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In this paper, we present the NMR analysis of multivalent compounds displaying chondroitin sulfate E
(CS-E) disaccharide ligands and their interaction with langerin. The disaccharides correspond to the two
alternative sequences of CS-E: GlcA-GalNAc and GalNAc—GlIcA. Firstly, we studied the conformation of
the two corresponding series of glycodendrimers free in solution and in the presence of langerin. The
NMR structures of the free compounds are compatible with the expected ones. Both sequences exhibit
very similar conformations with a rigid moiety, the disaccharides, and a flexible region corresponding to
the rest of the molecule. A key aspect of this work is the detailed analysis of how different compounds
interact with distinct regions of the langerin receptor as a function of the spatial distribution of the same
binding epitope. This allows us to gain unique insights into the receptor’s binding behavior and the
specific interactions mediated by different ligand multivalency. We conducted transferred NOESY experi-
ments in the presence of langerin, concluding that the conformations of the bound disaccharides were
the same as the free ones. In addition, we performed STD-NMR experiments and analyzed the binding
epitope, demonstrating that the monovalent compound with GlcA at the non-reducing end can interact
with langerin through the Ca?* cation, while the reverse sequence does not. The corresponding trimers 2
and 6 interact mainly via the central aromatic core, independent of the disaccharide sequence. In the
case of tetramer 3, the interaction takes place mainly by the GalNAc proton in position 4 and in the
hexamer, significant spin diffusion prevents epitope analysis, although the interaction with langerin is
clearly observed. The STD-NMR experiments in the absence of Ca®* showed a lack of binding for both
monovalent compounds 1 and 5. In contrast, in the case of multivalent compounds 2, 3 and 6, STD peak
characteristics of binding were found with similar pattern epitope maps to those obtained in the presence
of Ca®*. We also performed DOSY experiments for the first series of GlcA-GalNAc compounds individu-
ally, in the presence and absence of langerin, and for the mixture of all the compounds in the same NMR
tube. Finally, we performed MD simulations for the monovalent and trivalent compounds, corroborating
the NMR analysis for the compounds in the absence of langerin.

Introduction

Glycosaminoglycans (GAGs) are a class of extracellular polysac-
charides commonly found conjugated with proteins that play
pivotal roles in many biological functions from embryonic
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cellular matrix (ECM)." Chondroitin sulfate (CS) belongs to the
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N-acetyl-p-galactosamine and p-glucuronic acid linked by p-1-3
and p-1-4 glycosidic bonds. CS is involved in critical biochemi-
cal processes such as angiogenesis, cancer, inflammation, and
host-pathogen interactions, primarily through their inter-
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actions with other signaling proteins.>” The structural hetero-
geneity of CS lies in the uneven distribution of O-sulfated
groups along its chains. However, the precise “sulfation code”
that governs its biological activity remains elusive.”

Two binding sites have been described for GAG and lan-
gerin: the lectin C site* and a long cleft between two of the
three CRDs (Carbohydrate Recognition Domains) and the
helices of the trimeric neck.’ The lectin site accommodates
GAG fragments in a Ca®" dependent mode when the non-redu-
cing end carries two contiguous hydroxyl groups in a ¢rans-die-
quatorial disposition. The other binding site corresponding to
longer saccharidic sequences is independent of Ca®" and it is
in the interphase between two of the three domains of
langerin.

In our previous work,”~ we synthesized oligosaccharides
that represent chondroitin sulfate, particularly type E, and
examined their interactions with midkine and pleiotrophin.®™
We also synthesized and characterized first- and second-gene-
ration dendrimers as glycomimetics of CS structures and
investigated their binding properties with langerin, a C-type
lectin receptor implicated in immune response regulation.'®*
Building upon these findings, this study investigates into the
structural properties of selected first-generation dendrimers by
comparing their interactions with langerin as a function of the
degree of valence and also considering equivalent dendrimers
with reverse sequences with larger resolution methods.'®"*

Central to our investigation is the exploration of langerin
interaction mechanisms in the presence and absence of Ca**
ions,»'? assuming the recognition mediated by a Ca*>" ion in
the carbohydrate recognition domain (CRD) as the primary
binding site. Additionally, we aim to elucidate
potential sequence-dependent binding selectivity, probing the
possibility of altering binding sites to modulate the lectin
activity.

To gain further insights into ligand-receptor interactions,
we employ NMR analysis utilizing ligand-observed or transient
methods.” This provides valuable structural information essen-
tial for understanding the intricate interplay between CS
mimetics and langerin. The idea that varying the binding site
of the lectin can modify its activity is attractive.'®"?

