
HAL Id: hal-04777715
https://hal.science/hal-04777715v1

Submitted on 12 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Achieving High Affinity for a Bacterial Lectin with
Reversible Covalent Ligands

Giulia Antonini, Anna Bernardi, Emilie Gillon, Alberto Dal Corso, Monica
Civera, Laura Belvisi, Annabelle Varrot, Sarah Mazzotta

To cite this version:
Giulia Antonini, Anna Bernardi, Emilie Gillon, Alberto Dal Corso, Monica Civera, et al.. Achieving
High Affinity for a Bacterial Lectin with Reversible Covalent Ligands. Journal of Medicinal Chemistry,
2024, 67 (21), pp.19546-19560. �10.1021/acs.jmedchem.4c01876�. �hal-04777715�

https://hal.science/hal-04777715v1
https://hal.archives-ouvertes.fr


1 
 

 

ACHIEVING HIGH AFFINITY FOR A BACTERIAL LECTIN WITH REVERSIBLE 

COVALENT LIGANDS 

 

Giulia Antonini,a Anna Bernardi,a Emilie Gillon,b Alberto Dal Corso,a Monica Civera,a Laura Belvisi,a* 

Annabelle Varrot,b* Sarah Mazzottaa*  
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ABSTRACT:  

High-affinity monovalent ligands for lectins are challenging to develop due to weak binding interactions. 

This study investigates the potential of rationally designed covalent ligands targeting the N-terminal 

domain of BC2L-C lectin from Burkholderia cenocepacia, a pathogen causing severe respiratory 

infections in immunocompromised patients. Anti-adhesion therapy is emerging as a complementary 

approach against such infections and bacterial lectins are suitable targets. The fucose-specific BC2L-C-

Nt recognizes blood group oligosaccharides on host cells. Using a computational approach, we designed 

reversible covalent competitive ligands that include a fucoside anchor and a salicylaldehyde warhead 

targeting Lys108 near the fucose-binding site. Several candidates were synthesized and tested using 

competition experiments. The most effective ligand improved the IC50 of methyl-fucoside by two orders 

of magnitude, matching the affinity of the native H-type 1 trisaccharide. Control experiments confirmed 

the importance of both fucose anchor and salicylaldehyde moiety in the ligand’s affinity. Mass analysis 

confirmed covalent interaction with Lys108. 
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1. INTRODUCTION 

 The increase of antibacterial resistance has become an emergency for public health, compromising the 

efficacy of traditional antibiotics and leading to clinical implications.1,2 Burkholderia cenocepacia is one 

of closely related species of the Burkholderia cepacia complex that is widely distributed in the 

environment and in particular in soil. This Gram-negative bacterium presents intrinsic resistance to many 

antibiotics and has emerged as a highly harmful pathogen for immunocompromised individuals.3–5 It 

causes nosocomial pulmonary infections in cystic fibrosis and chronic granulomatous patients, increasing 

the mortality rate and the risk to develop the so-called “cepacia syndrome”.4–6  

As for many other pathogens, infections by B. cenocepacia require an initial adhesion step to host cells, 

which is mediated by bacterial lectins. These proteins can specifically bind glycans expressed on the host 

cell surface, enabling the following infection process.7–10 Thus, complementary antimicrobial therapies 

(antiadhesion, antibiofilm), that are much needed in view of the current bacterial resistance emergency, 

can be developed by inhibiting bacterial lectins’ binding to host tissue.11 The lectin BC2L-C from B. 

cenocepacia is an intriguing target due to its dual carbohydrate specificity. Its hexamer features a C-

terminal dimeric domain that binds to bacterial glycans with heptose/mannose specificity and an N-

terminal trimeric domain that interacts with fucosylated glycans and in particular with histo-blood group 

oligosaccharides, including H-type 1 and H-type 3.8,9 Knockout studies suggest a role for this lectin in 

biofilm stabilization.12 The N-terminal domain forms three identical binding sites at each protomer 

interface and shows millimolar affinity for α-methyl-L-fucoside and micromolar affinity for histo-blood 

group oligosaccharides,8,13 which suggests a possible role in host adhesion for this domain. We have 

recently reported the first synthetic glycomimetic ligands for BC2L-C-Nt, obtained by engaging 

simultaneously its fucose binding site and a secondary site that extends in the direction of the β-substituent 

on fucose anomeric carbon.14–17  This first series of molecules includes a β-fucosylamide hit, compound 

1 (Figure 1A), that showed a 159 µM Kd for the lectin and thus an order of magnitude gain over α-methyl 

fucoside, which presents a Kd of 2700 µM. 

Despite the interesting results obtained from this first generation of ligands, the affinity for the target 

lectin remains modest and further optimization is required to obtain suitable candidates for in vitro cellular 

tests. Nevertheless, the development of efficient inhibitors of lectins is exceedingly difficult to achieve, 

due to the unfavourable characteristics of lectins’ binding sites, which entail weak interaction energies.18,19 

The use of covalent ligands represents a powerful strategy to enhance both the ligand’s affinity and 

selectivity towards a particular target. These ligands exhibit strong and prolonged interactions with the 

protein target by forming an intermolecular covalent bond.20–22 The process involves an electrophilic unit 

in the ligand reacting with a nucleophilic functionality in an amino acid residue close to the binding site. 
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The past decade has witnessed a resurgence of interest in covalent inhibitors in medicinal chemistry, with 

several approved drugs, including anti-infective ones.20 Indeed, covalent ligands are particularly well-

suited for the inhibition of microbial targets, where complete functional impairment of the target protein 

is not a concern. To the best of our knowledge, there are still no approved covalent drugs targeting lectins 

and just a few examples of covalent compounds designed to target lectins have been reported in the 

literature.23,24 The first covalent ligand of a bacterial lectin was described in 2017 by A. Titz and co-

workers. It contains a modified D-galactose anchor and an epoxide electrophile, which targets a cysteine 

residue in Pseudomonas aeruginosa’s lectin LecA.23 More recently, L. Hartmann and colleagues have 

reported a group of D-mannose glycomacromolecules functionalized with a catechol moiety that can 

slowly oxidize and irreversibly engage nucleophilic residues in Concanavalin A.24  

Here, we describe the development of salicylaldehyde-based reversible covalent ligands of BC2L-C-Nt, 

designed to target a lysine residue in the vicinity of its fucose binding site. Reversible covalent inhibition 

mitigates some of the possible negative effects of covalent ligands. To date, this strategy has been used to 

target human enzymes (mainly kinases and proteases),25,26 but it is also valuable to target microbial 

proteins, because can prevent ‘off-target’ irreversible modifications that may lead to toxic effects for the 

host.26 Out of the various warheads that have been developed to achieve reversible covalent inhibition,26–

28 those used to engage Lys residues often entail the use of a boronic acid. This is not a viable option for 

carbohydrate ligands, that would effectively coordinate to the warhead. Ortho-hydroxy benzaldehydes 

(salicylaldehydes) have also been used as portable and mild electrophiles to engage with Lys ɛ-amino 

groups in aqueous media. They have a proven ability to react with a broad range of Lys residues in the 

proteome, 29–31 and reversibly form H-bond stabilized imine adducts, which can act synergistically with 

ligand/protein non-covalent forces, stabilizing the complex (Figure 1B). 

To design reversible covalent ligands for BC2L-C-Nt, we started from the SAR previously obtained for 

glycomimetic inhibitors and developed a docking manifold which allowed to identify and prioritize a set 

of candidates. They were synthesized, evaluated through a set of biophysical techniques and characterized 

as covalent ligands by mass spectrometry (MS). Our results are reported below. 
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Figure 1. Towards reversible covalent ligands for BC2L-C-Nt. (A): structure of the non-covalent hit compound 1 

obtained in previous work,14 (B): general structure of salicylaldehyde-bearing covalent ligands designed to target a 

Lys side chain near the fucose binding site, as highlighted in the box. 

 

 

2. RESULTS AND DISCUSSION 

2.1.Design  

To design covalent ligands for BC2L-C-Nt, we focused on the identification of a suitable amino acid 

residue for covalent bond formation, as well as on the selection of an appropriate electrophilic warhead. 

Upon analysis of the available crystal structures of the protein in complex with various fucosylated ligands 

(PDB ID: 7BFY, 2WQ4, 7OLU, 7OLW, 8BRO, 6TIG and 6TID), the nucleophilic residue Lys108 

emerged as a potential candidate, due to its proximity to the previously identified secondary site near the 

fucose binding region (Figure 2). Lysine residues typically show poor nucleophilicity at physiological pH 

as their ε-amino groups are mostly protonated. Thus, the reactivity of Lys108 was estimated through in 

silico calculations of local pKa values with the Rosetta webtool32 considering different available crystal 

structures of BC2L-C-Nt in the apo form and in complex with synthetic ligands or natural 

oligosaccharides. Interestingly, the calculated average pKa value (10.07 ± 0.25) was the lowest among 

the five Lys residues in the protein (Figure 2), suggesting that the amino group of Lys108 may be partially 
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neutral at physiological pH and may act as a nucleophile more effectively than the other four Lys residues 

in each protomer, that are more basic.  

 

 

Figure 2.  The N-terminal domain of BC2L-C. One of the three binding interfaces from the crystal structure of 

BC2L-C-Nt in complex with 1 (PDB ID: 8BRO) is shown. The lysine residues are highlighted in one of the 

protomers (chain C, green). The pKa values of Lys(ɛ-NH2) collected in the table are average values calculated using 

different available crystal structures of BC2L-C-Nt in the apo form and in complex with fucosylated ligands (PDB 

ID: 7BFY, 2WQ4, 7OLU, 7OLW, 8BRO, 6TIG and 6TID). The pKa value of a typical lysine residue on the surface 

of a protein is around 10.4.33,34 

 

Our previous work on BC2L-C-Nt ligands14–17 showed that the crevice separating the fucose binding site 

from Lys108 can be engaged productively by extended aromatic fragments, such as the (aminomethyl-

phenyl)-furan fragment in 1 (Figure 1A), installed at fucose anomeric carbon through an amide linker in 

the β-configuration. We initially examined the possibility of modifying the structure of 1 by adding a 

salicylaldehyde moiety directed towards the lysine side chain. Since some in silico experimentation failed 

to produce convincing candidates, we switched to a strategy that incorporates a salicylaldehyde warhead 

directly into the structure of new glycomimetic ligands (Figure 1B). To fit the active chemotype, the new 

blueprint includes a suitable aromatic spacer between the linker and the salicylaldehyde moiety, replacing 

the furan in 1 (Figure 1B). As a linker, we examined an alkyne, an amide or a 1,4-triazole, already used 

and validated in the first generation of non-covalent BC2L-C-Nt ligands.14,15 The spacer was chosen 

among aromatic and heteroaromatic fragments, based on the distance between the fucose anomeric carbon 
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and the Lys108 side chain. Most of the selected spacers consist of a functionalized benzene ring that can 

establish π- π stacking interactions with Tyr58 in the secondary site, a stabilizing interaction that was 

shown to enhance ligand affinity.16 

A total of 56 compounds were designed and analysed in silico by means of docking protocols. Docking 

algorithms for covalent ligands are available and appropriate procedures have been reported.35 However, 

a specific challenge is presented here by the characteristics of lectins’ binding sites, which are shared by 

BC2L-C-Nt. The fucose site is shallow and solvent exposed (see Figure 3) and does not provide the strong 

physical constraint of ligands within a confined space, which is typical of enzymes. This means that the 

covalent bond with the target residue can be formed, but the sugar portion can still fluctuate in and out of 

its binding site, due to torsional strain in the bound linker. In other words, the bound pose of the putative 

ligand must be sufficiently pre-organized for covalent interaction with the target residue, in order to avoid 

straining the carbohydrate portion out of its binding pose. This can hardly be evaluated by “traditional” 

covalent docking protocols. Thus, we developed a docking workflow to address this issue. First, standard 

docking was performed exploiting a previously defined protocol (Figure 3A),15 based on the XP scoring 

function of Glide.36 A maximum of 10 poses for each ligand were saved and a first filter was applied to 

remove those compounds that did not display a distance between the reactive electrophilic and 

nucleophilic groups lower than 10 Å in all poses (structures collected in Table SI-1). This left 36 

compounds, and their top-ranked pose was selected as the starting structure to perform covalent docking 

using CovDock.37 For each remaining candidate, 10 poses were saved, all having the imine bond well 

established between the ligand aldehyde group and the ɛ-amino group of Lys108 (Figure 3B). The poses 

obtained from covalent docking were evaluated based on their ability to maintain in all poses the 

interactions and the conformation of the L-fucose core observed in available X-ray structures of non-

covalent ligands. In particular, the presence of the following H-bond interactions was monitored: Fuc-

OH-2 with Arg111 side chain; Fuc-OH-3 with Thr74 side chain; and Fuc-OH-4 with Arg85 side chain 

(Figure 3). The three ligands which did not satisfy these criteria (shown in Table SI-2) were filtered away.  

As a result of this workflow, 33 compounds matching the chosen criteria were selected (collected in Table 

SI-3) and, in order to prioritize their synthesis, they were analyzed for their ability to form additional 

interactions within the binding site, fitting the established pharmacophore for β-fucosides in BC2L-C-Nt. 

In details, ligands establishing (T-shaped) π- π stacking interactions with the Tyr58 side chain (Figure 3B) 

were prioritized because our previous work 14–16 had shown that this feature plays an important role in the 

ligand binding affinity.  Additional stabilizing interactions between ligand and protein, including the 

formation of an intramolecular hydrogen bond between the imine nitrogen and the ortho-hydroxyl group 

of the aldehyde warhead, were flagged as selection criteria.  
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Figure 3.  Docking pose of ligand 2 obtained from (A) standard docking and (B) covalent docking. PDB ID: 2WQ4 

was used to prepare the docking model. Two highly conserved water molecules are retained in docking calculations; 

H-bond interactions are depicted as black dashed line. Selected poses obtained from standard and covalent docking 

for compounds 3-5 are reported in Supporting Information, Figure SI-1. 

