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DC-SIGN, a C-type lectin receptor expressed on antigen presenting
cells, is crucial for pathogen recognition and immune modulation.
While most glycomimetic DC-SIGN ligands are mannose-based,
fucose-based ligands offer enhanced selectivity, potentially reducing
off-target effects. This study reports the stereoselective synthesis of
aryl o-L-fucosides and their binding affinity for DC-SIGN. Using
1H-*N HSQC NMR and a competition assay, we identified 3-trifluoro-
methylphenyl a-L-fucoside as the best ligand, exhibiting both K and
ICsp values in a three-digit micromolar range and binding not only to
the canonical site, but also to a secondary allosteric site.

DC-SIGN (dendritic cell-specific intercellular adhesion mole-
cule-3-grabbing non-integrin, CD209) is a C-type lectin recep-
tor predominantly expressed on dendritic cells and some
macrophages. It plays a crucial role in immune surveillance by
recognizing and binding to a diverse range of glycoconjugates,
facilitating pathogen capture, antigen presentation, and
immune modulation." DC-SIGN is particularly known for its
ability to interact with high-mannose and fucosylated glycans
present on viral, bacterial, and parasitic pathogens. The inter-
action of mannose-containing glycans with DC-SIGN governs
the binding of dendritic cells to HIV, Mycobacterium tuberculo-
sis, Leishmania and many others,>® while fucose-containing
DC-SIGN ligands, such as the Lewis X antigen, are highly
expressed on Schistosoma mansoni and Helicobacter pylori.”
Beyond its role in pathogen recognition, DC-SIGN also med-
iates cell-cell interactions, contributing to immune homeosta-
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sis, inflammation, and immune evasion mechanisms
exploited by certain pathogens.* Due to its versatile binding
capabilities and involvement in infectious diseases and
immune regulation, DC-SIGN has emerged as a target for
therapeutic intervention and drug design.”

The natural ligands of DC-SIGN primarily include patho-
gen-associated glycans® and endogenous glycoproteins such as
ICAM-2 and ICAM-3.%” In recent years, synthetic ligands have
been extensively developed to modulate DC-SIGN activity,
including small-molecule glycomimetics,® multivalent carbo-
hydrate-based constructs,” and glycopolymers.’® These syn-
thetic compounds offer valuable tools for studying DC-SIGN
functions and hold potential for therapeutic applications,
such as blocking pathogen entry, modulating immune
responses, and developing targeted drug delivery systems.

To date, most glycomimetic DC-SIGN ligands have been
derived from mannose.® Reports on fucose-based glycomi-
metics, however, are rather scarce."' ™ Yet, they might bring
in numerous advantages stemming from the higher selectivity
of fucose towards DC-SIGN. Mannose interacts with a number
of other lectin receptors, such as DC-SIGNR, langerin, dectin-
2, the mannose receptor, and the mannose binding lectin,
which may lead to unintended side effects. In contrast,
fucose exhibits significantly greater selectivity, showing a
strong preference for DC-SIGN over DC-SIGNR,'® langerin,"*"”
and dectin-2.'® Nevertheless, it does interact with the
mannose receptor’” and mannose-binding lectin.?® This
potentially higher selectivity may lead to fewer side effects in
therapeutic applications and a faster route to developing
selective inhibitors.

t-Fucose occurs in nature mainly in the form of
a-glycosides.”" Although a vast number of methods for glycosy-
lations have been reported to date,>*** achieving 1,2-cis
a-glycosides remains a challenge,?® which is also the case for
a-i-fucosides.?” Here, we report on the stereoselective synthesis
of aryl o--fucosides using tetra-O-acetyl-i-fucopyranose as a
glycosyl donor and various substituted phenols as acceptors
and evaluation of their affinity for the DC-SIGN receptor.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Target fucosides 1-6.

We designed a small library of six aryl o-i-fucosides (1-6,
Fig. 1), each featuring an aromatic moiety in the anomeric posi-
tion. The compounds in the library differ in the nature of the
aromatic substituent, its electron-donating or -withdrawing pro-
perties, and/or its position on the aromatic ring. Positioning of
the aryl substituent at position 1 is supported by our recent
study, which demonstrated that a substituent at the anomeric
position of fucose does not interfere with the coordination of the
Ca”" ion.”® Additionally, insights from aryl mannosides suggest
potential hydrophobic interactions with Phe313.%7" All the com-
pounds can be synthesized from a common fucosyl donor using
a streamlined two-step methodology: glycosylation of the respect-
ive phenol followed by global deprotection (Scheme 1).