6-9

Results and discussion
Synthetic procedures

In this study, we have considered the compounds shown in
Fig. 1. The preparation of the derivatives presenting the GlcA-
GalNAc disaccharide (1-4) has been previously reported.’® For
the synthesis of multivalent systems displaying the GalNAc-
GlcA sequence, we first prepared disaccharide ligand 8
(Scheme 1). For this purpose, we required a GlcA building
block containing an orthogonal protecting group at position 4,
trichloroacetimidate 9.'*'® Glycosylation between 9 and
3-bromo-1-propanol afforded the desired p-glycoside 10.
Selective deprotection of the levulinoyl (Lev) group was accom-
plished with hydrazine monohydrate to give glycosyl acceptor
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11 in excellent yield. Monosaccharide 11 was then glycosylated
with galactosamine donor 12,"7 using TMSOTf as a promoter,
to give disaccharide 13 in good yield. Substitution of the
bromide by an azido group was performed by treatment with
sodium azide at room temperature in DMF to obtain com-
pound 14. The azido moiety was key for further conjugation of
the disaccharide ligand with the dendritic cores. Next, acetyl
groups were selectively removed by treatment with p-toluene-
sulfonic acid (p-TsOH) in CH,Cl,/MeOH to afford disaccharide
15. Treatment with di-tert-butylsilyl bis(trifluoromethanesulfo-
nate) tBu,Si(OTf), in pyridine gave compound 16 with a cyclic
silylene group protecting the OH-4 and OH-6 of the GalNAc
unit. Acetylation at position 3 yielded disaccharide 17. The
cyclic silylene group was then selectively removed using the
(HF),-Py complex in THF and the released hydroxyls were sub-
sequently sulfated with SO3;-Me;N in DMF under microwave
(MW) irradiation to obtain compound 18. Finally, basic hydro-
lysis of ester and amide groups using NaOH followed by selec-
tive N-acetylation gave the disulfated disaccharide 8 in good
yield.

With the disaccharide ligand 8 in hand, we carried out the
synthesis of CS-E glycodendrimers 6 and 7 and the monovalent
compound 5 (Scheme 2). First, we prepared disaccharide 5 by
Cu' catalysed cycloaddition (CuAAC) of azide-functionalized 8
and propargyl alcohol. This monovalent ligand, containing the
triazole ring, will be used for comparison purposes with the
multivalent systems.'® Next, we conjugated ligand 8 and den-
dritic core 19 via a CuAAC reaction using the reaction con-
ditions previously optimized in our lab for this type of conju-
gation: the reaction mixture was stirred at room temperature
overnight in the presence of CuSO,, tris(benzyltriazolylmethyl)
amine (TBTA), and sodium ascorbate in a DMSO/PBS buffer
mixture. After treatment with QuadraSil mercaptopropyl (MP)
resin to remove the Cu catalyst and purification by size exclu-
sion and ion-exchange chromatography using a Sephadex
LH-20 gel and Dowex Na' resin, respectively, trivalent glyco-
dendrimer 6 was obtained in good yield. The structure of com-
pound 6 was confirmed by mass spectrometry and NMR ana-
lysis. Following our previously reported synthetic approach,"*
we also prepared the second-generation glycodendrimer 7, dis-
playing 9 copies of the CS-E disaccharide ligand. Thus, the
cycloaddition reaction between disaccharide 8 and alkyne-
functionalized dendritic core 20 afforded dendron 21 in mod-
erate yield. Replacement of the chloro by an azido group at the
focal position was accomplished by using sodium azide at
60 °C for 4 days providing compound 22. Finally, this glyco-
dendron 22 was conjugated to the alkyne-functionalized den-
dritic core 19, using CuSO,-5H,0, sodium ascorbate and
TBTA, to give the desired nonavalent system 7. In this case, as
described previously,'* an additional purification step, using
an Amicon Ultra-4 ultrafiltration device, was required to com-
pletely remove the remaining starting glycodendron 22. The
structure of glycodendrimer 7 was confirmed by NMR and
MALDI-Tof mass spectrometry. In the latter case, the for-
mation of a 1:1 complex between 7 and the synthetic, posi-
tively charged (Arg-Gly),5 peptide was detected."

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Formulae of compounds 1-7.

NMR analysis

We performed NMR analysis of the conformation of the deriva-
tives shown in Fig. 1 and conducted an additional study using
NMR transient methods with the corresponding receptor, in
this case, langerin. This allowed us to analyze the confor-

This journal is © The Royal Society of Chemistry 2025

mation of the ligand first isolated and second in the
complex.'”'"'® In all cases, NMR analysis of free compounds
was done using the same buffer and conditions, temperature,
and concentration as those used in the presence of langerin to
avoid potential bias due to the buffer composition. The pres-
ence of Ca®>" has been proposed to be essential for the for-
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Scheme 2 Reagents and conditions: (a) propargyl alcohol, CuSO4-5H,0, sodium ascorbate, TBTA, DMSO/PBS buffer, room temperature, overnight,
90%; (b) CuSO4-5H,0, sodium ascorbate, TBTA, DMSO/PBS buffer, room temperature, overnight, 79% (for 6), 46% (for 21), 49% (for 7); and (c) NaNs,
DMSO, 60 °C, 4 days, 85%. PBS = phosphate buffered saline.