 

 

The structure of all the compounds screened, as well as a full description of the screening protocol and of 

the filters adopted to prioritize synthesis are reported as Supporting Information (Tables SI-1 to SI-3 and 

corresponding discussion). Figure 3 shows two typical poses for standard docking and covalent docking 

of one ligand (compound 2) which passed both filters and satisfied the above criteria. The corresponding 

poses for a candidate (compound A12, Table SI-1) which did not satisfy the first filter is shown in Figure 

SI-2. 

 

Finally, the 14 candidates from this group that  include an amide linker were preferred over the alkyne- 

and triazole-containing ligands, based on synthetic feasibility and,  as a first attempt to obtain a proof of 

concept, the synthesis of four of them was prioritized (compounds 2-5, Figure 4).14,15 The selected 

glycomimetics depicted in Figure 4 differ in the spacer, which is either a para- (compounds 2 and 3) or a 

meta-substituted (compounds 4 and 5) benzoic acid, as well as in the length of the tether connecting the 
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spacer to the terminal salicylaldehyde moiety. Selected poses obtained from standard and covalent 

docking of 3-5 are reported in Supporting Information, Figure SI-1. They served as ideal examples for 

evaluating the impact of these structural differences that are common to the remaining 10 amide 

candidates (see Table SI-3) on the interaction with the target lectin domain.  

 

 

Figure 4.  Covalent glycomimetic ligands prioritized for the synthesis. The variable part of the compounds is 

highlighted in blue. Compounds 2 and 3 present a para-substituted benzene spacer, while 4 and 5 have a meta-

substituted spacer. They differ also for the length of the chain that connects the spacer to the terminal 

salicylaldehyde moiety. 

 

 

2.2. Synthesis 

Ligands 2-5 (Figure 4) were synthesized by condensation of a β-fucosylamide scaffold with the 

salicylaldehyde moiety, as summarized in Scheme 1. The fucoside intermediates 8b and 18b were 

synthesized by Staudinger ligation of the β-fucosylazide 614,15 with acid 7 or 17, respectively (PMe3, 1- 

ethyl-3-(3-dimethylaminopropyl)carbodiimide EDC, hydroxybenzotriazole HOBt, N,N-

diisopropylethylamine DIPEA 79%), followed by Boc removal. The electrophilic warheads containing 

the salicylaldehyde moiety (13 and 14, Scheme 1) were obtained from commercially available para-

hydroxy esters 9 and 10, which differ for the chain length. An ortho-formylation reaction under Skattebøl 

condition (MgCl2, paraformaldehyde, Et3N)38,39 afforded the salicylaldehyde intermediates 11 and 12 

(51% and 77%, respectively).  They were protected on the phenolic hydroxyl group as MOM ethers before 

ester hydrolysis in basic conditions to obtain acids 13 and 14 that were coupled to 8b and 18b (N-

Hydroxysuccinimide NHS, EDC). Ligands 2-5 were finally obtained upon full deprotection in acidic 

conditions (Scheme 1).  
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Scheme 1.  Synthesis of 2-5. Reagent and conditions: a) PMe3, EDC, HOBt, DIPEA, CH2Cl2, 79%; b) 

TFA/ CH2Cl2 97%; c) NHS, EDC, DIPEA, CH2Cl2, 52 – 57%; d) HCl conc., EtOH/CHCl3, 43 – 57%; e)  

MgCl2, paraformaldehyde, Et3N, MeCN, 51% (11) 77% (12); f) MOMCl, DIPEA, CH2Cl2; LiOH.H2O, 

THF/H2O, 81% (13) 93% (14), over two steps.  

 

As negative controls, the L-fucosylamide 21 and the D-glucosylamide 22 (Figure 5) were also synthesized 

through a similar synthetic strategy (see Supporting Information). The fucose derivative 21 features the 

same core structure of 3 but lacks the aldehyde function in the distal aromatic ring. The glucosylamide 22 

shares with 3 the aglycone portion, including the electrophilic warhead, but contains a different 

monosaccharide, which is known not to bind to BC2L-C-Nt carbohydrate recognition domain.9 Analysis 

of the interaction of these controls with the lectin was employed to dissect the relative role of the sugar 

moiety and of the electrophilic warhead in determining the affinity of 2-5.  

 

 

Figure 5. Negative controls 21 and 22. Structural differences relative to ligand 3 are highlighted: in green the distal 

aromatic ring in 21, lacking the aldehyde group; in yellow the glucose ring that replaces the fucose core in 22. 
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2.3. Biophysical evaluation  

A preliminary evaluation of ligands 3 and 5 using a thermal shift assay showed a positive shift of about 

2°C (see blue curves in Figure SI-3, with Tm ~75°C), suggesting a strong and stabilizing interaction 

provided by ligand binding. This shift was not observed with ligands devoid of electrophilic units (e.g. 1, 

see the green curve in Figure SI-3), indicating that the additional interaction formed by 3 and 5 could be 

due to a covalent bond. 

Motivated by these results, the full set of compounds was further investigated, mainly through Surface 

Plasmon Resonance (SPR) and mass spectrometry. 

 

2.3.1. SPR competition assays  

A competition assay was set up using SPR to investigate the interaction of 2-5 with BC2L-C-Nt. The 

competition experiments were carried out using a fucosylated chip generated in house (see experimental 

section) and injecting solutions of the lectin domain mixed with ligands at decreasing concentrations. IC50 

were obtained from the resulting inhibition curves (see Supporting Information Figure SI-6). The 

fucosylamide 21, which lacks the aldehyde functionality but is otherwise identical to 3, and the 

glucosylamide 22, which contains the same spacer-aldehyde system as 3, but replaces the fucose moiety 

with a sugar which is not recognized by BC2L-C-Nt,9 were included as negative controls. Our hit ligand 

1 and the native ligand H type-1 trisaccharide 23 were added as positive, non-covalent controls and as a 

calibration for the assay relative to the known Isothermal Titration Calorimetry (ITC) data (Table SI-4). 

The results obtained are collected in Table 1. 

The competition experiments performed on the H type-1 trisaccharide 23 and on ligand 1 (Table 1, entries 

2 and 3) resulted in IC50 values that were consistent with the known Kd for these compounds, thus 

validating the SPR experiment. For the negative control 21 (entry 4), saturation could not be achieved and 

an IC50 value higher than 2 mM was estimated. Comparison with the Kd 2.7 + 0.7 mM reported for α-

methyl-L-fucoside 24 (entry 1) and the IC50 103 + 5 µM obtained for the β- fucosylamide 1 in the same 

experiment (entry 3) suggests that the aglycon portion of 21 is not contributing significantly to the 

interaction. However, when the same aglycone bears the aldehyde warhead, as in 3 (entry 6), the 

competition experiment yields an IC50 value of 34.9 + 4.7 µM. This is the same affinity range as the H 

type-1 trisaccharide 23, while gaining almost 2 orders of magnitude over 21. Thus, the salicylaldehyde 

moiety clearly has a key role in enhancing the interaction between the protein and the ligand. Ligands 2, 

4 and 5 (entries 5, 7 and 8, respectively) showed IC50 values in the same range of activity as 3, with minor 

variations depending on the length of the chain (3 vs 2, 5 vs 4) and the substitution pattern of the first 

aromatic ring (2 vs 4 and 3 vs 5). The best result (IC50 27.7 + 1.6 µM) was obtained with 2, featuring the 
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para-substituted spacer and the shorter chain. Collectively, these results show a strong correlation between 

the presence of the salicylaldehyde moiety and the strength of the interaction, suggesting that the 

significant difference in the IC50 value of 21 and those of aldehyde-containing compounds 2-5 may depend 

on the formation of a covalent bond. Additionally, the low activity of the glucoside 22 (entry 9) strongly 

suggests that the sugar drives the interaction, and the aldehyde stabilizes it by specifically ligating a nearby 

lysine. 

 

Table 1. SPR competition assaysa 

Entry Ligand 
IC50 (µM) 

SPR 

1 

 

24 

2700 ± 700b 

2 

 
23 

19.9 ± 0.31 

3 

 
1 

103 ± 5 

4 

 
21 

> 2000 

5 

 

2 

27.7 + 1.6 

 

6 

 

3 

34.9 + 4.7 

7 

 

4 

74.3 + 3.6 
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8 

 

5 

50.5 + 9.5 

9 

 

22 

> 2000 

a IC50 values obtained from SPR competition assays by inhibiting binding of BC2L-C-Nt to fucosylated chip;  b Kd, 

as measured by ITC from ref 13. 

 

 

 

2.3.2. MS analysis  

MS is usually employed to identify the presence of a covalent binding mode, which can be detected as a 

mass peak corresponding to the covalently linked adduct.40 

We investigated the formation of a covalent adduct between BC2L-C-Nt and ligands 2-5 by MALDI-TOF 

analysis, comparing the MS spectra of the free protein with those of protein/ligand mixtures at various 

stoichiometric ratios. Figure 6 shows the spectrum of a 1:200 mixture of protein and ligand 3 incubated 

for 24 h at room temperature in pH 8.0 buffer. Comparison with the protein spectrum shown on the upper 

trace shows a mass shift of 440 Da (ligand – H2O) which corresponds to the formation of a condensation 

product and agrees with the presence of an imine adduct. Similar results were obtained also with 2, 4 and 

5 (see Supporting Information Figures SI-7 to SI-9), suggesting the ability of all these ligands to 

covalently engage one amino group of the protein.  
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Figure 6. MALDI MS experiments (2,3-Dihydroxybenzoic acid DHB matrix). upper trace: BC2L-C-Nt; bottom 

trace: 1:200 mixture of protein and ligand 3 incubated for 24 h at room temperature in pH 8.0 buffer. The protein 

mass shift corresponds to the condensation adduct. 

 

Control experiments were performed at 1:10 protein:ligand ratio using 3 (24 h and 2 h incubation, Figures 

7 and SI-10, respectively) and negative controls 21 and 22 (Figure 7). The shift of the protein peak (440 

Da) was observed only upon addition of 3 (Figure 7, bottom trace), while no shifted peak was detected 

with either negative controls (upper and middle traces), suggesting that no covalent adduct is formed with 

either 21 or 22. As an additional control, the spectrum was obtained also at 1:200 protein:22 ratio, 

confirming the result (Figure SI-11). For compound 21, this observation is consistent with the absence of 

the electrophilic warhead, responsible for the covalent bond formation. The result for the glucose-

analogue 22 indicates that the fucoside moiety also plays a key role: by non-covalently anchoring the 

ligand within the binding site it forces the warhead in proximity of Lys108 side chain and promotes 

covalent bond formation. The interplay between both binding units enables effective inhibition. 

It is worth mentioning at this point, that compound A12 (Table SI-1), one of the ligands filtered out by 

the docking workflow, was also tested in MALDI-MS experiments as an additional validation of the 

computational protocol, showing no formation of covalent adducts (see Figure SI-12). 

  

 



14 
 

 

Figure 7: MALDI MS of 1:10 BC2L-C-Nt:ligand mixtures, incubated for 24 h at pH 8 (sinapinic acid matrix). 

Upper trace: protein + 21; middle trace: protein + 22; bottom trace: protein + 3. 

 

The results reported above clearly support that the aldehyde functionality in ligands 2-5 reacts with a 

nucleophilic nitrogen residue in BC2L-C-Nt pocket, producing a strong stabilizing interaction of the 

protein/ligand complex. The ligands successfully compete against immobilized fucose, as shown by the 

SPR experiments, suggesting that both the fucose binding site and a nucleophilic amino group are 

involved in complex formation.  

Conceivably, imine formation occurs at Lys108, which, among the five Lys residues in the monomer, is 

the closest to the fucose binding site. Unfortunately, co-crystallization or soaking trials of BC2L-C-Nt 

with ligands 2-5 were unsuccessful and only led to the apo structure, which has prevented further 

structural analysis by X-ray crystallography up to now. Crystals could be obtained in a variety of space 

group (H32, P63, C2 and P212121), but, in all these forms Lys108 is close to symmetry axes or 

neighbouring protomers. This suggests that, upon imine formation the aglycone rings may clash with 

symmetric protomers and disrupt crystal contacts due to lack of space.  Although disappointing, this result 

is in line with the observation of crystal cracking induced by salicylaldehyde derivatives, recently reported 

by Tzalis and Ottmann during the development of aldehyde binders for the adapter protein 14–3-3σ.41  We 
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also observed this phenomenon while soaking some crystals for an extended time, which led to their 

disappearance after a few hours.  

     Thus, in an effort to pinpoint which of the lysine residues is covalently linked to the ligand, we turned 

our attention to LC-MS/MS analysis of the peptides obtained by trypsin digestion of a protein:ligand 

complex. Ligand 2 was selected for this experiment, because it displayed the best affinity for BC2L-C-

Nt. Before digestion, the ligand:protein mixture was treated with NaBH4 to reduce the intermolecular 

imine bond and to allow detection of the covalent adduct (see Supporting Information for LC-MS spectra 

and analysis, Figure SI-13 and SI-14). A modified 105-111 heptapeptide GQWKSVR was found in the 

LC-MS trace of the digested complex, and a fragment corresponding to the hexapeptide QWKSVR 

modified by condensation and reduction (z=3) (405.21829) was observed in its MS/MS spectrum (Figure 

8). No other Lys residues were found to be modified. 

 

 

 

Figure 8. MS/MS spectrum of the lysine modified peptide GQWKSVR (MH+ = 1288.63108 Da; m/z = 430.21521, 

z=3) after incubation with 2 and reduction. The fragment in the green box corresponds to the hexapeptide 

QWKSVR modified by condensation and reduction after water loss (z=3) (405.21829). 
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3. CONCLUSIONS 

We described here the development of a set of covalent glycomimetic ligands targeting a lysine residue 

of the bacterial lectin BC2L-C-Nt from B. cenocepacia opportunistic pathogen. More than 50 fucosides 

bearing a salicylaldehyde electrophilic warhead were designed and evaluated in silico following a docking 

workflow specifically devised for lectins, which allowed the identification of most promising candidates. 