Initially, we screened three different fucosyl donors in a
model reaction with 2-(trifluoromethyl)phenol: 2,3,4-tri-O-
acetyl-a--fucopyranosyl trichloroacetimidate (7), 2,3,4-tri-O-
acetyl-a-L-fucopyranosyl bromide (8), and tetra-O-acetyl-t-fuco-
pyranose (9). Trichloroacetimidate 7 upon activation with
TMSOTf at —15 °C yielded an inseparable mixture of anomers
in a 51:49 ratio («:p) (88% yield). Using fucosyl bromide 8,
activated with TfOH and Ag,O, we obtained the desired
a-fucoside exclusively, albeit in a low yield of 23%. Seeking
further yield improvement, we investigated the use of the less
reactive glycosyl acetate 9, activated by BF;-OEt,. This method
yielded the desired a-anomer 10 exclusively in a 31% yield.
Similarly, we synthesized compounds 11-13 by employing
fucosyl acetate 9 and the respective substituted phenol accep-
tor and obtained exclusively the a-anomers in low to moderate
yields (39% and 35% for the 3- and 4-CF; derivatives, respect-
ively, and 70% for the CH; derivative).
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We next used halogen-substituted phenols, namely 2-chloro
and 2-bromophenol, as aglycones and trichloroacetimidate
donor 7 and observed exclusive a-anomer formation. However,
the resulting products were contaminated with a hydrolysed
donor by-product which we were not able to separate despite
multiple column purifications. To avoid the purification issues,
we explored the glycosylation reaction using the less reactive
tetra-O-acetyl-L-fucopyranose (9) donor and successfully achieved
pure a-anomers in low to moderate yields (40% for the bromo
derivative 14 and 20% for the chloro derivative 15).

The observed stereoselectivity aligns with previous obser-
vations described in the literature. Studies have repeatedly
shown an inverse correlation of selectivity —with
nucleophilicity.>*** Highly nucleophilic alcohols react via
diffusion-controlled trapping of the intermediate oxocarbe-
nium ion, resulting in the lowest o/p ratios. In contrast, stereo-
electronic control dominates reactions involving less nucleo-
philic alcohols. Consequently, phenols, particularly those
bearing an electron-withdrawing substituent, tend to follow a
more Syl-like mechanism. This leads to the preferential for-
mation of the a-anomer, which is thermodynamically favoured
due to the axial orientation of the anomeric oxygen, driven by
the anomeric effect.>*

Target compounds 1-6 were obtained by acetyl group clea-
vage employing Zemplén’s conditions (0.2 M sodium methox-
ide in methanol) in yields of 38-78%. The general reaction
scheme is depicted in Scheme 1. Detailed reaction procedures
are given in the ESL{

To characterize the DC-SIGN binding properties of the pre-
pared fucosides 1-6, we employed protein-observed 'H-'°N
HSQC NMR to obtain binding site information and affinity
data, alongside a plate-based competition assay to assess the
impact of the compounds on receptor activity. The results of
both assays are summarized in Table 1.

Binding sites of the fucose-based compounds 1-6 were
assessed using chemical shift perturbations (CSPs) on the
'H-">N backbone resonances of the '°N-labelled DC-SIGN
CRD.?® The largest CSPs were detected in backbone resonances
of residues located in the long loop in close proximity to the
carbohydrate binding site (N349, N350, V351). The corres-
ponding amino acids localize around Ca®" 11, directly involved

1. BF3.0Et, -10 °C, 30 min = | I\'/\IAeOol\llf = |
OAc 2.rt,24h e ~
o % DCM o XX rt, 24 h S
OAc  + \\I .,
0 0]
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Aco O"° R OAc T OH
A
° AcO Ohc HO
NH 10 R= 2-CF,4 1 R= 2-CF;
other tested donors: )J\ Br 11 3-CF,4 2 3-CF,
0~ “cel, 12 4-CF, 3 4-CF,
2/ oac 13 2-CH, 4 2CH,
o OA 14 2-Br 5 2-Br
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Scheme 1 Synthesis of target compounds 1-6.
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Table 1 Overview of affinity and activity of compounds 1-6 towards
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comparison of resonance shift directions of carbohydrate

DC-SIGN binding site residues at increasing ligand concentrations sup-
1 ports a commonly shared binding mode among the different
Ko (M) H-EN 1Cso (M) platebased . ) 10 ocides, except for compound 2. Unlike all other com-

No. HSQC NMR competition assay Iy ’ p . p o -
pounds, compound 2 induces significant CSPs in resonances of
; 2238 f igg ;;go M270 upon ligand titration. Since M270 was recently identified
3 2600 + 1240 1400 as part of a secondary allosteric binding site of DC-SIGN, we
4 1860 + 440 N/A hypothesized the existence of a secondary binding site for 2."*
5 1480 + 310 1140 io s ", . )
ps 1350 + 510 650 Shifting the CF; position to the meta position enables the com

in coordinating with the hydroxy groups of glycans interacting
with the canonical binding site of the receptor. A comparison
of the binding site of fucose and the aryl fucosides suggests a
common binding mode.?®

CSPs of residues located in p strands 3 and 4 (E358, S360,
N365) aligned subjacent to the carbohydrate binding site are
part of the conserved CSP pattern among all compounds. The

pound to bind to the secondary site, whereas the CF; group in
the ortho or para position, as in 1 and 3, respectively, does not
permit efficient secondary site binding. 3 induces a minor CSP
in M270 resonances and induces an elongated peak shape.
Affinities were estimated via residues displaying resonances
in the fast exchange regime resulting from the addition of pro-
gressively increasing ligand concentrations. Selected CSP tra-
jectories were used to fit the dissociation constants (Kp) of
compounds 1-6 (Table 1; Fig. 2a-d and Fig. S1-S51).
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Fig. 2

