude
mixture was subsequently converted into oxo-aldehydes under
standard conditions. The final conjugation with aminooxy
glycans afforded hexadecavalent glycodendrimers 54-57. HPLC
analysis indicated complete conversion and no difference of
reactivity was observed compared to the preparation of the
more simple tetravalent clusters. While NMR spectrum clearly
showed the expected characteristic signals for oxime and
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Scheme 10 Functionalization of the second domain of a cyclopeptide scaffold 50 using successive oxime ligation. Reagents and conditions: (i) 0.1% TFA
in CH3zCN/H,0 (1:1), 37 °C, o/n then NalOy4, H,O, r.t., 1 h, 95%; (i) 0.1% TFA in CH3CN/H,O (1:1), 37 °C, o/n, 80%.
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anomer protons, the main problem reported by the authors was
the fragmentation of oxime ether linkage during MS analysis,
which significantly complicates the structural analysis of such
compounds.

Due to the remarkable efficiency of this assembly method,
the same group went one step further by conjugating another
‘layer’ of the scaffold 52 to 53 (Scheme 11).*” This reaction
provided compound showing 64 Ser that was converted into 59-
60 following the same process including successive oxidative
cleavage of Ser and oxime ligation. These 64-valent glycoden-
drimers 59-60 with molecular weights of approximately 38 kDa
were finally obtained after 3 iterative steps in 83-85% yield.
Here again, the final characterization was proved difficult by
MS due to the presence of 84 oxime linkages in these struc-
tures. circular dichroism and NMR experiments
successfully confirmed the complete functionalization with 64
glycans and their perfect monodisperisty.

Similarly to OL, a successive CuAAC/CuAAC strategy was
designed by Ribeiro et al. to synthesize an octavalent structure
displaying both 1-fucose and N-acetylneuraminic acid
(Scheme 12).°®

Such multivalent compounds displaying different glycan
units, namely heteroglycoclusters (hGCs), are subjected to
increasing interests in glycosciences®®’? but remains difficult
to synthesize using standard chemical methods. First, azido-
functionalized scaffold 61 was conjugated with propargyl o-
Neu5Ac 62 on one hand and o-Fuc 24 on the other hand. The
resulting conjugates were elongated on their remaining free Lys

However,

8764 | Chem. Soc. Rev, 2022, 51, 8756-8783

by either an azido or alkyne linker to afford 63 and 64,
respectively. These two compounds were finally combined by
CuAAC to obtain the hGC 65 displaying a different saccharide
on both faces. This new compound was used as a chemical tool
to build a multilayer film composed of alternative layers of
glycoclusters and a Janus neolectin having carbohydrate-
binding domains specific for both Fuc and Neu5Ac.

Wang et al. also exploited a double CuAAC strategy to
conjugate a peptide fragment of the tetanus toxoid and mimics
of the ManyGlcNAc, epitope of the HIV-neutralizing antibody
2G12 to a cyclodecapeptide (Scheme 13).7*

The first conjugation between scaffold 66 displaying four
alkyne groups and the oligomannoside 67 was carried out using
copper sulfate and sodium ascorbate to afford the tetravalent
structure 68 in 90% yield. The two pending Lys below the
scaffold were successively functionalized with the azido linker
69 then conjugated with the alkyne peptide 70 using the same
CuAAC conditions. Further binding studies between diverse
glycosylated scaffolds and 2G12 confirmed the interest of the
multivalent presentation of glycans and suggested that the final
compound 71 could be used as a potential vaccine candidate
against HIV-1. To our knowledge, no immunological study has
been reported so far.

Orthogonal ligation strategies

Most of the methods described above present an excellent
orthogonal reactivity’*”> that revealed ideal to increase the
molecular diversity of multivalent systems. After having

This journal is © The Royal Society of Chemistry 2022
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demonstrated the compatibility of OL and CuAAC and the
possibility to use them in a sequential one-pot process,”®””
Thomas et al. exploited this dual strategy to synthesize
hGCs. To this aim, the authors synthesized scaffold 72 having
two azides and two aldehydes in an alternative fashion
(Scheme 14).7®

Aminooxy 3, 10 and propargyl glycosides 24 were grafted in
one-pot via OL and CuAAC respectively. A library of tetravalent
2:2 hGCs 73-74 exposing diverse combinations of «-r-Fuc, o-
Man and B-Lac was thus obtained with excellent conversion
rate (approx. 90%). The authors also reported a 3:1 series
combining the same glycans but with a different distribution
at the surface of the scaffold. No difference in reactivity was

This journal is © The Royal Society of Chemistry 2022

observed, thereby confirming the efficiency of this method to
build hGCs with well-defined sugar positioning.