Candidate ligands containing a β-amide linker were prioritized for synthesis considering feasibility.  

A synthetic pathway was developed and 4 candidates were prepared, compounds 2-5, which consist of 

the combination of sugar scaffold and electrophilic tag. Appropriate negative controls were also 

synthesized, lacking either the aldehyde warhead (compound 21) or the fucose anchor (22). 

All the compounds were evaluated for their affinity with the target using competition SPR experiments, 

based on their ability to inhibit BC2L-C-Nt binding to a fucosylated chip. The resulting IC50 values 

(comprised between 27.7 µM and 74.3 µM) represent an improvement of two orders of magnitude over 

the simple parent monosaccharide. In particular, the best ligand 2 had the same inhibitory potency of the 

BC2L-C-Nt native ligand H-type 1 trisaccharide 23. For the first time, a synthetic monovalent 

glycomimetic ligand of this lectin reaches the same affinity of a natural oligosaccharide. 

 

To confirm the covalent interaction with the lectin, MALDI-MS experiments were performed, observing 

a shift in the protein peak that corresponds to a condensation protein:ligand adduct. Experiments in the 

same conditions were carried out on negative controls 21 and 22,  lacking the aldehyde group or the fucose 

core, neither of which showed shifted peaks in the MS spectra. These results suggests that the aldehyde 

moiety is responsible for the covalent adduct formation and for the affinity improvement, while the fucose 

core is required to initiate the interaction and allow proximity to Lys108. Covalent bond formation 

between the ligands and Lys108 was confirmed by LC-MS/MS analysis of the peptides resulting from 

enzymatic digestion of the complex formed by 2 and BC2L-C-Nt, after stabilization by NaBH4 reduction. 

To dissect the atomic details of the binding of the covalent linkage and confirm the pose obtained by 

docking, new crystallographic studies are required to uncover new crystal forms, whereby the Lys108 

residue is not close to symmetry axes. 

Covalent stabilization of lectin-sugar complexes has rarely been attempted.23,24 Its rational design is 

particularly challenging, because, unlike enzymes, lectins have large and permissive binding sites, and 

very low affinity for their native ligands. The characteristic binding mode of carbohydrates in lectins’ sites 

is highly dynamic and entails rapid off-rates.  This implies that, if a carbohydrate-based ligand is not 

sufficiently pre-organized to comfortably adopt a covalently bound pose, formation of the covalent bond 
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can easily pull the carbohydrate portion out of its binding site.  In turn, this means that covalent ligands 

do not necessarily succeed in blocking competitive binding to the sugar-recognition site. With this in 

mind, we have elaborated and described here a docking workflow based on a combined analysis of poses 

generated by standard docking and covalent docking that allowed to prioritize for synthesis a very small 

number of candidates that were successfully tested in competitive binding assays. Thus, with this work, 

we have validated a viable computational protocol to design covalent lectin ligands, that we expect to be 

generally applicable. We also have produced a synthetically accessible monovalent fucoside which binds 

to BC2L-C-Nt as strongly as one of its minimal native oligosaccharide ligands, the H-type 1 trisaccharide 

23.  

 

4. EXPERIMENTAL SECTION 

 

4.1.Computational studies  

 

All the calculations were performed using the Schrödinger Suite through Maestro graphical interface 

(Schrödinger Release 2018–1). The new glycomimetics were prepared for docking calculations using the 

LigPrep42 tool to create energy 3D minimized structures, generating the protonation states at physiological 

conditions (pH 7 ± 2). 

Atomic coordinates from the crystal structure of BC2L-C-Nt in complex with MeSe-α-L-Fuc (PDB 

2WQ4) were taken from the Protein Data Bank. The asymmetric unit involves three peptide chains with 

three identical carbohydrate ligands (MeSe-α-L-Fuc) displaying identical binding pose, thus only one 

binding site (located between chains A and C) was used for docking calculations. In addition, two highly 

conserved water molecules, HOH2195 (w1) and HOH2194 (w2), that mediate interactions of ligands with 

the protein, were retained in the binding site. The system was prepared using the Protein Preparation 

Wizard of the Maestro graphical user interface. The hydrogen atoms were added and pKa was calculated 

for protein residues using the PROPKA method at pH 7.4. Then, the protein-ligand complex was subjected 

to restrained minimization with convergence of heavy atoms to an RMSD of 0.3 Å using the OPLS3 force 

field. In accordance with our previous docking calculations,14,15 the third chain of the trimeric protein 

which is not involved in the considered binding site (that is chain B) was removed, simplifying the protein 

model.  The final dimeric structure was used to generate the grid for docking calculations as already 

described.15 
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Docking calculations were performed using Glide (Grid-based Ligand Docking with Energetics) version 

7.8, applying the flexible docking approach, and employing the extra precision (XP) scoring function with 

the OPLS3 force field.43 The poses were analysed verifying the protein-ligand interactions. The distance 

between the oxygen atom of the aldehyde group of ligands and the nitrogen atom of Lys108(ɛ-NH2) group 

was monitored, selecting compounds with distance values lower than 10 Å in all poses. For the selected 

compounds, the top-scored pose was chosen as starting structure to perform the subsequent covalent 

docking. 

The covalent docking protocol CovDock available in the Schrödinger Suite Release 2018–1 (version 

1.3)37 was employed to generate binding poses of ligands while forcing the covalent bond between the 

aldehyde and the ɛ-NH2 group of Lys108. Starting from conventional non-covalent poses, the docked 

ligand was confined to a grid box with center in the ligand centroid and automatic box size. A custom 

imine condensation reaction type was defined to select only aldehyde moieties as reactive group of 

ligands. Additional setups include docking mode in pose prediction, affinity score calculation using Glide, 

and 10 output poses per ligand. 

The poses obtained were examined in detail, verifying mainly the position of the sugar moiety, its 

conformation as well as its interactions with the protein. To confirm that the fucose binding mode is 

consistent with available crystal structures, the presence of the following hydrogen bond interactions was 

monitored: Fuc-OH-2 with Arg111 side chain; Fuc-OH-3 with Thr74 side chain; and Fuc-OH-4 with 

Arg85 side chain. We applied the following geometric criteria for protein-ligand hydrogen bonds: the 

distance between the donor hydrogen atom and acceptor atoms should be ≤ 2.5 Å (D—H···A); the donor 

angle between the donor-hydrogen-acceptor atoms should be ≥ 120° (D—H···A); and the acceptor angle 

between the hydrogen-acceptor-bonded atom atoms should be ≥ 90° (H···A—X). In addition, the 

formation of other non-covalent interactions was monitored, such as the presence of an intramolecular 

hydrogen bond involving the nitrogen atom of formed imine and the ortho-hydroxyl group of the 

salicylaldehyde moiety. 

 

4.2.Prediction of lysine pKa values 

The pKa values of the Lys(ɛ-NH2) groups in BC2L-C-Nt shown in Figure 2 were predicted with the 

Rosetta pKa protocol32 available on the Rosetta Online Server That Includes Everyone (ROSIE),44 giving 

flexibility to the side chain of all residues within 5 Å from the target residue and considering different 

crystal structures of BC2L-C-Nt in complex with synthetic ligands, oligosaccharides and in the apo form 

(PDB ID: 7BFY, 2WQ4, 7OLU, 7OLW, 8BRO, 6TIG and 6TID). 
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4.3. General procedures for synthesis  

All reagents and anhydrous solvents were purchased from Merck, abcr or Carbosynth. THF was dried 

over sodium/benzophenone and freshly distilled, while Et3N was dried over calcium hydride. MgCl2 and 

paraformaldehyde were dried over P2O5 prior to use. Et3N and CH3CN were freshly distilled.  Reactions 

were monitored by analytical TLC performed on Silica Gel 60 F254 plates (Merck) and TLC Silica gel 

60 RP-18 F254s (Merck) and were analysed with UV detection (254 and 365nm) and/or staining with 

ammonium molybdate acid solution, potassium permanganate alkaline solution, and ninhydrin stain. 

Purification by flash column chromatography was performed using silica gel 60 (40−63 μm, Merck), and 

automated flash chromatography was performed with a Biotage Isolera Prime system, and SNAP ULTRA 

cartridges were employed. HPLC purifications were performed with a Dionex Ultimate 3000 equipped 

with Dionex RS Variable Wavelength Detector (column: Atlantis Prep T3 OBDTM 5µm 19 x 100mm, 

flow 15 mL min-1 unless stated otherwise), and was used at a flow rate of 10.0 mL/min. NMR experiments 

were conducted on a Bruker AVANCE 400 MHz instrument at 298 K. The 13C-NMR spectra are Attached 

Proton Test J-modulated spin-echo (APT). MS spectra were recorded on a Thermo Fischer LCQ apparatus 

(ESI ionization); high resolution mass spectra (HRMS) were acquired on Synapt G2-Si QTof mass 

spectrometer (Waters)—Zspray ESI-probe (Waters) for electrospray ionization. All compounds were 

purified by RP-HPLC. The H-type 1 trisaccharide 23 was purchased from Elicityl S.A.. 4-(t-

butyloxycarbonylaminomethyl)benzoic acid 7 was purchased from abcr;  3-cyanobenzoic acid 25, p-

hydroxybenzoic acid methyl ester 9, methyl 4-hydroxyphenylacetate 10 were purchased from Merck. 

2,3,4,6-Tetra-O-acetyl-β-D-glucosyl azide 34 was prepared as described in literature.45 The synthesis of 

intermediates azide 6, acid 17, negative controls 21, 22 and A12 (Table SI-1) are described in Supporting 

Information. The purity of all the final compounds was confirmed to be ≥ 95% by HPLC (H2O + 0.1% 

TFA/CH3CN + 0.1% TFA: 0-26 min, 0-100%; 26-36 min, 100%). HPLC traces for ligands 2-5, 21 and 22 

are reported in Supporting Information (Section 9). 

4.4.General procedures for the synthesis of 13 and 14 

Skattebøl formylation 38: To a suspension of paraformaldehyde (6.8 mol equiv) and anhydrous MgCl2 (3 

mol equiv) in dry CH3CN under N2 atmosphere, the phenol 9 or 10 was added as a solution in dry CH3CN 

(final conc. = 0.2 or 0.3 M). The mixture was stirred 10 min. and then dry Et3N (3.5 or 4 mol equiv) was 

added. The reaction mixture was stirred at reflux until the phenol was converted completely (4.5 h). The 

mixture was cooled to room temperature and quenched with 1 N HCl (until pH=2) and extracted with 

Et2O (x4). The combined organic layers were washed with brine (x2), dried over anhydrous Na2SO4 and 
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concentrated under vacuum. The crude product was purified by flash chromatography using n-Hex/AcOEt 

as eluents. 

The resulting phenol 11 or 12 (1 mol equiv) was dissolved in anhydrous CH2Cl2 (0.5 M) under nitrogen, 

and iPr2EtN (1.5 mol equiv) was added. The mixture was stirred for 5 min. at room temperature and then 

cooled to 0°C. Methoxymethyl chloride (MOMCl, 1.5 mol equiv) was added dropwise, and the reaction 

mixture was stirred 10 min. at 0°C and then 4 h at room temperature. The mixture was diluted with CH2Cl2 

and washed with a NaHCO3 sat. solution (x1) and H2O (x2). The organic phase was dried (Na2SO4) and 

concentrated under reduced pressure, and the crude product was purified by flash chromatography on 

silica gel.  

The resulting methyl ester (1 mol equiv) was dissolved in a 3:1 mixture of THF/H2O (conc. = 0.25 M), 

lithium hydroxide monohydrate (LiOH.H2O, 3 mol equiv) was added and the mixture was stirred at room 

temperature until complete deprotection (3h). 1 N HCl was added (until pH=2) and the solution was 

extracted with AcOEt (x3). The combined organic layers were dried over dried over Na2SO4 and 

concentrated under reduced pressure affording the acid product, used in subsequent steps without further 

purification.  

Methyl-3-formyl-4-hydroxybenzoate (11) - The product was obtained from methyl 4-hydroxybenzoate 9 

(Et3N 4.5 mol equiv, final (conc. = 0.3 M) using 4 mol equiv eq of Et3N and the general procedure for 

Skattebøl formylation (reaction time: 16h). It was purified by flash chromatography on silica gel (n-

Hex/AcOEt 9:1 to 8:2) affording the pure product as a yellow solid. Y = 51%. Rf (n-Hex/AcOEt 2:1) = 

0.67. MS (ESI) calcd for C9H8O4 [M - H]- m/z: 179.16; found: 179.19. Characterization data in accordance 

with the literature.46  1H NMR (400 MHz, CDCl3) δ 11.39 (s, 1H, Ph-OH), 9.95 (s, 1H, COH), 8.32 (d, J 

= 2.2 Hz, 1H, Ph-H-2), 8.19 (dd, J = 8.8 Hz, J = 2.1 Hz, 1H, Ph-H-6), 7.04 (d, J = 8.8 Hz, 1H, Ph-H-5), 

3.93 (s, 3H, OCH3). 

Formyl-4-(methoxymethoxy)benzoic acid (13) - The MOM-protection of compound 11 (0.70 mmol) was 

performed using the general procedure and afforded the intermediate methyl 3-formyl-4-

(methoxymethoxy)benzoate, which was purified by flash chromatography on silica gel (n-Hex/AcOEt 8:2) 

obtaining the pure product as a yellow oil. Y = 95%. Rf (n-Hex/AcOEt 4:1) = 0.32. MS (ESI) calcd for 

C11H12O5 [M + Na]+ m/z: 247.05; found: 247.26. Characterization data in accordance with the literature.47   

1H NMR (400 MHz, CDCl3) δ 10.49 (s, 1H, COH), 8.51 (d, J = 2.1 Hz, 1H, Ph-H-2), 8.21 (dd, J = 8.8 

Hz, J = 2.2 Hz, 1H, Ph-H-6), 7.28 (d, J = 8.9 Hz, 1H, Ph-H-5), 5.37 (s, 2H, OCH2 MOM), 3.91 (s, 3H, 

OCH3), 3.54 (s, 3H, OCH3).  