mation of complexes between oligosaccharides and langerin Free compounds

by coordination with the terminal hydroxyl groups of the

carbohydrate in a well-defined octahedral mode at the We investigated the structural characteristics of compounds
binding site.” with 1, 3, 4, and 6 branches, each containing glucuronic acid
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at the non-reducing end (compounds 1, 2, 3, and 4).
Additionally, we studied the corresponding compounds featur-
ing the reverse disaccharide GalNAc-GlcA (compounds 5 and
6). Detailed assignments and coupling constants can be found
in Tables S1 and S2 of the SI.

The conformations exhibited coherence across the series.
For compounds 1-4, the ring conformations were consistent
with a C; chair for both GlcA and GalNAc. This observation is
supported by the observed coupling constants (*yy) and by
the Nuclear Overhauser Effect (NOE) between intraring
protons in an axial disposition. The latter corresponds to the
distance obtained by quantification of the NOE in a “C; chair.
The interglycosidic linkages in all cases indicated an exo-
&/syn-¥ disposition. The structure of the oligosaccharides with
the alternative sequence (GalNAc-GlcA) was also analyzed. In
this case, we found that 5 and 6 share the same structural fea-
tures as the alternative disaccharide: the ring conformations
were both in the *C; chair and the glycosidic linkages were
also in an exo-®/syn-¥ disposition.

Consequently, the spatial arrangement of the disaccharide
GlcA-GalNAc for compounds 1-4 was found to be similar to
that of GalNAc-GlcA for compounds 5 and 6, all exhibiting an
exo-d/syn-¥ arrangement. Additional data obtained from MD
simulations are provided below.

The connecting regions with the triazole were compatible
with free rotation of the aliphatic chain. This segment exhibi-
ted greater flexibility than the disaccharide. As expected, the
larger anisotropy between the methylene protons was observed
for the pair closest to the anomeric position.

The spectra exhibited remarkable similarity across the
series due to the analogous components, except for the signifi-
cant alterations that were noted upon the incorporation of an
aromatic ring in compounds 2 and 6. Distinctions in diffu-
sional properties were utilized to discriminate between these
compounds. A notable variation was observed in the NOE be-
havior, transitioning from a nearly null NOE in smaller mole-
cules (1 and 5) to a negative NOE in larger ones (2-4 and, 6);
see Fig. 2.

Complexes with langerin

In the preparation of complexes, molar ratios of langerin to
the ligand were set as 1:12.5 (1), 1:25 (2), 1:50 (3), 1:50 (4),
1:25 (5), and 1:25 (6). Broadening of signals was observed,
attributed to the formation of transient complexes. Notably,
the buffer conditions used for experiments on free compounds
mirrored those employed for transient experiments, ensuring
consistent ionic strength effects on correlation times. The
NOESY experiments in the presence of langerin, 20-80 uM,
supported the same conformation and glycosidic linkage geo-
metry as observed in the free state for all the compounds.
Compound 1 served as the canonical example for transferred
NOESY experiments. In the absence of langerin, the NOESY
peaks were weak, prompting the use of transverse ROESY to
avoid the zero-crossing region, which yielded peaks with signs
opposite to the diagonal (see Fig. 2a). This behavior corres-
ponds to a small-medium sized molecule tumbling regime. In

This journal is © The Royal Society of Chemistry 2025
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the presence of langerin (see Fig. 2f) the sign changes towards
the standard for large molecules. The NOESY cross-peak sign
for the triazole of compound 1 in the presence of langerin cor-
responded to that of a small molecule, likely due to segmental
flexibility with the triazole end tumbling in the small molecule
regime.

Further NOESY and EASY-ROESY experiments with langerin
(20-40 pM) confirmed that sugar rings and glycosidic linkage
conformations of the disaccharides remained compatible with
their free-state structure. For trimer 2, tetramer 3, and
hexamer 4, linewidth increment in cross-peaks indicated
complex formation. Not surprisingly, 5 did not show any sign
of binding in the presence of 4.0 mM Ca" likely because it
lacks the terminal cis-diequatorial hydroxyl group disposition
that is needed for Ca®" chelation. As expected, in the absence
of Ca®" there was no evidence of binding in both cases 1 and
5. Trimers 2 and 6 showed indications of complex formation
with an increase in the intensity of cross peaks of the central
moieties. However, the crosspeak intensities of 3 and 4 were
already large in the free state and are not conclusive. This was
the reason why we did not carry out these experiments with
the larger nonavalent 7.