Multiple ligations are also very attractive for the construc-
tion of larger glycodendrimers."® The dual CuAAC/OL sequence
applied to the synthesis of GalNAc-functionalized
glycodendrimers.”® In this study, the authors investigated the
efficiency of both convergent and divergent processes which are
classically used for the synthesis of dendrimers.®*®* On one
hand, scaffold 75 was first conjugated with propargyl o-GalNAc
76 by CuAAC (Scheme 15).

After Boc-deprotection of the cluster, the compound 77 was
engaged in an OL reaction with the aldehyde-bearing scaffold
51, yielding the hexadecavalent dendrimer 78. On the other

was
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in H,O, 37 °C, 45 min, 90% for 78; 85% for 79.

hand, the divergent sequence first proceeded with the oxime
ligation between unprotected scaffolds 75 and 51, followed by
CuAAC with propargyl glycoside 76 to simultaneously functio-
nalize all sixteen positions, leading to the expected compound
78. Both strategies proceeded with good yields, highlighting the
versatility of this dual ligation sequence. Of note, the authors
reported that attempts to use a convergent strategy using OL
failed due to the formation of a mixture of side products,
presumably due to the presence of an excess aminooxylated
building block that led to transoximation reactions.

The synthesis of more complex structures could be achieved
using a comparable divergent protocol. Pifferi et al. prepared
heterovalent glycodendrimers, displaying both Tn and TF
tumor-associated antigens (Scheme 16).%*

8766 | Chem. Soc. Rev., 2022, 51, 8756-8783

The authors used scaffold 80, functionalized with two
masked aldehydes and two oxyamines, as the central
core. This compound was first conjugated through the alde-
hyde function of the cyclopeptide 81, then oxidative cleavage
of Ser generated the two remaining oxo-aldehydes on
the central core that underwent a second oxime ligation with
52. Subsequent ligation with aminooxy Tn 2, followed by
CuAAC reaction with propargyl TF 82 afforded hexadecava-
lent glycodendrimer 83 exposing two different epitopes in an
8:8 ratio. The same strategy was employed to generate a
similar compound where each peripheral cyclopeptide is
functionalized with two copies of each sugar allowing the
study of epitope clustering in the recognition process by
antibodies.

This journal is © The Royal Society of Chemistry 2022
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Scheme 16 Synthesis of heterovalent glycodendrimers as epitope carriers for antitumor vaccines. Reagents and conditions: (i) 0.1% TFA in H,O/CH3zCN

(1:1), 37 °C, 30 min, 75%; (ii) NalOy,

H>0, r.t., 40 min, 70%; (iii) 0.1% TFA in H,O/CH3CN (1:1), 37 °C, 30 min, 85%; (iv) NalOy4, H,O, r.t., 40 min, 78%; (v) 0.1%

TFA in H,O/CH=CN (1:1), 37 °C, 30 min; (vi) CuSOg4, THPTA, sodium ascorbate, PBS (pH 7.4, 10 mM), r.t., 90 min, 55% (over two steps).

Glycosyl thiols represent useful building blocks for the
preparation of glycoclusters and glycodendrimers.®* After a
previous study in which tetravalent structures were prepared
by thiol-ene coupling (TEC),*> hGCs showing 4:2 combina-
tions of glycosyl thiols have been reported.®® The scaffolds 84
and 85 equipped with different regioselective distribution of
chloroacetyls and allyloxycarbonyls groups were successively
conjugated with B-GlcNAc thiol 86 and a-Man thiol 87 using the
TEC and thiol-chloroacetyl couplings (TCC) (Scheme 17).

To prevent side reaction and avoid intermediate purifica-
tion, the authors demonstrated that a one-pot protocol can be
followed if the thiol-chloroacetyl coupling is performed as the
first conjugation step. This reaction was carried out from
scaffolds 84 (Scheme 17A) or 85 (Scheme 17B) and B-GlcNAc
thiol 86 using NaH in DMF. The reaction was found quantita-
tive in both cases within one hour. In this condition, the
remaining excess of 86 spontaneously forms a disulfide adduct
which makes the crude mixture directly usable without purifi-
cation for the next TEC. After neutralization of the crude
mixture with hydrochloric acid, this reaction occurred with o-
Man thiol 87 using 2,2-dimethoxy-2-phenylacetophenone
(DPAP) under irradiation at 365 nm. The resulting hGCs 88-
89 were finally obtained in 77-78% after HPLC purification.