The intermediate methyl 3-formyl-4-(methoxymethoxy)benzoate was deprotected using the general 

procedure for methyl ester hydrolysis (156 mg, 0.57 mmol, 1 mol equiv), affording compound 13 as a 
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pale yellow foam. Y = 98%. Rf (n-Hex/AcOEt 1:1 + 0.1 % FA) = 0.20. MS (ESI) calcd for C10H10O5 [M 

+ Na]+ m/z: 233.05; found: 233.28. 1H NMR (400 MHz, CDCl3) δ 10.50 (s, 1H, COH), 8.60 (d, J = 2.3 

Hz, 1H, Ph-H-2), 8.27 (dd, J = 8.8 Hz, J =2.3 Hz, 1H, Ph-H-6), 7.32 (d, J = 8.8 Hz, 1H, Ph-H-5), 5.39 (s, 

2H, OCH2 MOM), 3.55 (s, 3H, OCH3 MOM). 

Methyl 2-(3-formyl-4-hydroxyphenyl)acetate (12) - The product was obtained from methyl 4-

hydroxyphenylacetate 10 (conc. = 0.2 M) using 3.5 eq of Et3N and the general procedure for Skattebøl 

formylation (reaction time: 4.5h). It was purified by flash chromatography on silica gel (n-Hex/AcOEt 

7:3 to 6:4) affording the pure product as a yellowish oil. Y = 77%. Rf (n-Hex/AcOEt 3:1) = 0.26. MS 

(ESI) calcd for C10H10O4 [M - H]- m/z: 193.05; found: 193.31Characterization data in accordance with 

the literature.48 1H NMR (400 MHz, CDCl3) δ 10.95 (s, 1H, Ph-OH), 9.88 (s, 1H, COH), 7.47 (d, J = 2.3 

Hz, 1H, Ph-H-2), 7.44 (dd, J = 8.5 Hz, J = 2.3 Hz, 1H, Ph-H-6), 6.96 (d, J = 8.5 Hz, 1H, Ph-H-5), 3.71 

(s, 3H, OCH3), 3.62 (s, 2H, Ph-CH2).  

2-(3-formyl-4-(methoxymethoxy)phenyl)acetic acid (14) - The MOM-protection of compound 12 (0.94 

mmol) was performed using the general procedure and afforded the intermediate methyl 2-(3-formyl-4-

(methoxymethoxy)phenyl)acetate, which was purified by flash chromatography on silica gel (n-

Hex/AcOEt 6:4) obtaining the pure product as a colourless oil.  Y = 88%. Rf (n-Hex/AcOEt 6:4) = 0.51. 

1H NMR (400 MHz, CDCl3) δ 10.48 (s, 1H, COH), 7.72 (d, J = 2.3 Hz, 1H, Ph-H-2), 7.46 (dd, J = 8.6 

Hz, J = 2.4 Hz, 1H, Ph-H-6), 7.20 (d, J = 8.6 Hz, 1H, Ph-H-5), 5.29 (s, 2H, OCH2 MOM), 3.69 (s, 3H, 

OCH3), 3.60 (s, 2H, Ph-CH2), 3.52 (s, 2H, OCH3 MOM). The intermediate 2-(3-formyl-4-

(methoxymethoxy)phenyl)acetate (0.82 mmol) was deprotected using the general procedure for methyl 

ester hydrolysis, affording compound 14 as a yellowish foam. Y = 90%. Rf (CH2Cl2/MeOH 95:5) = 0.41. 

MS (ESI) calcd for C11H12O5 [M + Na]+ m/z: 247.06 ; found: 247.33. 1H NMR (400 MHz, CDCl3) δ 10.48 

(s, 1H, COH), 7.74 (d, J = 2.3 Hz, 1H, Ph-H-2), 7.46 (dd, J = 8.6 Hz, J = 2.4 Hz, 1H, Ph-H-6), 7.21 (d, J 

= 8.6 Hz, 1H, Ph-H-5), 5.30 (s, 2H, OCH2 MOM), 3.64 (s, 2H, Ph-CH2), 3.52 (s, 2H, OCH3 MOM). 13C 

chemical shifts extrapolated from HSQC exp.: 136.8 (Ph-C-6), 129.1 (Ph-C-2), 115.4 (Ph-C-5), 94.6 

(OCH2 MOM), 56.4 (OCH3 MOM), 39.4 (Ph-CH2). 

 

4.5.Synthesis of (4-(aminomethyl)benzamido)-2,3,4-tri-O-acetyl-β-L-fucopyranose (8b) -  

Acid 7 (commercially available, 121 mg, 0.48 mmol, 1 eq) was suspended in anhydrous CH2Cl2 (4.8 mL) 

and EDC.HCl (101 mg, 0.53 mmol, 1.1 eq) was added, together with HOBt (72 mg,0.53 mmol, 1.1 eq) 

and iPr2EtN (185 µL, 1.06 mmol, 2.2 eq). The resulting solution was stirred at room temperature for 1 h 

under N2 atmosphere. Meanwhile, in another reaction flask, the azide 6 (151 mg, 0.48 mmol, 1 eq) was 

dissolved in anhydrous CH2Cl2 (3 mL) and cooled to 0°C under N2 atmosphere. A 1M solution of PMe3 
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in toluene (0.72 mL, 1.5 eq) was slowly added, and the reaction mixture was stirred at room temperature 

for 30 min., verifying the reduction of the azide by TLC (n-Hex/AcOEt/1:1). Then, the activated acid 

solution was added to the iminophosphorane intermediate, and the final solution was stirred overnight at 

room temperature. After 18h, the mixture was diluted with CH2Cl2 and washed with a sat. solution of 

NH4Cl (x2), a sat. aqueous solution of NaHCO3 (x2) and brine. The organic layer was dried over 

anhydrous Na2SO4, filtered and concentrated to dryness. The product was purified by automatic flash 

chromatography (SFAR 10 g, n-Hex/AcOEt 7:3 to 5:5) to give the amide 8a as a white foam. Y = 79%. 

Rf (n-Hex/AcOEt 1:1) = 0.34. MS (ESI) calcd for C25H34N2O10 [M + Na]+ m/z: 545.21; found: 545.83. 

1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.2 Hz, 2H, Ph-H-2 + Ph-H-6), 7.33 (d, J = 8.1 Hz, 2H, Ph-H-

3 + Ph-H-5), 7.05 (d, J = 8.7 Hz, 1H, NHCO), 5.39–5.28 (m, 2H, H-1 + H-4), 5.24-5.17 (m, 2H, H-2 + 

H-3), 4.94 (bs, 1H, NHBoc), 4.34 (s, 2H, Ph-CH2), 3.99 (q, J = 6.3 Hz, 1H, H-5), 2.17 (s, 3H, OAc), 2.02 

(s, 3H, OAc), 2.00 (s, 3H, OAc), 1.45 (s, 9H, Boc), 1.20 (d, J = 6.4 Hz, 3H, H-6). 13C chemical shifts 

extrapolated from HSQC exp.: 127.5 (Ph-C-2, Ph-C-6), 127.4 (Ph-C-3, Ph-C-5), 79.0 (C-1), 71.1 (C-3), 

70.8 (C-5), 70.4 (C-4), 68.6 (C-2), 44.1 (Ph-C), 28.3 (Boc), 20.6-20.5 (OAc), 16.1 (C-6). 

8a was dissolved in CH2Cl2 (conc. = 0.01 M), and TFA was added (CH2Cl2 /TFA 9:1). The mixture was 

stirred at room temperature until complete removal of the Boc group was observed by TLC (9:1 

CH2Cl2/MeOH 9:1). The reaction mixture was concentrated under reduced pressure and TFA was 

removed by co-evaporation with MeOH. The residue was dissolved in CH2Cl2 and washed with a 

NaHCO3 sat. solution. The aqueous solution was extracted with CH2Cl2 (x3), and the combined organic 

layers were dried over anhydrous Na2SO4 and concentrated under vacuum to afford 8b as a white foam. 

Y = 97%. Rf (CH2Cl2/MeOH 95:5) = 0.30. MS (ESI) calcd for C20H26N2O8 [M + H]+ m/z: 423.18; found: 

423.26. 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.2 Hz, 2H, Ph-H-2 + Ph-H-6), 7.39 (d, J = 8.2 Hz, 

2H, Ph-H-3 + Ph-H-5), 7.06 (d, J = 8.9 Hz, 1H, NHCO), 5.40–5.32 (m, 2H, H-1 + H-4), 5.25-5.18 (m, 

2H, H-2 + H-3), 4.02 (q, J = 6.4 Hz, 1H, H-5), 3.93 (s, 2H, Ph-CH2), 2.18 (s, 3H, OAc), 2.03 (s, 3H, OAc), 

2.02 (s, 3H, OAc), 1.22 (d, J = 6.4 Hz, 3H, H-6). 13C chemical shifts extrapolated from HSQC exp.: 127.5 

(Ph-C-2, Ph-C-6), 127.3 (Ph-C-3, Ph-C-5), 79.1 (C-1), 71.2 (C-3), 70.9 (C-5), 70.5 (C-4), 68.7 (C-2), 46.0 

(Ph-CH2), 20.8-20.6 (OAc), 16.1 (C-6). 

4.6. Synthesis of (3-(aminomethyl)benzamido))-2,3,4-tri-O-acetyl-β-L-fucopyranose (18b) –  

Acid 17 (100 mg, 0.4 mmol, 1 eq.) was suspended in anhydrous CH2Cl2 (4 mL) and EDC.HCl (85 mg, 

0.44 mmol, 1.1 eq) was added, together with HOBt (59 mg,0.44 mmol, 1.1 eq) and iPr2EtN (154 µL, 0.88 

mmol, 2.2 eq). The resulting solution was stirred at room temperature for 1 h under N2 atmosphere. 

Meanwhile, in another reaction flask, the azide 6 (126 mg, 0.4 mmol, 1 eq) was dissolved in anhydrous 

CH2Cl2 (2.5 mL) and cooled to 0°C under N2 atmosphere. A 1M solution of PMe3 in toluene (0.6 mL, 1.5 
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eq) was slowly added, and the reaction mixture was stirred at room temperature for 30 min., verifying the 

reduction of the azide by TLC (AcOEt/Hex 1:1). Then, the activated acid solution was added to the 

iminophosphorane intermediate, and the final solution was stirred overnight at room temperature. After 

18h, the mixture was diluted with CH2Cl2 and washed with a sat. solution of NH4Cl (x2), a sat. aqueous 

solution of NaHCO3 (x2) and brine. The organic layer was dried over anhydrous Na2SO4, filtered and 

concentrated to dryness. The product was purified by flash chromatography on silica gel (n-Hex/AcOEt 

6:4 to 4:6) to give the product 18a as a white foam. Y = 79%. Rf (n-Hex/AcOEt 1:1) = 0.24. MS (ESI) 

calcd for C25H34N2O10 [M - H]- m/z: 521.21; found: 521.85. 1H NMR (400 MHz, CDCl3) δ 7.73 (s, 2H, 

Ph-H-2), 7.60 (d, J = 7.6 Hz, 1H, Ph-H-6), 7.47 (d, J = 7.5 Hz, 1H, Ph-H-4), 7.41 (t, J = 7.5 Hz, 1H, Ph-

H-5), 7.03 (d, J = 8.6 Hz, 1H, NHCO), 5.40-5.36 (m, 2H, H-1 + H-4), 5.25-5.18 (m, 2H, H-2 + H-3), 4.90 

(bs, 1H, NHBoc), 4.37 (d, J = 5.9 Hz, 2H, Ph-CH2), 4.01 (q, J = 6.3 Hz, 1H, H-5), 2.19 (s, 3H, OAc), 2.04 

(s, 3H, OAc), 2.02 (s, 3H, OAc), 1.47 (s, 9H, Boc), 1.22 (d, J = 6.4 Hz, 3H, H-6). 13C chemical shifts 

extrapolated from HSQC exp.: 131.25 (Ph-C-4), 128.9 (Ph-C-5), 126.4 (Ph-C-2), 125.7 (Ph-C-6), 78.9 

(C-1), 71.2 (C-3), 70.9 (C-5), 70.4 (C-4), 68.6 (C-2), 44.2 (Ph-C), 28.6 (Boc), 20.6-20.5 (OAc), 16.0 (C-

6).  

18a was dissolved in CH2Cl2 (conc. = 0.01 M), and TFA was added (CH2Cl2 /TFA 9:1). The mixture was 

stirred at room temperature until complete removal of the Boc group observed in TLC (9:1 

CH2Cl2/MeOH). The reaction mixture was concentrated under reduced pressure and the excess of TFA 

was removed by co-evaporation with MeOH. The residue was dissolved in CH2Cl2 and washed with a 

NaHCO3 sat. solution. The aqueous solution was extracted with CH2Cl2 (x3), and the combined organic 

layers were dried over anhydrous Na2SO4 and concentrated in vacuo to afford 18b as a white foam. Y = 

95%. Rf (CH2Cl2+/MeOH 95:5) = 0.24. MS (ESI) calcd for C20H26N2O8 [M + H]+ m/z: 423.18; found: 

423.37. 1H NMR (400 MHz, CDCl3) δ 7.77 (s, 2H, Ph-H-2), 7.61 (d, J = 7.7 Hz, 1H, Ph-H-6), 7.49 (d, J 

= 7.7 Hz, 1H, Ph-H-4), 7.41 (t, J = 7.6 Hz, 1H, Ph-H-5), 7.05 (d, J = 8.9 Hz, 1H, NHCO), 5.42-5.33 (m, 

2H, H-1 + H-4), 5.26-5.18 (m, 2H, H-2 + H-3), 4.02 (q, J = 6.2 Hz, 1H, H-5), 3.93 (s, 2H, , Ph-CH2), 2.19 

(s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.22 (d, J = 6.4 Hz, 3H, H-6). 13C chemical shifts 

extrapolated from HSQC exp.: 131.2 (Ph-C-4), 129.0 (Ph-C-5), 126.2 (Ph-C-2), 125.5 (Ph-C-5), 79.1 (C-

1), 71.3 (C-3), 71.0 (C-5), 70.6 (C-4), 68.8 (C-2), 46.2 (Ph-CH2), 21.0-20.8 (OAc), 16.3 (C-6).  