STD-NMR experiments'® were used to construct magnetiza-
tion transfer growth curves (Fig. 3), which were instrumental
in determining initial growth rates (STD,). The obtained STD,
values were then used to generate maps of the transfer of mag-
netization independent of relaxation (Fig. 3).>°

The STD growth curves of compound 1 revealed the inter-
action at the lectin site, with two hydroxyl groups in a di-equa-
torial disposition, completing the coordination sphere of the
Ca”* atom (Fig. 3). This coordination pattern has been pre-
viously observed for heparin trisaccharides, consistently using
the hydroxyl groups at 3 and 4 positions of the non-reducing
end sugar for Ca®* coordination.”” In addition, in 1, another
pair of trans-di-equatorial hydroxyl groups in positions 2 and 3
also receives significant levels of magnetization.

In trimer 2, a different binding mode was suggested by the
greater impact of the aromatic core in the transfer of magneti-
zation, implying an alternative binding orientation. The
reliability of the STD initial rate method was underscored,
ensuring unbiased results despite potential variations in relax-
ation rates. The observed STD values correlated with larger
binding, aligning with previous findings when testing these
compounds against midkine.*®

In the case of compound 3, a new binding site was unveiled
through epitope mapping, with the most affected signal corres-
ponding to proton 4 of the galactosamine ring, providing
direct evidence of a previously unknown binding site.
Compound 3 exhibited a weaker STD, value, less than 1%,
further supporting the discovery of a new binding site. The
overlap between the H4 and the water signal makes us check
by varying the temperature to 278 K to assure the presence of
this signal (see the SI).

Results for compound 4 were indicative of strong spin
diffusion along the ligand signals, likely attributable to the
large molecular size of the ligand and consequent long corre-
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lation time. However, this spin diffusion effect hindered
further detailed analysis.

When we attempted to reproduce the binding experiments
using a mixture of langerin and 5 in a 1:20 ratio and in the

This journal is © The Royal Society of Chemistry 2025

presence of Ca®", neither transferred NOESY nor STD provided
evidence of binding, as for compound 1. Specifically, no NOE
peak sign changes or detection of peaks in the STD-NMR were
detected (see Fig. 4). All the attempts to modify the experi-
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Fig. 4 STD-NMR experiments at 288 K in the presence of Ca*: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5 and (f) 6 in the absence of Ca?*: (g) 1; (h) 2; (i) 3; (j) 4,

and (k) 6. (bottom) Reference; (top) STD spectra.

mental conditions, such as a decrease in temperature to favor
the hypothetical formation of a weak complex, were unsuccess-
ful. Thus, it can be concluded that 5 did not bind to langerin
as can be expected. This can be explained by the absence of a

Org. Biomol. Chem.

terminal trans-diequatorial hydroxyl arrangement responsible
for Ca®" binding needed for the Ca®" interaction in the carbo-
hydrate binding pocket. Notably, the disaccharide 6-SO,-Galp1-
4GlcNAc has been reported as a langerin ligand; however, in

This journal is © The Royal Society of Chemistry 2025
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the complex structure the interaction between Ca®>" and the
hydroxyl in 4 is prevented by the presence of SO,~.*

Conversely, compound 6 showed some signs of binding in
STD experiments mainly from the aromatic peaks which
appeared in an emptier spectral region (Fig. 4). The epitope
map is very similar to that of 2. This supports the existence of
a new binding site for the central aromatic moiety common to
2 and 6.

To further investigate langerin binding, STD experiments
were recorded in the absence of Ca®>*, by adding deuterated
EDTA (5 mM) to the previous STD samples to sequester the
Ca®" ions from the binding pocket where the trans-diequatorial
hydroxyl groups coordinate with Ca*>" in an octahedral arrange-
ment. This method has been used previously with trisacchar-
ides that model the regular region of heparin.?' Binding was
abolished in the absence of Ca®>" in the lectin site, confirming,
as in the case of heparin trisaccharides, that Ca®>" is necessary
for interaction.>' The same effect was observed for the case of
1, compare Fig. 4 panels (a) and (g). Therefore, we propose a
similar binding mode to the one described for heparin: an
octahedral cage that stabilizes the Ca** ion in the presence of
two hydroxyl groups from adjacent positions in the GlcA
residue. Consistent results were obtained for 5, which did not
show binding even in the presence or absence of Ca*",
suggesting that the presence of terminal hydroxyl groups is
necessary for the interaction with the Ca®" binding site of
langerin.

However, when the same experiment was performed with
the rest of the compounds, we obtained STD signals compati-
ble with binding in the absence of Ca** (Fig. 4). The epitope
mapping obtained from the STD growth curves for 2 and 6
suggested a predominant role of the central phenyl moiety
very similar to that in the presence of Ca**. Thus, the inter-
action via terminal hydroxyl groups with Ca** is not mandatory
for the formation of the complexes.