This journal is © The Royal Society of Chemistry 2022

The same group reported the synthesis of more complex
biomolecular systems using triple orthogonal conjugations.
After a first study in which a cyclodecapeptide was successfully
functionalized with peptides, glycans and oligonucleotides
following a one-pot protocol involving oxime ligation, CuAAC
and thiol-maleimide coupling,’”” hGCs alternating a-Neu5Ac
and B-GlcNAc were reported (Scheme 18).%8

B-GlcNAc thiol 86 was first conjugated by TEC to scaffold 90
bearing two azides and two Alloc using DPAP under irradiation
at 365 nm as reported above. No significant difference of
reactivity was mentioned (70% yield). The conjugation of the
resulting divalent structure with propargyl a-Neu5Ac 62 pro-
tected as a methyl ester was next performed by CuAAC with Cu
micropowder in PBS to afford the heterovalent compound 91 in
71% yield. Of note, the authors highlighted difficulties when
fully unprotected propargyl sialoside was used, which indicates
that the free carboxylic acid negatively interfere in the CuAAC
reaction. Finally, the pending amine of hGC 91 was involved in
a two step self-condensation reaction using SqC to extend the
valency to eight glycan units. The reaction was carried out with
diethyl squarate which was first conjugated to 91 in DMF with
DIPEA (pH 8.5) to provide compound 92. The second amidation
reaction was performed between 91 and 92 in an aqueous

Chem. Soc. Rev,, 2022, 51, 8756-8783 | 8767


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00640e

Open Access Article. Published on 04 bs-Ahinime 2022. Downloaded on 2026/04/18 2:36:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

A) —

View Article Online

Review Article

— R2 R2
I | | \ $ $
! ! .
/
0__0 o/ [eNgFe] o/ \H S
\ 1 \ R? 00 o
\*\ 0, \\\ o S\\j {
o} o o o
- Lyss__ _Lys Lyss_ o] o]
Gly” Lys\Lys/ V¥ ~pro ) Gly™ ¥ TLys— V¥ ~Pro o L =0
i) ii) qolys— _Lys
/ K L / k% 1&% L / Gly Lys Pro
ph— Ys\Lys/} YS~cly R"SH pro— TLys75_ TGl RZ-SH / Lysw Lys—, /
d d sgt Pro™ Lys™% Gly
84 ~ O  s-R!
o © R*s © 88
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr : RS o
o _ - : g% :
R! = HO & : : R2= HOHO . ;
i 86 NHAc | — - 3 77777777777777777 :
B) """""""""""""" 1 R!
R! R! R i
cl cl 'S s 0 1
(_o (o (o gt . s
Cl 1 S R-s ¢
o o R's o o e YS—_, _Lys \;)
o y ys ro
_L Lyss__ _Lys—_ Lyss_
Gy Ys\Lys/ V¥ oo Gly ¥ Lys™ Pro / /
/ ) / iL‘s, / " Pra /LyS\L s/}Lys\Gly
L Lys Lys Lys o
Pro™ ys\Lys/} Yo ~aly R'-SH Pl \Lys/} el RZSH J
/—0 2
g \ e} \ ° S
\
(o} R?
o o
/J o g5 /J o sJJ
/ / R2 89

Scheme 17 Synthesis of heteroglycoclusters by thiol-ene and thiol-chloroacetyl couplings. (A) Functionalization of the bottom domain as the first
step; (B) functionalization of the upper domain as the first step. Reagents and conditions: (i) NaH, DMF, r.t., 1 h; (i) DPAP, DMF/H,0, irrad. 365 nm, r.t.,

45 min, 78% for 88, 77% for 89 over two steps.