 

4.7.General procedures for the synthesis of ligands 2-5 

General procedure for coupling: The carboxylic acid (13 or 14 1 eq) was dissolved in anhydrous CH2Cl2 

(conc. = 0.5 M), and then NHS (1.1 eq) and EDC.HCl (1.1 eq) were added. The mixture was stirred at 

room temperature for 8 h. In another reaction flask, to a solution of the amine (8b or 18b, 1 eq) in 
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anhydrous CH2Cl2 (1 M), iPr2EtN (3 eq) was added, and the mixture was combined with the solution of 

the activated acid. The resulting reaction mixture was stirred at room temperature overnight. After 20 h, 

the mixture was diluted with CH2Cl2 and washed with sat. solution of NH4Cl (x2), sat. aqueous solution 

of NaHCO3 (x2) and brine. The organic phase was dried over anhydrous Na2SO4, concentrated under 

reduced pressure, and the crude product was purified by column chromatography using n-Hex/Acetone 

as eluents. 

 General procedure for protecting groups removal49 :The acetylated, MOM-protected coupling product (1 

eq) was dissolved in a mixture of 96%-ethanol and CHCl3, and conc. HCl (10 eq) was added 

(EtOH/CHCl3/HCl 4:1:1). The reaction mixture was stirred at 40°C until complete deprotection, as 

verified by TLC (CH2Cl2/MeOH 95:5). The solvents were removed under reduced pressure, and the 

residue was subjected to flash column chromatography.  

 (4-((3-formyl-4-hydroxybenzamido)methyl)benzamido)-β-L-fucopyranose (2) - Coupling of 8b (236 mg, 

0.56 mmol, 1 eq) and acid 13 (117 mg, 0.56 mmol, 1 eq) using the general procedure for coupling afforded 

the protected intermediate (4-((3-formyl-4-(methoxymethoxy)benzamido)methyl)benzamido)-2,3,4-tri-

O-acetyl-β-L-fucopyranose 15, which was purified by flash chromatography on silica gel (n-Hex/Acetone 

2:1 to 1.5:1) to a white foam. Y = 57%. Rf (n-Hex/Acetone 1:1) = 0.40. MS (ESI) calcd for C30H34N2O12 

[M - H]- m/z: 613.20; found: 613.18. 1H NMR (400 MHz, CDCl3) δ 10.37 (s, 1H, COH), 8.17 (d, J = 2.3 

Hz, 1H, Ph(SA)-H-2), 8.10 (dd, J = 9.0 Hz, J = 2.4 Hz, 1H, Ph(SA)-H-6), 7.62 (d, J = 8.2 Hz, 2H, Ph-H-

2 + Ph-H-6), 7.29 (d, J = 8.0 Hz, 2H, Ph-H-3 + Ph-H-5), 7.22 (d, J = 8.3 Hz, 1H, Ph(SA)-H-5), 7.15 – 

7.03 (m, 2H, NHCO + Fuc-NHCO), 5.38 – 5.20 (m, 4H, H-1 + H-4 +OCH2 MOM), 5.19 – 5.08 (m, 2H, 

H-2 + H-3), 4.67 – 4.52 (m, 2H, Ph-CH2), 3.94 (q, J = 6.3 Hz, 1H, H-5), 3.43 (s, 3H, OCH3 MOM), 2.10 

(s, 3H, OAc), 1.94 (s, 6H, OAc), 1.13 (d, J = 6.4 Hz, 3H, H-6). 13C chemical shifts extrapolated from 

HSQC exp.: 136.3 (Ph(SA)-C-6), 127.9 (Ph-C-2, Ph-C-6), 127.8 (Ph-C-3, Ph-C-5), 126.6 (Ph(SA)-C-2), 

115.3 (Ph(SA)-C-5), 95.4 (OCH2 MOM), 79.0 (C-1), 71.6 (C-3), 70.8 (C-5), 70.7 (C-4), 68.8 (C-2), 56.8 

(OCH3 MOM), 44.0 (Ph-CH2), 20.7 (OAc), 16.1 (C-6).  

Deprotection of 15 according to the general procedure for protecting group removal (80 mg, 0.13 mmol, 

1 eq) resulted in 2, which was purified by flash chromatography on silica gel (CH3Cl/MeOH 85:15), 

affording the pure product as a white foam. Y = 57%. Rf (CH3Cl/MeOH 8:2) = 0.38. Samples for 

interaction studies were further purified by semi-preparative RP-HPLC (H2O + 0.1% TFA/CH3CN) with 

gradient: 0-1 min, 10%; 1-10 min, 10-45%; 10-13 min, 45-100%. tr = 6.22 min. HRMS (ESI) calcd for 

C22H23N2O8 [M+H]+ m/z: 443.1454; found 443.1454. 1H NMR (400 MHz, DMSO d6) δ 11.25 (s, 1H, 

Ph(SA)-OH), 10.32 (s, 1H, COH), 9.11 (t, J = 5.9 Hz, 1H, NHCO), 8.75 (d, J = 8.8 Hz, 1H, Fuc-NHCO), 

8.27 (d, J = 2.3 Hz, 1H, Ph(SA)-H-2), 8.06 (dd, J = 8.7 Hz, J = 2.4 Hz, 1H, Ph(SA)-H-6), 7.89 (d, J = 8.3 
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Hz, 2H, Ph-H-2 + Ph-H-6), 7.38 (d, J = 8.3 Hz, 2H, Ph-H-3 + Ph-H-5), 7.08 (d, J = 8.7 Hz, 1H, Ph(SA)-

H-5), 4.90 (t, J = 8.9 Hz, 1H, H-1), 4.72 (m, 2H, OH), 4.52 (d, J = 5.5 Hz, 2H, Ph-CH2), 4.46 (d, J = 3.9 

Hz, 1H, OH), 3.65 – 3.57 (m, 2H, H-2 + H-5), 3.49 (t, J = 3.3 Hz, 1H, H-4), 3.45 – 3.35 (m, 1H, H-3), 

1.12 (d, J = 6.4 Hz, 3H, H-6). ). 13C NMR (100 MHz, DMSO d6) δ 191.1 (COH), 166.9 (NHCO), 165.6 

(NHCO), 163.5 (Ar quat.), 143.6 (Ar quat.), 135.7 (Ph(SA)-C-6), 133.2 (Ar quat.), 128.6 (Ph(SA)-C-2), 

128.2 (Ph-C-2 + Ph-C-6), 127.3 (Ph-C-3 + Ph-C-5), 125.9 (Ar quat.), 122.3 (Ar quat.), 117.7 (Ph(SA)-C-

5), 81.1 (C-1), 74.8 (C-3), 72.1 (C-5), 71.7 (C-4), 69.5 (C-2), 42.8 (Ph-CH2), 17.2 (C-6).  

 (4-((2-(3-formyl-4-hydroxyphenyl)acetamido)methyl)benzamido)-β-L-fucopyranose (3) -  Coupling of 8b 

(124 mg, 0.29 mmol, 1 eq) with acid 14 (65 mg, 0.29 mml, 1 eq) according to the general procedure for 

coupling  afforded the intermediate (4-((2-(3-formyl-4-(methoxymethoxy)phenyl)acetamido) 

methyl)benzamido)-2,3,4-tri-O-acetyl-β-L-fucopyranose 16, which was purified by flash chromatography 

on silica gel (n-Hex/Acetone, 7:3 to 5:5) to a white foam. Y = 52%. Rf (n-Hex/Acetone 1:1) = 0.31. MS 

(ESI) calcd for C31H36N2O12 [M + Na]+ m/z: 651.22; found: 651.74. 1H NMR (400 MHz, CDCl3) δ 10.48 

(s, 1H, COH), 7.73-7.69 (m, 3H, Ph(SA)-H-2 + Ph-H-2 + Ph-H-6), 7.50 (dd, J = 8.6 Hz, J = 2.4 Hz, 1H, 

Ph(SA)-H-6), 7.28-7.22 (m, 3H, Ph(SA)-H-5 + Ph-H-3 + Ph-H-5), 7.03 (d, J = 8.8 Hz, 1H, Fuc-NHCO), 

5.80 (t, J = 5.6 Hz, 1H, NHCO), 5.39-5.35 (m, 2H, H-1 + H-4), 5.30 (s, 2H, OCH2 MOM) 5.24-5.18 (m, 

2H, H-2 + H-3), 4.46 (d, J = 5.9 Hz, 2H, Ph-CH2), 4.01 (q, J = 6.4 Hz, 1H, H-5), 3.60 (s, 2H, Ph(SA)-

CH2), 3.53 (s, 3H, OCH3 MOM), 2.19 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.21 (d, J = 

6.4 Hz, 3H, H-6). 13C chemical shifts extrapolated from HSQC exp.: 136.8 (Ph(SA)-C-6), 128.8 (Ph(SA)-

C-2), 127.7 (Ph-C-2, Ph-C-6), 127.6 (Ph-C-3, Ph-C-5), 115.9 (Ph(SA)-C-5), 94.8 (OCH2 MOM), 75.5 (C-

1), 71.1 (C-3), 70.9 (C-5), 70.5 (C-4), 68.7 (C-2), 56.6 (OCH3 MOM), 43.3 (Ph-CH2), 42.5 (Ph(SA)-CH2), 

20.8-20.6 (OAc), 16.1 (C-6).  

Deprotection of 16 according to the general procedure for protecting group removal (89.6 mg, 0.14 mmol, 

1 eq) resulted in 3, which was purified by automatic inverse phase flash chromatography (SFAR C18 D, 

H2O/CH3CN 9:1 to 5:5) to give the product as a white solid. Y = 43%. Rf (H2O/CH3CN 7:3) = 0.5. 

Samples for interaction studies were further purified by semi-preparative RP-HPLC (H2O + 0.1% 

TFA/CH3CN) with gradient: 0-1 min, 10-20%; 1-10 min, 20-50%, 10-13 min, 50-100%. tr = 6.33 min. 

[α]D
18 = 5.5 (c 1, MeOH). HRMS (ESI) calcd for C23H26N2O8 [M-H]- m/z: 457.1611; found 457.1609. 1H 

NMR (400 MHz, DMSO d6) δ 10.60 (s, 1H, Ph(SA)-OH), 10.26 (s, 1H, COH), 8.76 (d, J = 8.8 Hz, 1H, 

Fuc-NHCO), 8.60 (t, J = 5.9 Hz, 1H, NHCO), 7.85 (d, J = 8.3 Hz, 2H, Ph-H-2 + Ph-H-6), 7.57 (d, J = 2.3 

Hz, 1H, Ph(SA)-H-2), 7.43 (dd, J = 8.5 Hz, J = 2.3 Hz, 1H, Ph(SA)-H-6), 7.28 (d, J = 8.3 Hz, 2H, Ph-H-

3 + Ph-H-5), 6.95 (d, J = 8.4 Hz, 1H, Ph(SA)-H-5), 4.89 (t, J = 8.9 Hz, 1H, H-1), 4.31 (d, J = 5.9 Hz, 2H, 

Ph-CH2), 3.63-3.56 (m, 2H, H-2 + H-5), 3.48 (d, J = 3.0 Hz, 1H, H-4), 3.45 (s, 2H, Ph(SA)-CH2), 3.38 
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(dd, J = 9.3 Hz, J = 3.2 Hz, 1H, H-3), 1.11 (d, J = 6.4 Hz, 3H, H-6). 13C NMR (100 MHz, DMSO d6) δ 

191.8 (COH), 170.8 (NHCO), 166.8 (NHCO), 160.0 (Ar quat), 143.4 (Ar quat.), 137.6 (Ph(SA)-C-6), 

133.2 (Ar quat.), 129.5 (Ph(SA)-C-2), 128.2 (Ph-C-2 + Ph-C-6), 127.8 (Ar quat.), 127.2 (Ph-C-3 + Ph-C-

5), 122.5 (Ar quat.), 117.6 (Ph(SA)-C-5),  81.1 (C-1), 74.8 (C-3), 72.1 (C-5), 71.7 (C-4), 69.5 (C-2), 42.3 

(Ph-CH2), 41.5 Ph(SA)-CH2), 17.3 (C-6). 

 (3-((3-formyl-4-hydroxybenzamido)methyl)benzamido)-β-L-fucopyranose (4) - Coupling of 18b (125 

mg, 0.29 mmol, 1 eq) and 13 (61 mg, 0.29 mmol, 1 eq) according to the general procedure for coupling 

afforded the intermediate product (3-((3-formyl-4-(methoxymethoxy)benzamido)methyl)benzamido)-

2,3,4-tri-O-acetyl-β-L-fucopyranose 19, which was purified by flash chromatography on silica gel (n-

Hex/acetone 2:1 to 1.5:19 to a white foam. Y = 45%. Rf (n-Hex/Acetone 1:1) = 0.44. MS (ESI) calcd for 

C30H34N2O12 [M - H]- m/z: 613.20; found: 613.26. 1H NMR (400 MHz, CDCl3) δ 10.36 (s, 1H, COH), 

8.18 (d, J = 2.5 Hz, 1H, Ph(SA)-H-2), 8.09 (dd, J = 8.8 Hz, J =2.2 Hz, 1H, Ph(SA)-H-6), 7.68 (s, 1H, Ph-

H-2), 7.53 (d, J = 7.7 Hz, 1H, Ph-H-6), 7.44 (d, J = 7.5 Hz, 1H, Ph-H-4), 7.30 (t, J = 7.9 Hz, 1H, Ph-H-

5), 7.26-7.14 (m, 3H, Ph(SA)-H-5 + Fuc-NHCO + NHCO), 5.38-5.20 (m, 4H, H-1 + H-4 +OCH2 MOM), 

5.20 – 5.04 (m, 2H, H-2 + H-3), 4.56 (m, 2H, Ph-CH2), 3.97-3.89 (m, 1H, H-5), 3.45 (s, 3H, OCH3 MOM), 

2.10 (s, 3H, OAc), 1.93 (s, 6H, OAc), 1.12 (d, J = 6.3 Hz, 1H, H-6). 13C chemical shifts extrapolated from 

HSQC exp.: 136.2 (Ph(SA)-C-6), 132.6 (Ph-C-4), 129.4 (Ph-C-5), 127.1 (Ph-C-2 + Ph(SA)-C-2) , 126.9 

(Ph-C-6), 115.6 (Ph(SA)-C-5), 95.0 (OCH2 MOM), 79.6 (C-1), 71.7 (C-3), 71.3 (C-5), 70.4 (C-4), 68.7 

(C-2),  56.9 (OCH3 MOM), 43.9 (Ph-CH2), 21.0 (OAc), 20.9 (OAc), 16.4 (C-6).  