For compounds 3 and 4, the STD results in the absence of
Ca** (Fig. 4c, i; d, j) indicated an alternative binding mode not
yet substantiated, 3, or masked by a severe spin diffusion, 4.

DOSY

Diffusion-ordered spectroscopy (DOSY) experiments were con-
ducted to characterise the synthetic multivalent chondroitin
sulfate E (CS-E) derivatives, focusing on their diffusion behav-
iour and interaction dynamics with the langerin receptor. Due
to the structural similarities among the synthesised glycoden-
drimers, DOSY provided an essential means of their differen-
tiation, complementing conventional chemical shift analyses.

Initial DOSY experiments performed on free compounds
demonstrated diffusion coefficients corresponding to their
molecular sizes (Fig. 5a), confirming the expected trend: larger
dendrimers exhibited progressively lower diffusion coefficients.

A quantitative analysis of DOSY data allowed the calculation
of diffusion coefficients and hydrodynamic radii (rHr_HrH),
confirming size-dependent trends (Table 1). Detailed DOSY
results for compound 3 are illustrated in Fig. 6, with additional
data provided in the SI (Fig. S11-S13).
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Table 1 TRAIn diffusion coefficients (D) and hydrodynamic radii (ry) at
298 Kin D,O

Compound Dy (1072 m?s7) a®(A)

1 0.56 + 0.01 3.85+0.1
2 0.25 + 0.02 8.6 £0.2
3 0.23 £ 0.01 9.4 +0.2
4 0.16 + 0.01 13.5+0.1

“The viscosity 7 used in the Stokes-Einstein equation was taken from
Perry’s Chemical Engineers’ Handbook 8™ Edition (https:/www.
knovel.com) and is 0.98086 x 107> kg m™" 57",

Upon langerin addition, significant changes in diffusion
coefficients were observed, indicating a reduction in dendri-
mer mobility due to protein interaction and concomitant mass
changes (Fig. 5b). Qualitatively, the deviations in diffusion
coefficients indicated deceleration in the hydrodynamic
motions of the dendrimers due to the interaction with the
protein (Fig. 5b). The degree of retardation is a function of the
number of interacting disaccharides and of the presence of the
aromatic central core of 2, which is above the trend.

When a single DOSY experiment was performed on a
mixture of all compounds (1-4), the results were consistent
with the relative sizes of the ligands (Fig. 7). In the range of
chemical shifts from 7.80 to 8.05 ppm we were able to observe
different signals for the triazole protons allowing the determi-
nation of the diffusion coefficients of each compound in the
mixture allowing the determination of distinct species 1-4 in
solution.

The diffusion coefficients of the free compounds correlated
well with their molecular volumes, reinforcing the expected
trends. However, upon langerin addition, notable variations
were observed for compounds 1, 2, 3 and 4, indicating reduced
mobility due to protein binding (Table 2, ranging from 0.18 to
0.09 x 107" m*s™%).

In summary, the observed diffusion coefficients of the free
compounds aligned well with their respective volumes, corro-
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Fig. 7 SILT-DOSY experiment for the 1, 2, 3 and 4 mixture. The range of chemical shifts observed belong to the triazol protons between 7.80 and

8.05 ppm.

Table 2 Diffusion coefficients (D) and hydrodynamic radii (ry) of a
mixture of compounds 1, 2, 3 and 4 in the presence of langerin at 288 K
in Dzo

Species D (107" m*s™) g (A)

1 0.18 £ 0.01 12.0 £ 0.1
2 0.15 + 0.01 14.4 + 0.1
3 0.12 + 0.01 18.0 £ 0.1
4 0.09 +0.01 24.0+0.1

“The viscosity 7 used in the Stokes-Einstein equation was taken from
Perry’s Chemical Engineers’ Handbook 8™ Edition (https:/www.
knovel.com) and is 0.98086 x 10> kg m ™' s7%.

borating the expected trends. Upon langerin interaction,
diffusion coefficients decrease, with a notable variation for
compounds 1, 2, 3, and 4, consistent with protein binding and
complex formation. This effect was more pronounced for com-
pound 2 (Fig. 5b), suggesting the participation of the central
linker.

Ongoing studies with binary and ternary mixtures at
various compound ratios aim to elucidate the complex inter-
action dynamics and equilibrium states. Preliminary findings
indicate a dynamic equilibrium between the ligand and recep-

Org. Biomol. Chem.

tor in solution, with the ligand consistently in excess. This
observation contrasts with complementary techniques, such as
SPR, which can extend beyond the equimolar range and mul-
tiple bound ligand complexes have been detected.