00 R?

/ Lys. Lys.
PrO/Y\ /V\ Gly

920

i) RE-0 7 Pro

Lys O\—O
/ L L
Gly A ) R _SH G/Iy%gI Yo —pla— yPLF}ro i)
A

o & T on T g
‘»\\ >_2 Y F(— 3R1_Ho% :
Ny NLD T 5—& [ on PR HoA i
o M‘! \-—M N 3 © 86 |
Jomt 5 o ;
o : OH :
v) rﬁ \E [ o— p———l >/ SN PO, COMe !
2 IJ N rp\ z S-R1 ! RZ= HO o :
| AcHN
/ £ by \ Ney | "o 62
\/K/ 2 _] P = N :
> 93 / 4 o, ; o :
O O R : OH :
o o—0 s~ o : :
a 3 RI= o oM |
: AcHN L2 :
| HO ;

Scheme 18 Synthesis of heterovalent structures using CUAAC, TEC and SqC. Reagents and conditions: (i) DPA, DMF/H,0O, irrad. 365 nm, r.t., 45 min; (ii)
Cu micropowder, PBS (pH 7.4), r.t., 45 min, 71% over two steps; (iii) DMF, DIPEA (pH 8.5), r.t,, 4 h, 87%; (iv) 91, Na,COs (pH 9.5), 37 °C, 24 h, 67%.

solution of sodium carbonate (pH 9.5) to allow both the
formation of the octavalent compound and the simultaneous
deprotection of the methyl esters. The hGC 93 was finally
obtained in a 67% yield after semi-preparative HPLC purifica-
tion. Other hGCs combining diverse glycans (GlcNAc, Neu5Ac,

8768 | Chem. Soc. Rev, 2022, 51, 8756-8783

Gal) were obtained with similar efficiency following the same
strategy thus highlighting its versatility to extend the diversity
of synthetic hGCs in a rapid and controlled manner.

The same group went one step further in the multi-click
strategies by preparing heterovalent structures decorated

This journal is © The Royal Society of Chemistry 2022
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with four different glycans with the aim to provide
chemical tool giving access to heterogenous structures as
found in the glycocalyx.®® Starting with a cyclodecapeptide
scaffold 94 containing regioselectively functionalized Lys
with oxo-aldehyde, Aloc, azide and chloroacetyl groups, four
glycans were conjugated using OL, TEC, CuAAC and TCC
(Scheme 19).

Once having determined the optimal sequence and experi-
mental conditions to avoid side reactions, the assembly process
was carried out using a sequential one-pot approach by succes-
sive addition of the functionalized glycans 8, 86, 76 and 87 and
adjustment of the reaction medium (ie., pH and solvent).
Intermediate HPLC analyses indicated that each reaction was
both clean and quantitative until the last step leading to the
heterovalent compound 95. The overall one-pot strategy was
found to take a total of 3 hours instead of 4 days with the
stepwise strategy including HPLC purification of each cou-
pling intermediate, a single purification step and a global
yield of 47% (vs. 41% by the stepwise strategy). Finally, the
free amine pointing below the scaffold 95 was used to graft
several linkers for further conjugations by OL or disulfide
bond formation. Among other examples, the authors have
treated 95 with the succinimidyl ester of Boc-aminooxy acetic
acid to give a free aminooxy group after acidolysis and used
for a final ligation on the tetravalent scaffold 51 (Scheme 19)
by OL. The resulting hexadecavalent structure 96 displaying
four different glycans was obtained in 87% yields after HPLC

This journal is © The Royal Society of Chemistry 2022

purification that demonstrates the large molecular diversity
that is now accessible with orthogonal click reactions.

3. Biological applications
Lectin binding with low molecular weight glycoclusters

Lectins are proteins of non-immune origin, with no catalytic
activity, that can reversibly bind carbohydrates.”® These
carbohydrate-binding proteins can be found in all living organ-
isms, however, they play different roles depending on whether
they are expressed by plants, bacteria or animals. In most cases,
lectins have a relatively weak affinity for their monovalent
ligand (low millimolar to high micromolar) but this low affinity
is often counterbalanced by their oligomeric quaternary struc-
ture that allows them to simultaneously bind several carbohy-
drate units. This multivalent binding can lead to a much
stronger affinity, several orders of magnitude higher than the
monovalent interaction.*>**

In humans, lectins were found to be involved in a wide
variety of biological processes. For example, the asialoglycopro-
tein receptor (ASGP-R) is uniquely expressed on the surface of
hepatic cells and recognizes terminal Gal and GalNAc.”>%* Its
natural function is to remove asialylated glycoproteins from
circulation but its precise localization has been used to target
hepatocytes.”*®® Delangle and coworkers have exploited this
feature to deliver copper chelating glycocyclopeptide into

Chem. Soc. Rev,, 2022, 51, 8756-8783 | 8769
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Fig. 1 General structure of tetravalent ligands designed to target hepatocytes. Abbreviation: lys: b-lysine residue.

hepatocytes.®” The redox properties of copper indeed make it a
toxic element when its homeostasis is disturbed. Therefore, the
development of intracellular copper chelators is of major interest
to counterbalance its accumulation for patients suffering from the
Wilson disease.’® To this aim, the authors synthesized cyclodeca-
peptides with two independent faces (Fig. 1).