Deprotection of 19 according to the general procedure for protecting group removal (58 mg, 0.094 mmol, 

1 eq) resulted in 4, which was purified by flash chromatography on silica gel (CH3Cl/MeOH 85:15), 

affording the pure product as a white foam. Y = 60%. Rf (CH3Cl/MeOH 8:2) = 0.31. Samples for the 

interaction studies were further purified by semi-preparative RP-HPLC (H2O + 0.1% TFA/CH3CN) with 

gradient: 0-1 min, 10%; 1-10 min, 10-45%; 10-13 min, 45-100%. tr = 6.50 min. HRMS (ESI) calcd for 

C22H23N2O8 [M+H]+ m/z: 443.1454; found 443.1456. 1H NMR (400 MHz, DMSO) δ 11.24 (s, 1H, 

Ph(SA)-OH), 10.32 (s, 1H, COH), 9.09 (t, J = 5.7 Hz, 1H, NHCO), 8.80 (d, J = 8.8 Hz, 1H, Fuc-NHCO), 

8.27 (d, J = 2.3 Hz, 1H, Ph(SA)-H-2), 8.06 (dd, J = 8.7, 2.4 Hz, 1H, Ph(SA)-H-6), 7.87 (s, 1H, Ph-H-2), 

7.81 (d, J = 7.6 Hz, 1H, Ph-H-6), 7.47 (d, J = 7.8 Hz, 1H, Ph-H-4), 7.41 (t, J = 7.9 Hz, 1H, Ph-H-4), 7.07 

(d, J = 8.7 Hz, 1H, Ph(SA)-H-5), 4.90 (t, J = 8.9 Hz, 1H, H-1), 4.72 (m, 2H, OH), 4.50 (d, J = 5.9 Hz, 2H, 

Ph-CH2), 4.45 (d, J = 3.6 Hz, 1H, OH), 3.66-3.56 (m, 2H, H-2 + H-5), 3.52-3.47 (m, 1H, H-4), 3.43 – 

3.35 (m, 1H, H-3), 1.12 (d, J = 6.4 Hz, 3H, H-6). 13C NMR (100 MHz, DMSO d6) δ 191.1 (COH), 167.1 

(NHCO), 165.5 (NHCO), 163.4 (Ar quat), 140.2 (Ar quat.), 135.7 (Ph(SA)-C-6), 134.7 (Ar quat.), 130.7 

(Ph-C-4), 128.7 (Ph(SA)-C-2), 128.6 (Ph-C-5), 127.3 (Ph-C-2), 126.4 (Ph-C-6), 125.9 (Ar quat.), 122.3 
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(Ar quat.), 117.7 (Ph(SA)-C-5), 81.0 (C-1), 74.8 (C-3), 72.1 (C-5), 71.7 (C-4), 69.5 (C-2), 43.0 (Ph-CH2), 

17.2 (C-6). 

 (3-((2-(3-formyl-4-hydroxyphenyl)acetamido)methyl)benzamido)-β-L-fucopyranose (5) – Coupling of 

18b (120 mg, 0.28 mmol, 1 eq) with  acid 14 (62.8 mg, 0.28 mml, 1 eq) according to the general procedure 

for coupling afforded the intermediate product (3-((2-(3-formyl-4-

(methoxymethoxy)phenyl)acetamido)methyl)benzamido)-2,3,4-tri-O-acetyl-β-L-fucopyranose 20, 

which was purified by flash chromatography on silica gel (n-Hex/Acetate, 7:3 to 5:5) to a white solid. Y 

= 64%. Rf (n-Hex/Acetone 1:1) = 0.30. MS (ESI) calcd for C31H36N2O12 [M + Na]+ m/z: 651.22; found: 

652.07. 1H NMR (400 MHz, CDCl3) δ 10.48 (s, 1H, COH), 7.73 (d, 1H, J = 2.4 Hz, Ph(SA)-H-2), 7.64-

7.61 (m, 2H, Ph-H-2 + Ph-H-6), 7.51 (dd, J = 8.6 Hz, J = 2.4 Hz, 1H, Ph(SA)-H-6), 7.40-7.37 (m, 2H, 

Ph-H-4 + Ph-H-5), 7.23 (d, J = 8.6 Hz, 1H, Ph(SA)-H-5), 7.07 (d, J = 8.8 Hz, 1H, Fuc-NHCO), 5.79 (t, J 

= 5.7 Hz, 1H, NHCO), 5.39-5.32 (m, 2H, H-1 + H-4), 5.30 (s, 2H, OCH2 MOM) 5.23-5.18 (m, 2H, H-2 

+ H-3), 4.46 (d, J = 5.9 Hz, 2H, Ph-CH2), 4.01 (q, J = 6.4 Hz, 1H, H-5), 3.62 (s, 2H, Ph(SA)-CH2), 3.52 

(s, 3H, OCH3 MOM), 2.19 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.21 (d, J = 6.4 Hz, 3H, 

H-6). 13C chemical shifts extrapolated from HSQC exp.: 136.9 (Ph(SA)-C-6), 131.5 (Ph-C-4), 129.2 (Ph-

C-5), 128.9 (Ph(SA)-C-2), 126.4 (Ph-C-2), 126.1 (Ph-C-6), 115.8 (Ph(SA)-C-5), 94.7 (OCH2 MOM), 79.1 

(C-1), 71.2 (C-3), 70.9 (C-5), 70.4 (C-4), 68.7 (C-2), 56.6 (OCH3 MOM), 43.3 (Ph-CH2), 42.5 (Ph(SA)-

CH2), 20.9-20.6 (OAc), 16.1 (C-6).  

Deprotection of 20 (74 mg, 0.12 mmol, 1 eq) according to the general procedure for protecting group 

removal resulted in 5, which was purified by automatic inverse phase flash chromatography (SFAR C18 

D, from 100% H2O to H2O/MeOH 1:1) to give the product as a white solid. Y = 46%. Rf (H2O/MeOH 

1:1) = 0.6. Samples for interaction studies were further purified by semi-preparative RP-HPLC (H2O + 

0.1% TFA/CH3CN) with gradient: 0-1 min, 10-20%; 1-10 min, 20-50%, 10-13 min, 50-100%. tr = 6.43 

min. HRMS (ESI) calcd for C23H26N2O8 [M + Na]+ m/z: 481.1587; found 481.1587. 1H NMR (400 MHz, 

DMSO d6) δ 10.60 (s, 1H, Ph(SA)-OH), 10.24 (s, 1H, COH), 8.79 (d, J = 8.8 Hz, 1H, Fuc-NHCO), 8.57 

(t, J = 5.8 Hz, 1H, NHCO), 7.81-7.78 (m, 2H, Ph-H-2 + Ph-H-6), 7.56 (d, J = 2.2 Hz, 1H, Ph(SA)-H-2), 

7.42 (dd, J = 8.4 Hz, J = 2.3 Hz, 1H, Ph(SA)-H-6), 7.39-7.37 (m, 2H, Ph-H-4 + Ph-H-5), 6.94 (d, J = 8.5 

Hz, 1H, Ph(SA)-H-5), 4.90 (t, J = 8.9 Hz, 1H, H-1), 4.30 (d, J = 5.6 Hz, 2H, Ph-CH2), 3.64-3.57 (m, 2H, 

H-2 + H-5), 3.48 (d, J = 2.8 Hz, 1H, H-4), 3.44 (s, 2H, Ph(SA)-CH2), 3.38 (H-3, under the H2O peak, 

chemical shift was extrapolated from COSY and HSQC exp.), 1.11 (d, J = 6.4 Hz, 3H, H-6). 13C NMR 

(100 MHz, DMSO d6) δ 191.9 (COH), 170.6 (NHCO), 167.1 (NHCO), 159.9 (Ar quat), 139.9 (Ar quat.), 

137.7 (Ph(SA)-C-6), 134.8 (Ar quat.), 130.6 (Ph-C-4), 129.6 (Ph(SA)-C-2), 128.6 (Ph-C-5), 127.8 (Ar 
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quat.), 127.3 (Ph-C-2), 126.5 (Ph-C-6), 122.4 (Ar quat.), 117.6 (Ph(SA)-C-5),  81.1 (C-1), 74.8 (C-3), 

72.1 (C-5), 71.7 (C-4), 69.4 (C-2), 42.6 (Ph-CH2), 41.5 Ph(SA)-CH2), 17.3 (C-6).  

 

4.8.Protein Sources for the Biophysical Studies 

BC2L-C-Nt protein was expressed and purified in recombinant form as described previously13,50 and used 

for SPR and MALDI-MS experiments. For the proteolysis and LC-MS experiments the commercially 

available protein (FUJIFILM Wako Pure Chemical Corporation) was used. 

4.9. SPR competition assays 

Experiments were performed on a BIACORE X100 instrument (GE Healthcare) at 25 °C in running buffer 

25 mM Hepes pH 8.0, 150 mM NaCl, 0.05% Tween 20, and 5 or 6.5% DMSO. Competition experiments 

were conducted using a fucosylated chip prepared using commercially available biotinylated L-fucose 

(20% mol of fucose and 5% mol of biotin, GlycoNZ) immobilized over a streptavidin sensor chip (SA, 

Cytiva) according to manufacturer. To establish the appropriate protein concentration for competition 

experiments, the apparent Kd of BC2L-CNt for the chip was determined (Figure SI-4). Competition 

experiments were performed with decreasing concentrations of ligands from 2000 µM to 15.625 µM or 

12.33 µM. The samples were prepared mixing the ligand and protein (40 µM) in the running buffer and 

were incubated at room temperature for 2 h before being injected over the fucosylated chip performing 

multi-cycle affinity studies. The flow rate was set at 20 µL/min, with an association and dissociation time 

set to 200 s and 100 s respectively. Surface regeneration was performed after each analyte 

association/dissociation for 100 s injecting 10 mM L-fucose solution in the running buffer with a flow 

rate of 20 µL/min. Duplicates were performed for all ligands. Correction of the signal due to DMSO was 

performed constructing a 4-point solvent correction curve, using four solutions of the running buffer with 

different percentages of DMSO (from 4 to 10%). The final sensograms were obtained subtracting the 

reference channel 1 (no immobilized fucose) and the blank injection (running buffer without ligand and 

protein) and are reported as Supporting Information. IC50 values were estimated from the inhibition curves 

using the online tool: “Quest Graph™ IC50 Calculator” (AAT Bioquest, Inc., 

https://www.aatbio.com/tools/ic50-calculator) and are in agreement with those obtained with GraphPad 

Prism. Sensorgrams and inhibition curves are reported in Supporting information (Figures SI-5 and SI-6, 

respectively). 

4.10. MALDI-TOF Mass analysis 

Preliminary mass experiments at high ligand:protein ratio were performed using a Bruker autoflex speed 

instrument, equipped with a matrix-assisted laser desorption/ionization (MALDI) ionization source and a 
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TOF detector. Samples containing the protein with the ligand (ligand:protein 200:1, Figure 6 and Figures 

SI-7 to SI-9, SI-11 and SI-12) in buffer (25 mM Hepes pH 8.0 + 150 mM NaCl) were incubated at room 

temperature for 24 h, and then diluted with MilliQ water until a final concentration of protein of 25 μM 

before mass analysis. The DHB/TA30 matrix was used (50mg/ml solution of DHB in TA30, TA30 = 

H2O/Acetonitrile/TFA 70:30:0.1%).  

Additional mass experiments were performed at 10:1 ligand:protein ratio (Figure 7 and Figure SI-10), 

using a MALDI TOF-TOF AutoflexIII Mass Spectrometer (Bruker Daltonics), equipped with the 

flexControl V. 3.0 & flexAnalysis V.3.0 software. The spectrometer calibration was performed using the 

protein calibration standard I mix (Bruker Daltonics), and considering a range between 3000 and 25000 

Da. The “dried droplet” sample preparation method was employed; 1µl of a mixture of sinapinic acid 

(saturated in CH3CN /0.1 % TFA=1/2) and analyte solution (1:1) was deposited onto the target plate. The 

resulting droplets were dried at room temperature. The acquisition parameters were the following: linear 

detector mode; positive voltage polarity; laser repetition rate at 200 Hz; 5000 shots per sample. Samples 

were prepared as above.  

 

4.11. LC-MS analysis of BC2L-C-Nt:2 complex after NaBH4 reduction and Trypsin digestion 

The protein BC2L-C-Nt used in these experiments was purchased from FUJIFILM Wako Pure Chemical 

Corporation. Its full sequence is reported below (Lys108 underlined):51 

PLLSASIVSAPVVTSETYVDIPGLYLDVAKAGIRDGKLQVILNVPTPYATGNNFPGIYFAIATNQG

VVADGCFTYSSKVPESTGRMPFTLVATIDVGSGVTFVKGQWKSVRGSAMHIDSYASLSAIWGTA

APSSQGSGNQGAETGGTGAGNIGG 

To samples containing the protein (1.7 mg/mL) alone or mixed with ligand 2 (protein:ligand = 1:30) in 

0.1X PBS pH 7.4 buffer, a solution of NaBH4 in 10 mM NaOH was added (final NaBH4 concentration: 1 

mM) (adapted protocol).52  All samples were treated as following: i) reduction: with 1,4-dithiothreitolo 

DTT 100 mM, at 55°C for 30 min. under stirring; ii) alkylation: with iodoacetamide IAA 150 mM, for 20 

min. with no light, at room temperature; iii) Digestion: with Trypsin (0.10 µg/µL) in Ambic 50 mM, 

incubating at 37°C overnight. Then, 0.5 µL di TFA 100% was added to stop the reaction. 