Molecular dynamics

We have performed molecular dynamics simulations to comp-
lement the NMR experimental data. MD simulations were
performed using the AMBER software package®® with
GLYCAMO06>* parameters. Initial MD runs were performed for
1, 2, and 3 followed by a similar study with some of the
alternative compounds (5 and 6), followed by simulations in
implicit water and Periodic Boundary Conditions (PBCs).>*
From the runs, we extracted time-averaged experimental mag-
nitudes as *Jyy; or interprotonic distances and compared them
with the experimental ones (see the Experimental part and SI
for a large description). First, we calculate the puckering
angles for the rings (see the SI). They were consistent with a
stable *C; conformation for both rings along the whole trajec-
tory. In all cases, calculated puckering agrees with that experi-
mentally observed, and they were stable along the whole trajec-
tory, independent of the disaccharide sequence. The comp-
lementary disaccharide found in 5-6 behaves similarly with

This journal is © The Royal Society of Chemistry 2025
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ring conformations in *C;. The glycosidic linkage confor-
mation is also similar for both types of disaccharides, corres-
ponding to an exo-®/syn-¥ conformation very similar for both
types of linkages (Fig. 8). This is in agreement with the experi-
mental observations (the NOE and torsional angles obtained
from *Jyn).

Finally, in all cases, the linker chain connecting the disac-
charides with the dendritic core is more flexible than the rest
of the molecule, leading to the averaging of methylene signals.
Only the methylene closer to the anomeric position exhibits
diastereotopicity, appearing at two different chemical shifts
due to its proximity to a chiral center. Thus, the mobility of
the molecules can be described as a rigid part, the disacchar-
ide, and a flexible region, the linker.

Conclusions

NMR spectroscopy combined with molecular modelling has
been used to analyze the interaction between multivalent CS-E
disaccharides and langerin. The disaccharides exhibit two
alternative sequences: GlcA-GalNAc and GalNAc-GlcA. The
rest of the molecule includes a linker and a central core to

This journal is © The Royal Society of Chemistry 2025

-180
-180 -120 60 O 60 120 180
[}

60 120 180

180

120
60

-~ 0

-60

-120

e
-180

-180

-120 -60 0 60 120 180
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provide multivalency. NMR structural analysis of all com-
pounds in their free states indicates that the central core does
not affect the three-dimensional structure of the terminal dis-
accharides. Regardless of the sequence and linkers, all sugars
are in the *C; conformation with glycosidic linkages in the
exo-d/syn-¥ disposition. Upon interaction with langerin, the
structural characteristics of the ligands, obtained from NMR
analysis, remain the same as those in the free compounds.
Consequently, the structures of the terminal disaccharides (in
both the free and bound states) mirror those of the natural
CS-E disaccharide repeating units.

Interaction studies via transfer-NOESY NMR experiments
confirm that the carbohydrate moieties retain their geometry
upon binding, supporting the paradigm that ligand preorgani-
zation reduces the entropic penalty associated with ligand
binding.

STD-NMR experiments were recorded for 1-6. Compounds
1-4 feature three hydroxyl groups in a trans-diequatorial dispo-
sition at positions 4, 3 and 2 at the non-reducing end sugar
that were tailored for the interaction via the Ca** atom of lan-
gerin by fulfilling the octahedral coordination around the
calcium atom at the binding site.>> Compound 1 interacts with
Ca®" at this site, previously described for heparin trisacchar-
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ides.*! In the absence of Ca®", the interaction between 1 and
langerin does not occur, consistent with prior observations.”*
In contrast, compound 5, lacking terminal hydroxyls, showed
no detectable binding in the presence or absence of Ca*'.
Interestingly, compounds 2 and 6 were also capable of interact-
ing with langerin but using the central aromatic core, as can
be deduced by the STD peaks that correspond to the central
aromatic moiety (see Fig. 3). The presence of Ca*" is irrelevant
in both cases, and the evidence of binding of 6 that has no
hydroxyl arrangement for Ca>* mediated binding suggests that
there should be another binding site for 2 and 6.

Compounds 3 and 4 also interact with langerin in both
Ca*" dependent and independent manners. Although strong
spin diffusion hindered a detailed STD analysis of 4, an
alternative STD pattern was observed for 3 where the internal
GalNAc residue holds the maximum STD peak.

In summary, epitope mapping via STD reveals multiple
binding sites, including those independent of Ca®", such as
aromatic-aromatic interactions observed in compounds 2 and
6, or others previously reported.”> Moreover, multivalency
introduces the possibility to interact with alternative binding
sites, potentially elucidating the variety of binding epitopes
found within each series.

Overall, the introduction of multivalency expands the reper-
toire of potential binding sites, providing new perspectives on
CS-E disaccharide interactions with langerin. These findings
contribute to a deeper understanding of carbohydrate-protein
multivalent interactions, paving the way for the development
of novel therapeutic strategies targeting langerin and related
C-type lectin receptors.