The upper face displays GalNAc residues in a tetravalent
manner to ensure an efficient recognition by the ASGP-R. The
bottom face, exhibiting two Cys side chains that were oxidized
as a disulfide bridge, acts as a precursor of the copper complex-
ing site. The addition of a fluorophore on a p-lysine side chain
(compound 97) allowed to confirm the uptake in hepatocytes by
flow cytometry. It was also demonstrated that once confronted
to the reductive intracellular environment, the disulfide bridge
of 97 was cleaved into an efficient copper chelating agent.
Finally, the importance of the rigid and well-defined cyclopep-
tide scaffold was also assessed since it was found to be inter-
nalized more efficiently than the other flexible structures.
Additional binding experiments with HepG2 human heptic
cells were next performed to evaluate the influence of the
ligand valency and the anomer configuration of GalNAc.
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Among the series of the tested compounds (mono to tetravalent
conjugates, various scaffolds, a- or B-GalNAc), the tetravalent
structure displaying o-GalNAc 98 revealed as the best targeting
ligand for ASGP-R.””

Many microorganisms, like bacteria and fungi, use lectins to
adhere to the host glycocalix and to trigger the first step of
infection.’® For example, Pseudomonas aeruginosa produces two
lectins, LecA and LecB, which play a key role in the bacterial
adhesion to host cells and in the biofilm formation. LecA and
LecB are tetrameric proteins containing a total of four binding
sites for Gal and Fuc, respectively, and thus represent key
targets to develop antiadhesive agents as an alternative to
antibiotic treatments.’®'°! Other fucose-binding proteins have
been identified in pathogens such as Burkholderia ambifaria
and Aspergillus fumigatus. Among them, B. ambifaria BambL'*>
and A. fumigatus AFL (FleA)'®® have the peculiarity of including
the repetition of similar B-sheets. These so-called B-propeller
lectins'®* are able to bind six fucose residues with high affinity.
In order to prevent pathogen adhesion to host cells, the fucose-
based glycomimetic 99 was synthesized and evaluated for its
binding to different fucose-specific lectins (Fig. 2).'%°
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Structure of hexavalent glycoclusters displaying fucose (100) or a fucose mimetic (101).
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Interestingly, this glycomimetic bound to BambL and AFL
the same way as the natural ligand with an unprecedented
selectivity towards these B-propeller lectins. The authors defi-
nitely showed that 99 did not bind to other fucose-specific C-
type lectins such as LecB or the human DC-SIGN. Capitalizing
on this feature, multivalent versions of fucosylated conjugates
were designed. Hexavalent glycoclusters 100 and 101, display-
ing o-Fuc or the glycomimetic 99 respectively, were prepared to
match the six binding sites of the targeted proteins (Fig. 2).'%
As predicted, Isothermal Titration Calorimetry (ITC) experi-
ments with compound 100 showed no measurable binding to
LecB, thus confirming that even at high local concentration, the
epitopes cannot reach the binding pocket of LecB. In addition,
these experiments indicated that hexavalent compounds 100
and 101 bind very strongly to both BambL (K4 = 16.8 and 13.8
nM) and AFL (K4 = 18.5 and 44 nM) with similar affinities albeit
displaying different epitopes. Stoichiometries showed an
approximate ratio of 1:1 and binding enthalpies that suggest
at least four of the compounds’ epitopes are involved in the
binding. Molecular modeling confirmed that a single hexame-
ric compound cannot reach the six binding sites of one BambL
trimer and although the distances are compatible between
ligand and protein, the orientation of the epitopes is not
favourable to induce a real chelate complex. Altogether, these
data showed that these glycoclusters were the best-known
ligands for BambL and AFL and provided an unprecedented
selectivity toward B-propeller lectins.

Lectin binding with glycodendrimers

Cyclodecapeptide scaffolds with extended valency were used by
Berthet et al. for studying the binding to the fucose-specific
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