All samples were analysed at UNITECH OMICs (University of Milano, Italy) using: Dionex Ultimate 

3000 nano-LC system (Sunnyvale CA, USA) connected to Orbitrap Exploris™ 240™ Mass Spectrometer 

(Thermo Scientific, Bremen, Germany) equipped with nano electrospray ion source. Peptide mixtures 

were pre-concentrated onto a PepMap 100 – 0.3x5mm C18 (Thermo Scientific) and separated on EASY-

Spray column ES902, 25 cm x 75 µm ID packed with Thermo Scientific Acclaim PepMap RSLC C18, 3 
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µm, 100 Å using mobile phase A (0.1 % formic acid in water) and mobile phase B (0.1% formic acid in 

acetonitrile 20/80, v/v) at a flow rate of 0.300 µL/min. The temperature was set to 35°C and the sample 

were injected in triplicates. The sample injection volume is 4 µL. 

One blank was run between samples to prevent sample carryover. MS spectra were collected over an m/z 

range of 200 – 1100 Da at 60,000 resolutions (m/z 200), operating in the data dependent mode, cycle time 

3 sec between masters scans. Higher-energy collisional dissociation (HCD) was performed with collision 

energy set at 35 eV. Polarity: positive.   
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1. Computational studies 

1.1 Computational workflow 

In this work we developed a docking workflow which allowed to prioritize a set of putative covalent 

ligands. With the aim of developing a robust protocol, that did not suffer from the known limitations 

of docking scores as reliable predictors of binding affinity, particularly in the study of 

lectin/glycomimetic interactions,1,2 standard and covalent docking approaches were applied in a 

combined manner exploiting the following filters as selection criteria. 

Filter 1: All saved poses from standard docking of each of the 56 compounds designed must display 

a distance between the aldehyde carbonyl and Lys108 amino group < 10 Å. This filter should allow 

to consider in some way the ligand pre-organization also for covalent binding, by checking the 

proximity of the ligand electrophilic warhead to the nucleophilic residue in the noncovalent complex. 

The ligands that did not pass this filter are listed in Table SI-1 (20 compounds, A1 to A20). They 

were not further screened with the covalent docking protocol (except for compound A12, used as 

negative control for additional validation, see Figure SI-2). 

Filter 2: The fucose moiety must form all the canonical interactions usually observed for the sugar 

within BC2L-C-Nt binding site in at least 8 of the 10 poses saved for each ligand by CovDock 

calculations. To confirm that the fucose binding mode is consistent with available crystal structures, 

the presence of the following H-bond interactions was monitored: Fuc-OH-2 with Arg111 side chain; 

Fuc-OH-3 with Thr74 side chain; and Fuc-OH-4 with Arg85 side chain. The ligands of the starting 

pool that passed Filter 1, but did not pass Filter 2 were only 3 (B1 to B3) and are listed in Table SI-

2. These compounds, likely because their spacer is too short, were unable to maintain the sugar core 

in the correct position within the binding site in almost all the saved poses from CovDock. 

 

The ligands that passed both Filter 1 and 2 are collected in Table SI-3 (33 compounds, C1 to C33). 

In order to prioritize their synthesis, these ligands were then analyzed for their ability to form 

additional interactions within the binding site and their synthetic feasibility. Specifically, the poses 

obtained from covalent docking were examined to verify the presence of additional non-covalent 

interactions that could further stabilize the ligand within the binding site, thereby improving affinity. 

Our previous work3–5 had shown that (T-shaped) π stacking interactions with the Tyr58 side chain 

play an important role in the ligand binding affinity. Thus, all compounds with a functionalized 

benzene ring as a spacer (C1-C11 and C20-C33) were prioritized over those containing a triazole 

(C12-C18) or a PEG (C19) linker. As for synthetic feasibility, we prioritized compounds C20-C33, 
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which contain a β-fucosylamide linker, over C1-C11, which feature an alkyne at the β-anomeric 

position, that requires several synthetic steps to be introduced.3 

At the end of this analysis, 14 amide-containing compounds (C20-C33) remained. All featured the 

same benzene spacer, functionalized in the meta or para position with a salicylaldehyde warhead. 

They differed in the length of the chain connecting the spacer to the terminal electrophilic group, 

which contained either an amine or an amide group. As a first attempt to obtain covalent ligands 

targeting BC2LC-Nt lectin, only a few were synthesized as a proof of concept and the final four (C30-

C33, compounds 2-5 in the main text) were selected for this purpose. These compounds contain an 

additional amide moiety between the linker and the electrophilic warhead, a spacer functionalized in 

the meta or para position and a chain of variable length connecting it to the salicylaldehyde. They 

served as ideal examples for evaluating the impact of these structural differences (common to the 

other compounds as well) on the interaction with the target lectin domain. 

It is worth noting that CovDock scores (defined as the average of the initial pre-reaction and post-

reaction in-place Glide scores) display a trend that confirms our selection procedure. The less 

promising ligands, such as  A12 (Table SI-1), which fails both filters (see Figure SI-2), B1-B3 (Table 

SI-2) failing Filter 2 or C12-C19 (Table SI-3) missing some additional interactions, showed less 

favorable docking scores compared to the more promising ligands, which often reach the best docking 

scores (e.g. ligands C30-C33). 

As a validation of the workflow, compound A12 (Table SI-1) was synthesized and tested by MALDI-

MS analysis (see below Figure SI-12) showing that, as opposed to 2-5, no covalent adduct is formed. 
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Table SI-1. Compounds A1-A20 - did not pass Filter 1. 

 
 

A1 
 

A2 

 
A3 

 
 

A4 

 
A5 

 
 
 

A6 

 
 

A7 
 

A8 

 
A9 

 
A10 

 
 

A11 
 

A12 

 
A13 

 

 
A14 

 
A15 

 
A16 
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A17 

 
 

A18 

 
A19 

 
 

A20 

 

Table SI-2. Compounds B1-B3 - passed Filter 1, but not Filter 2.  

The range of CovDock affinity score is reported for each compound (in kcal/mol). 

 

B1 
[-2.36/-6.69] 

 

B2 
[-3.15/-7.06] 

 
B3 

[-3.16/-8.08] 

 

 

Table SI-3. Compounds C1-C33 - passed both Filter 1 and Filter 2.  

The range of CovDock affinity score is reported for each compound (in kcal/mol). 

 
C1 

[-7.23/ -8.87] 

 
C2 

[-7.84/-9.44] 

 
C3 

[-6.75/ -8.79] 

 
 

C4 
[-8.23/ -9.28] 



S7 
 

 
C5 

[-6.56/ -9.53] 

 
C6 

[-8.47/ -9.54] 

 
C7 

[-8.18/ -9.04] 

 
C8 

[-6.55/ -8.97] 

 
C9 

[-7.65/ -8.34] 

 
C10 

[-6.9/ -9.14] 

 
C11 

[-6.00/ -9.69] 

 
 

C12 
[-7.01/ -7.54] 

 
C13 

[-5.54/ -7.70] 

 

 
C14 

[-5.54/ -7.70] 

 
C15 

[-5.61/ -7.77] 

 
C16 

[-7.04/-7.69] 

 
C17 

[-6.50/ -7.77] 

 
 

C18 
[-7.41/ -8.04] 
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C19 

[-7.03/-7.65] 

 
C20 

[-6.85/-7.93] 

 
C21 

[-8.65/-9.26] 

 
C22 

[-7.88/-9.02] 

 
C23 

[-7.77/-9.68] 

 
C24 

[-7.77/-8.24] 

 
C25 

[-7.66/-9.27] 

 
C26 

[-7.64/-8.63] 

 
C27 

[-7.80/-8.62] 

 
C28 

[-6.58/-8.84] 

 
C29 

[-7.83/-9.09] 

 
C30 (2) 

[-8.09/-9.25] 

 
C31 (3) 

[-8.31/-9.48] 

 
C32 (4) 

[-7.54/-9.68] 
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C33 (5) 

[-7.78/-9.31] 

 

 

 

Figure SI-1. Standard and Covalent Docking poses of compounds 3-5 
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Figure SI-1. One pose obtained from standard docking and one from covalent docking (PDB ID: 2WQ4) are shown for 

the designed compounds A) 3, B) 4 and C) 5. Two highly conserved water molecules are retained in docking 

calculations; H-bond interactions are depicted as a black dashed line. Lys108 residue is coloured in blue. 
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Figure SI-2. Standard and Covalent Docking poses of compound A12 from Table SI-1 

 

Figure SI-2. One pose obtained from standard docking and one from covalent docking (PDB ID: 2WQ4) are shown for 

the designed compound A12, which did not pass Filter 1 and 2 during in silico screening. In standard docking, the distance 

between the aldehyde carbonyl and Lys108 amino group is > 10 Å in all the poses, while in covalent docking the fucose 

core did not maintain the proper position within the binding site (CovDock scores: -2.50/-5.95 kcal/mol). The two highly 

conserved water molecules retained in docking calculations are reported.   
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2. Synthesis  

2.1 Synthesis of (1,2,3,4-tri-O-acetyl β-L-fucopyranosyl) azide 6 

 

L-fucose (0.92 g, 5.6 mmol, 1 eq) was dissolved in pyridine (5.29 mL) and cooled to 0 °C. Acetic 

anhydride (5.29 mL, 56 mmol, 10 eq) was added dropwise and the reaction mixture was stirred at 

room temperature overnight. The solvent was removed under reduced pressure by co-evaporation 

with toluene. The crude 1,2,3,4-Tetra-O-acetyl-L-fucopyranose (65:35 mixture of α/β pyranoside and 

traces of furanoside form) was used for the next reaction without further purification. Y = quant., Rf 

(n-Hex/AcOEt 1:1) = 0.72. Characterization data in agreement with those reported in literature.6  1H 

NMR (400 MHz, CDCl3) α-anomer δ 6.34 (d, J = 2.72 Hz, 1H, H-1), 5.37 - 5.29 (mult., 3H, H-2 + 

H-3 + H-4), 4.27 (q, J = 6.5 Hz, 1H, H-5), 2.20 – 1.98 (s, 12H, OAc), 1.16 (d, J = 6.5 Hz, 3H, H-6); 

β -anomer δ = 5.68 (d, J = 8.3 Hz, 1H, H-1), 5.27 (dd, J = 3.34 Hz, J = 0.8 Hz, 1H, H-4), 5.07 (dd, J 

= 10.4 Hz, J = 3.5 Hz, 1H, H-3), 4.00-3.93 (m, 1H, H-5), 2.20 – 1.98 (m, 12H, OAc), 1.23 (d, J= 6.4 

Hz, 3H, H-6).  

1,2,3,4-Tetra-O-acetyl-L-fucopyranose (1.86 g, 5.6 mmol, 1 eq) was dissolved in anhydrous CH2Cl2 

(14 mL) and cooled to 0 °C under N2 atmosphere. Trimethylsilyl azide (TMSN3, 11.2 mmol, 2 eq) 

and trimethylsilyl triflate (TMSOTf, 2.24 mmol, 0.4 eq) were added to the solution, and the reaction 

mixture was stirred at room temperature overnight. The reaction was diluted with dichloromethane 

and washed with a sat. aqueous solution of NaHCO3 (2x10 mL) and water (10 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. The residue was suspended in 

isopropyl ether (4 mL) and the precipitate was filtered under vacuum, giving 6 as the pure β -anomer 

in 63% yield. Rf (n-Hex/AcOEt 2:1) = 0.52. Characterization data in agreement with those reported 

in the literature.7  1H NMR (400 MHz, CDCl3) δ 5.27 (dd, J = 3.3 Hz, J = 0.8 Hz, 1H, H-4), 5.14 (dd, 

J = 10.3 Hz, J = 8.8 Hz, 1H, H-2), 5.03 (dd, J = 10.3 Hz, J = 3.4 Hz, 1H, H-3), 4.57 (d, J = 8.6 Hz, 

1H, H-1), 3.90 (dq, J = 1.2 Hz, J = 6.4 Hz, 1H, H-5), 2.19 (s, 3H, OAc), 2.09 (s, 3H, OAc), 1.99 (s, 

3H, OAc), 1.25 (d, J = 6.4 Hz, 3H, H-6). 
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2.2 Synthesis of acid 17 

 

Synthesis of methyl 3-cyanobenzoate 26 - To a solution of 3-cyanobenzoic acid 25 (1.01 g, 6.86 

mmol, 1 eq), in anhydrous methanol (13.7 mL), under inert atmosphere, conc. H2SO4 (10% v/v, 1.37 

mL) was added, and the reaction mixture was stirred at reflux temperature overnight. Then, the 

mixture was concentrated under reduced pressure, and the residue was diluted with H2O and extracted 

with dichloromethane (3 x 10 mL). The combined organic layers were washed with a sat. aqueous 

solution of NaHCO3 (30 mL), brine (30 mL), dried over anhydrous Na2SO4, filtered and the solvents 

evaporated under reduced pressure affording 26 as a white solid. Y = 90%. Rf (n-Hex/AcOEt 1:1 + 

0.1% FA) = 0.81. Characterization data in agreement with those reported in literature.8 1H NMR (400 

MHz, CDCl3) δ 8.33 (s, 1H, H-2), 8.27 (d, J = 7.9 Hz, 1H, H-6), 7.83 (d, J = 7.8 Hz, 1H, H-4), 7.59 

(t, J = 7.8 Hz, 1H, H-5), 3.96 (s, 3H, OCH3).  