Experimental
NMR

NMR experiments were performed using a 600 MHz Bruker
Avance III instrument, equipped with a cryoprobe (QCI Cryo
5 mm (1H/19F 15N/13C) for 'H, N, *C, and '°F, with 2H
decoupling) at 288 K in 3 mm NMR tubes of 1.5 mM ligand in
150 mM NaCl, 30 mM Tris-d;; buffer, with added 4.0 mM
CaCl, at pH 8. We have assigned the 'H and '*C spectra using
the standard methodology based on 'H and *C NMR methods
at natural abundance. First, we used pure D,O to optimize the
experimental conditions and then in the buffer used for the
interaction with langerin to have more accurate data in the
media where the interactions would be measured. Logically,
upon salt addition, the signals become broader, increasing the
probability of signal overlapping.

NMR experiments were performed using the manufacturer’s
pulse sequences. 1D, 1D-TOCSY or 1D-NOESY, 2D COSY with
double quantum filter with pulsed field gradient for coherence
selection, and TOCSY with a DIPSI2 sequence in the mixing
period were used;*®* NOESY was implemented in the phase sen-
sitive mode with one or two 180° pulses flanked with gradients
in the mixing time.”” Both TOCSY and NOESY were performed
with a z-filter to suppress interferences of zero quantum coher-
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ence.”® The last dipolar coupling experiments (for 5 and 6)
were performed using the EASY-ROESY sequence proposed by
Thiele*® as it allows the extraction of distances without making
any assumption on the correlation times of interprotonic
vectors.

NOESY experiments were preferentially performed using
non-uniform sampling at 100% to minimize periodic interfer-
ences from the environment due to thermal instability.
3C-HSQC was generally performed using echo/antiecho or
TPPI acquisition with an increase of sensitivity, Chirp 180°
pulses in **C, and gradients during back inept, obtained from
the manufacturer’s pulse sequence library.

Coupling constants were calculated from the splitting of
the signals in monodimensional 1D, 1D-TOCSY or 1D-NOESY.
Interprotonic distances were calculated from NOE data
using the ISPA approach with the initial growth rates of the
dipolar rate constant by fitting the growth curve of the NOE
versus the mixing time to a monoexponential equation
employing mixing times from 0.15 to 0.8-1.2 s according to
the known procedure recently reviewed by others and us using
the PANIC approach when possible.>*?' Distances from
EASY-ROESY were estimated from the growth rates at various
tilted angles.

STD-NMR experiments were performed using home-written
sequences with solvent suppression using watergate or exci-
tation sculpting sequences. In order to avoid the influence of
the proton relaxation rates, we used STD, calculated from the
evolution of the STD with the saturation time (¢, fitted to
the equation STD-AF(¢) = a(1 — exp(—bt)), where parameter a
represents the asymptotic maximum of the STD build-up curve
(STDpax), b is a rate constant related to the relaxation pro-
perties of a given proton that measures the speed of the STD
build-up (ksa), and ¢ is the saturation time (fg). Thus, the
STD, values were obtained as the product of the ab
coefficients.?*3

DOSY experiments were performed using the standard
sequences from the Bruker library (ledbpgp2s)*® using the 4
and § values that were fixed as 150-100 ms and 1.2-1.6 ms.
The gradient strength was increased linearly from 2 or 20%, if
excessive HDO was observed to optimize the receiver gain, to
95%. The recovery delay was always set to 2 s.

The number of scans per increment was 32 and typical
experimental times were around 45 min for free compound
NMR samples and 90 min for the mixture NMR sample. All
the experiments were conducted without spinning at 288.1 +
0.1 K. The diffusion measurements were carried out using the
stimulated echo with bipolar pair pulses including a final
longitudinal-eddy-current delay (BPP-LED).>*> A smoothed rec-
tangular shape (SMSQ) was used for the gradient pulses and
their strength varied automatically during the experiments as
mentioned before. The D values were determined from the
slope of the non-linear regression In(I/I,) versus G>, according
to the Stejskal-Tanner equation for SMSQ gradient pulses (eqn
(1)),>* where I/I, = observed spin echo intensity/intensity
without gradients, G = gradient strength, A = delay between the
midpoints of the gradients, D = diffusion coefficient, § = gradi-

This journal is © The Royal Society of Chemistry 2025
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ent length, and 7 = duration of the gradient recovery delay and
the 180° pulse.

In (Iio) = (y8) (A

Determination of the D-values was performed by applying
different algorithms. dART solutions were obtained using an
algebraic reconstruction technique.*® TRAIn solutions were
obtained by the use of the algorithm provided by Xu et al.,*
with an alpha parameter set to 1.05. LMS fittings were per-
formed with the help of the DiffAtOnce package.*® DOSY NMR
spectra were recorded with the alternating direction sparse
and low rank unmixing algorithms (ADSpLRU) reported by
Giampouras et al.*” and applied for the first time to the resolu-
tion of DOSY maps by Yuan et al. called SILT-DOSY.*®

81
D—G (1)

6.344n%> — 207 T
100

19.44x2 )

Molecular dynamics

MD was performed using explicit water methodology with
AMBER 20.>*° We used GLYCAM-Web?® with GLYCAMO6j 23
force field parameters adapted to include non-carbohydrate
substituents to construct the topology and parameters. For
atoms not included in GLYCAM we used the ff19SB library.