Interaction of 2 with the DC-SIGN CRD. (a) Superimposed *H-°N HSQC NMR titration spectra of the *N-labelled DC-SIGN CRD interacting

with increasing concentrations of 2, which reveal several concentration-dependent CSPs. (b) Mapping of CSPs induced at 5 mM 2 to the structure of
the DC-SIGN CRD (PDB code: 1SL4) suggesting that the ligand interacts with the carbohydrate binding site around Ca?* site Il in the long loop
region and beta strands 3 and 4 as well as with the secondary site. (c) Examples of residues in the carbohydrate binding site showing fast exchan-
ging resonances upon titration of increasing ligand concentrations. (d) Fitting of CSPs over the increasing concentration of 2 which enabled approxi-
mation of the affinity (Kp = 600 + 130 uM).
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Fig. 3 Activity evaluation of compounds 1-6 by means of a plate-
based competition assay. (a) Normalized plot of the relative carbo-
hydrate binding activity as a function of increasing ligand concentration.
Curves were used to fit the respective ICso values. (b) ICso overview
highlighting 2 and 6 as the most potent inhibitors of the measured
compounds.

Aryl fucoside 2 displayed the highest affinity (K, = 600 =+
130 pM), approximately 7-fold higher than that of fucose®® and
4-fold higher than that of 3 (Kp = 2600 + 1240 pM), the com-
pound with the lowest measured affinity. As we have previously
proposed allosteric activation via the secondary site around
residue M270, we reasoned that the enhanced affinity of 2
might be attributed to its dual interaction with the allosteric
binding site apart from the primary site binding.*! To rational-
ize our findings, we performed computational modelling of
the binding pose of 2 in the secondary site. Using secondary
site residue constraints, docking of the compound to the rigid
receptor suggested orientation of the CF; group towards a
smaller cavity lined with residues of « helix 2 and f strands 1
and 5, including residue M270. While the aglycone orientation
was similar across several binding poses, the fucoside moiety
appeared flexible but was predicted to form interactions with
polar residues adjacent to the secondary site (Fig. Séct).
Overall, binding poses suggested a binding mode similar to
that of the previously identified biphenyl mannoside binding
to this site.*"

All compounds were evaluated in a plate-based competition
assay in terms of their capability to inhibit the interaction
between DC-SIGN and the glycans naturally present on horse-
radish peroxidase (HRP).>” The plate-based competition assay
provides a more physiologically relevant model than HSQC
NMR, as it enables the observation of compound-induced inhi-
bition of multivalent interactions between DC-SIGN ECD and
glycosylated HRP. Compounds 1, 2, 3, 5, and 6 were identified
as inhibitors as they effectively impeded DC-SIGN binding to
oligosaccharides (Table 1 and Fig. 3a, b). The determined half-
maximal inhibitory concentrations (ICs,) showed a strong cor-
respondence with the dissociation constants (Kp) obtained
from "H-">N HSQC NMR titrations (Fig. 2a-d and Fig. S1-S57).
Compound 2 has an ICs, of 730 pM and the lowest dis-
sociation constant (Kp = 600 + 130 pM). Due to insufficient

This journal is © The Royal Society of Chemistry 2025
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data quality, the binding parameters of compound 4 could not
be fitted reliably.

In this study, we have synthesized and characterized a
small library of aryl a-L-fucosides as potential selective ligands
for DC-SIGN. Using a stereoselective glycosylation approach
with tetra-O-acetyl-i-fucopyranose as the donor, we achieved
exclusive a-anomer formation in moderate to good yields. The
recognition of these compounds by DC-SIGN was assessed
through '"H-'"N HSQC NMR titrations, revealing a conserved
Ca”*-dependent binding mode. Notably, compound 2 exhibi-
ted the highest affinity, likely due to its ability to interact with
both the canonical carbohydrate binding site and an allosteric
site. This is a remarkable finding, since selectivity for this sec-
ondary site was strongly dependent on the position of the CF;
group at the aromatic aglycon. It should also be noted that in
the case of compound 2, two effects underlie the inhibitory
mechanism: binding to the canonical carbohydrate binding
site and binding to the activatory allosteric site. As 2 binds to
both sites, its affinity for the primary site is enhanced, thereby
facilitating increased overall ligand binding, which further
inhibits interactions with glycosylated ligands such as HRP in
the plate-based competition assay. This hypothesis aligns well
with the higher affinity of 2 than that of other aryl fucosides
and its notably lower ICs, value.

Overall, our findings support the potential of fucose-based
glycomimetics as selective DC-SIGN ligands, potentially
offering an advantage over mannose-based analogues by redu-
cing off-target interactions with other lectins while displaying
comparable binding affinities.® Notably, aryl fucoside 2
emerges as a promising starting structure for the development
of efficient ligands for targeted delivery, as our previous study
has shown that engagement with the secondary site signifi-
cantly enhances binding.*"
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