This procedure was described, tested, and optimized by us
with a library of heparin trisaccharides.>' The parameters for
the substituents that were not included in GLYCAMO6j-1 were
taken from AMBER>> standard libraries, and charges were
obtained from GLYCAM.

Each of the models was immersed in a cube of pre-equili-
brated TIP3P water molecules.

To equilibrate the system, we followed a protocol consisting
of 10 steps.*® Firstly, only the water molecules and ions were
minimized. Then the system is heated to 300 K by a 3 ps MD
simulation, allowing only water molecules and ions to move.
Next, the whole system is minimized by four consecutive steps
imposing positional restraints on the solute, with a force con-
stant decreasing step by step from 20 to 5 kcal mol™". Finally,
non-restraint minimization (100 steps) is carried out.

The production dynamics simulations were accomplished
at a constant temperature of 300 K (by applying the Berendsen
coupling algorithm®* for temperature scaling) and constant
pressure (1 bar). The particle mesh Ewald method*" (to intro-
duce long-range electrostatic effects) and periodic boundary
conditions were also turned on. The SHAKE algorithm for
hydrogen atoms, which allows using a 2.0 fs time step, was
also employed with a 9 A cutoff applied for Lennard-Jones
interactions.

These MD simulations were performed with the pmemd
module of Amber. The trajectory coordinates were saved every
0.5 ps. The data processing of the trajectories was done with
the ptraj module of AMBER.

Conclusions

NMR spectroscopy combined with molecular modelling was
used to analyze the interaction between multivalent CS-E dis-

This journal is © The Royal Society of Chemistry 2025
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accharides and langerin. The disaccharides exhibit two
alternative sequences: GlcA-GalNAc and GalNAc-GlcA. The
rest of the molecule includes a linker and a central core to
provide multivalency. NMR structural analysis of all the com-
pounds in their free state indicates that the central core does
not affect the three-dimensional structure of the terminal dis-
accharides. Regardless of the sequence and linkers, all sugars
are in the *C; conformation with glycosidic linkages in an exo-
&/syn-¥ disposition. Upon interaction with langerin, the struc-
tural characteristics of the ligands obtained from NMR ana-
lysis remain consistent with those in the free compounds.
Consequently, the structures of the terminal disaccharides (in
both the free and bound states) mirror those of the natural
CS-E disaccharide repeating units.

Interaction studies using transfer-NOESY NMR experiments
confirm that the geometries of the carbohydrate moieties in
the complexes align with those in their free states. This preor-
ganization of the ligand diminishes the entropic cost associ-
ated with langerin binding.

We recorded STD-NMR experiments of 1-6. Compounds
1-4 feature three hydroxyl groups in a trans-diequatorial dispo-
sition at positions 4, 3 and 2 in the non-reducing end sugar
that were tailored for the interaction via the Ca** atom of lan-
gerin by fulfilling the octahedral coordination around the
calcium atom at the binding site.>> Compound 1 interacts with
Ca”" at this site, previously described for heparin trisacchar-
ides.?! In the absence of Ca>", the interaction between 1 and
langerin does not occur, consistent with prior observations.”*
As can be expected, compound 5, lacking terminal hydroxyls,
showed no detectable binding in the presence or absence of
Ca”". Interestingly, compounds 2 and 6 were also capable of
interacting with langerin but using the central aromatic core,
as can be deduced by the STD peaks that correspond to the
central aromatic moiety (see Fig. 3). The presence of Ca®" is
irrelevant in both cases, and the evidence of binding of 6
that has no hydroxyl arrangement for Ca®" mediated
binding suggests that there should be another binding site for
2 and 6.

Compounds 3 and 4 also interact with langerin in both
Ca*>" dependent and independent manners. Although strong
spin diffusion hindered the accurate STD analysis of 4, an
alternative STD pattern was observed for 3, where the internal
GalNAc residue holds the maximum STD peak.

In summary, epitope mapping via STD reveals multiple
binding sites, including those independent of Ca®', such as
aromatic-aromatic interactions observed in compounds 2 and
6. Moreover, multivalency introduces the possibility of interact-
ing with alternative binding sites, potentially elucidating the
variety of binding epitopes found within each series.

Overall, the introduction of multivalency expands the reper-
toire of potential binding sites, providing new perspectives on
CS-E disaccharide interactions with langerin. These findings
contribute to a deeper understanding of carbohydrate-protein
multivalent interactions, paving the way for the development
of novel therapeutic strategies targeting langerin and related
receptors.
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