Synthesis of methyl 3-(aminomethyl)benzoate hydrochloride 27 - Methyl 3-cyanobenzoate 26 (446 

mg, 2.77 mmol, 1 eq), was dissolved in anhydrous THF under N2 and cooled to 0°C. Then BH3·THF 

was added as a 1 M solution (final conc. of methyl 3-cyanobenzoate in THF= 0.15M), and the mixture 

was stirred at 60°C overnight. After 18h, the mixture was concentrated at half the volume under 

reduced pressure, and the residue was acidified with 6 N HCl until pH=2. The solvent completely 

was removed by evaporation at reduced pressure, and the solid obtained was suspended in n-Hex and 

filtered, affording 27 as a white solid. Y= 96%. Rf (CH2Cl2/MeOH 9:1) = 0.10. Characterization data 

in agreement with those reported in literature.9  1H NMR (400 MHz, CD3OD) δ 8.16 (s, 1H, H-2), 

8.07 (d, J = 7.8 Hz, 1H, H-6), 7.72 (d, J = 7.7 Hz, 1H, H-4), 7.58 (t, J = 7.8 Hz, 1H, H-5), 4.20 (s, 2H, 

Ph-CH2), 3.93 (s, 3H, OCH3).  

Synthesis of 3-(((tert-Butoxycarbonyl)amino)methyl)benzoic acid 17 - To a solution of methyl 3-

(aminomethyl)benzoate hydrochloride 27 (222 mg, 1.1 mmol, 1 eq) and di-tert-butyl dicarbonate 

(Boc2O, 360 mg, 1.65 mmol, 1.5 eq) in anhydrous THF (11 mL) under N2 and at 0°C, Et3N (0.46 mL, 

3.3 mmol, 3 eq) was added and the mixture was stirred overnight at room temperature. The mixture 

was concentrated under reduced pressure, and the residue was diluted with H2O and extracted with 

CH2Cl2 (3 x 10 mL). The combined organic phases were washed with brine (30 mL), dried over 

Na2SO4, filtered and concentrated to dryness. The crude was purified by flash chromatography on 

silica gel (n-Hex/AcOEt 7:3) to give the Boc-protected intermediate as a white solid. Y = 74%. Rf (n-

Hex/AcOEt 7:3) = 0.34. Characterization data in agreement with those reported in literature.10  1H 
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NMR (400 MHz, CDCl3) δ 7.98-7.90 (m, 2H, H-2 + H-6), 7.49 (d, J = 7.5 Hz, 1H, H-4), 7.41 (t, J = 

7.6 Hz, 1H, H-5), 4.90 (bs, 1H, NHBoc), 4.36 (d, J = 5.3 Hz, 2H, Ph-CH2), 3.92 (s, 3H, OCH3), 1.46 

(s, 9H, Boc). 

The Boc-protected intermediate methyl 3-(((tert-butoxycarbonyl)amino)methyl)benzoate (197 mg, 

0.74 mmol, 1 eq) was dissolved in a 3:1 mixture of THF/H2O (conc. = 0.25 M), and then lithium 

hydroxide monohydrate (LiOH·H2O,  124 mg, 2.96 mmol, 4 eq) was added and the mixture was 

stirred at room temperature overnight. The THF was evaporated under reduced pressure, and the 

residue was treated with 1 N HCl (until pH=2) and extracted with AcOEt (3 x 7 mL). The combined 

organic layers were washed with brine (20 mL), dried over dried over Na2SO4, filtered and 

concentrated under reduced pressure affording 17 as a white solid. Y = 89%. Rf (CH2Cl2 /MeOH 

95:5) = 0.28. Characterization data in agreement with those reported in literature.11 1H NMR (400 

MHz, CDCl3) δ 8.01 (d, J = 7.7 Hz, 2H, H-2 + H-6), 7.54 (d, J = 6.9 Hz, 1H, H-4), 7.44 (t, J = 7.7 

Hz, 1H, H-5), 4.94 (bs, 1H, NHBoc), 4.38 (d, J = 5.1 Hz, 2H, Ph-CH2), 3.92 (s, 3H, OCH3), 1.47 (s, 

9H, Boc). 

2.3 Synthesis of negative control 21 

 

Synthesis of methyl 4-((2-(4-hydroxyphenyl)acetamido)methyl)benzoate 30 - To a suspension of 28 

(208 mg, 1.03 mmol, 1 eq), EDC·HCl (257 mg, 1.34 mmol, 1.3 eq), and HOBt (181 mg, 1.34 mmol, 

1.3 eq) in anhydrous DMF (3.43 mL) under N2 atmosphere, iPr2EtN (0.54 mL, 3.09 mmol, 3 eq) was 

added, obtaining a clear solution. Then 29 (157 mg, 1.03 mmol, 1 eq) was added, and the reaction 

mixture was stirred at room temperature for 24 h. The solvent was evaporated in vacuo, the residue 

was diluted with CH2Cl2 (10 mL) and washed with sat. solution of NH4Cl (10 mL), sat. solution of 

NaHCO3 (10 mL) and brine (8 mL). The organic phase was dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude was purified by flash chromatography on silica gel 

(n-Hex/AcOEt 7:3) affording 30 as a white foam. Y = 76%. Rf (n-Hex/AcOEt 3:7) = 0.26. MS (ESI) 
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calcd for C17H17NO4 [M-H]- m/z: 298.11; found: 298.77. 1H NMR (400 MHz, CD3OD) δ 7.94 (d, J 

= 8.4 Hz, 2H, Ph-H-2 + Ph-H-6), 7.32 (d, J = 8.5 Hz, 2H, Ph-H-3 + Ph-H-5), 7.12 (d, J = 8.6 Hz, 2H, 

Ph’-H-2 + Ph’-H-6), 6.74 (d, J = 8.6 Hz, 2H, Ph’-H-3 + Ph’-H-5), 4.42 (s, 2H, Ph-CH2-N), 3.89 (s, 

3H, OCH3), 3.46 (s, 2H, Ph’-CH2-CO). 13C chemical shifts extrapolated from HSQC exp.: δ 129.7 

(Ph’-C-2 + Ph’-C-6), 129.3 (Ph-C-2 + Ph-C-6), 127.0 (Ph-C-3 + Ph-C-5), 115.0 (Ph’-C-3 + Ph’-C-

5), 51.1 (OCH3), 42.4 (Ph-CH2-N), 41.7 (Ph’-CH2-CO). 

Synthesis of 4-((2-(4-Acetoxyphenyl)acetamido)methyl)benzoic acid 32 - Compound 30 (170 mg, 

0.57 mmol, 1 eq) was dissolved in a 3:1 mixture of THF/H2O (0.25 M), and then LiOH.H2O (71.5 

mg, 1.7 mmol, 3 eq) was added and the mixture was stirred at room temperature for 3 h. The mixture 

was acidified with 1 N HCl (until pH=2) and extracted with AcOEt (3 x 7 mL). The combined organic 

layers were dried over dried over anhydrous Na2SO4 and concentrated under reduced pressure. The 

crude acid 31 was used in the following step. Y = 94%. Rf (CH2Cl2/MeOH 9:1) = 0.16. MS (ESI) 

calcd for C16H15NO4 [M-H]- m/z: 284.09; found: 284.80. 1H NMR (400 MHz, CD3OD) δ 7.94 (d, J 

= 8.3 Hz, 2H, Ph-H-2 + Ph-H-6), 7.31 (d, J = 8.4 Hz, 2H, Ph-H-3 + Ph-H-5), 7.12 (d, J = 8.5 Hz, 2H, 

Ph’-H-2 + Ph’-H-6), 6.74 (d, J = 8.6 Hz, 2H, Ph’-H-3 + Ph’-H-5), 4.42 (s, 2H, Ph-CH2-N), 3.46 (s, 

2H, Ph’-CH2-CO). 13C chemical shifts extrapolated from HSQC exp.: δ 124.9 (Ph’-C-2 + Ph’-C-6), 

124.7 (Ph-C-2 + Ph-C-6), 122.0 (Ph-C-3 + Ph-C-5), 110.2 (Ph’-C-3 + Ph’-C-5), 37.6 (Ph-CH2-N), 

36.7 (Ph’-CH2-CO). 

To a solution of 31 (45 mg, 0.16 mmol, 1 eq) in anhydrous pyridine (0.32 mL), acetic anhydride 

(0.051 mL, 0.54 mmol, 3.4 eq) was added dropwise and the mixture was stirred at room temperature 

overnight. After 18 h, the mixture was concentrated under reduced pressure, the residue was diluted 

with 1 N HCl (2 mL) and extracted with AcOEt (2 x 2 mL). The organic layers were combined, dried 

over anhydrous Na2SO4 and concentrated under reduced pressure affording 32 as a white foam. Y = 

89%. Rf (n-Hex/AcOEt 3:7) = 0.51. MS (ESI) calcd for C18H17NO5 [M-H]- m/z: 326.10; found: 

326.21.1H NMR (400 MHz, CD3OD) δ 8.58 (bs, 1H, NHCO), 7.95 (d, J = 8.3 Hz, 2H, Ph-H-2 + Ph-

H-6), 7.35-7.32 (m, 4H, Ph-H-3 + Ph-H-5 + Ph’-H-2 + Ph’-H-6), 7.05 (d, J = 8.5 Hz, 2H, Ph’-H-3 + 

Ph’-H-5), 4.43 (d, J = 5.8 Hz, 2H, Ph-CH2-N), 3.58 (s, 2H, Ph’-CH2-CO), 2.27 (s, 3H, OAc). 13C 

chemical shifts extrapolated from HSQC exp.: δ 129.7 (Ph’-C-2 + Ph’-C-6), 129.5 (Ph-C-2 + Ph-C-

6), 126.9 (Ph-C-3 + Ph-C-5), 121.5 (Ph’-C-3 + Ph’-C-5), 42.6 (Ph-CH2-N), 41.7 (Ph’-CH2-CO), 19.4 

(OAc). 
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Synthesis of (4-((2-(4-hydroxyphenyl)acetamido)methyl)benzamido)-β-L-fucopyranose 21 

Staudinger ligation of azide 6 (48.5 mg, 0.154 mmol, 1.1 eq) with acid 32 (46.3 mg, 0.14 mmol, 1 

eq), following the general procedure for Staudinger ligation afforded 33, which was purified by flash 

chromatography on silica gel (n-Hex/AcOEt 6:4 to 2:8) to a white foam. Y = 63%. Rf (n-Hex/AcOEt 

3:7) = 0.54. MS (ESI) calcd C30H34N2O11 [M+H]+ m/z: 599.22; found: 599.17. 1H NMR (400 MHz, 

CDCl3) δ 7.70 (d, J = 8.2 Hz, 2H, Ph-H-2 + Ph-H-6), 7.30-7.24 (m, 4H, Ph-H-3 + Ph-H-5 + Ph’-H-2 

+ Ph’-H-6), 7.09 (d, J = 8.5 Hz, 2H, Ph’-H-3 + Ph’-H-5), 7.04 (d, J = 8.8 Hz, 1H, LFuc-NHCO), 5.77 

(t, J = 5.1 Hz, 1H, Ph-NHCO-Ph’), 5.39-5.33 (m, 2H, H-1 + H-4), 5.24-5.18 (m, 2H, H-2 + H-3), 

4.45 (d, J = 5.8 Hz, 2H, Ph-CH2), 4.01 (q, J = 6.3 Hz, 1H, H-5), 3.69 (s, 2H, Ph’-CH2), 2.30 (s, 3H, 

OAc) 2.19 (s, 3H, Fuc-OAc), 2.03 (s, 3H, Fuc-OAc), 2.02 (s, 3H, Fuc-OAc), 1.21 (d, J = 6.4 Hz, 3H, 

H-6). 13C chemical shifts extrapolated from HSQC exp.: δ 130.3 (Ph’-C-2 + Ph’-C-6), 127.6 (Ph-C-

3 + Ph-C-5), 127.5 (Ph-C-2, Ph-C-6), 122.2 (Ph’-C-3, Ph’-C-5), 78.7 (C-1), 71.0 (C-3), 70.9 (C-5), 

70.3 (C-4), 68.6 (C-2), 43.15 (Ph-CH2), 43.1 (Ph’-CH2), 21.0-20.5 (OAc), 16.0 (C-6). 

33 (70.6 mg, 0.127 mmol, 1eq) was dissolved in anhydrous methanol (0.63 mL) under N2, and a 

freshly prepared 0.1 M solution of sodium methoxide in anhydrous methanol (0.06 mL) was added 

(final conc. of methoxide = 0.01 M). The resulting mixture was stirred at room temperature until full 

conversion (3.5 h). The reaction was quenched by adding Amberlite IRA 120 H+ to pH 7, then the 

resin was filtered out and the solvent was removed under vacuum. The crude product was purified by 

automatic inverse phase flash chromatography (SFAR C18 D, H2O/MeOH 9:1 to 5:5) to give 21 as a 

white amorphous solid. Y = 66%. Rf (H2O/MeOH 1:1) = 0.73. Samples for interaction studies were 

further purified by semi-preparative RP-HPLC (H2O + 0.1% TFA/CH3CN) with gradient: 0-1 min, 

10%; 1-10 min, 10-45%; 10-13 min, 45-100%. tr = 6.90 min. HRMS (ESI) calcd for C22H26N2O7 [M-

H]- m/z: 429.1664; found 429.1662. 1H NMR (400 MHz, DMSO d6) δ 9.22 (s, 1H, Ph’-OH), 8.75 (d, 

J = 8.8 Hz, 1H, LFuc-NHCO), 8.48 (t, J = 5.9 Hz, 1H, NHCO), 7.85 (d, J = 8.2 Hz, 2H, Ph-H-2 + 

Ph-H-6), 7.27 (d, J = 8.2 Hz, 2H, Ph-H-3 + Ph-H-5), 7.07 (d, J = 8.4 Hz, 2H, Ph’-H-2 + Ph’-H-6), 

6.68 (d, J = 8.4 Hz, 2H, Ph’-H-3 + Ph’-H-5), 4.88 (t, J = 8.9 Hz, 1H, H-1), 4.75-4.71 (m, 2H, Lfuc-

OH-2 + Lfuc-OH-3), 4.46 (d, J = 3.9 Hz, 1H, Lfuc-OH-4), 4.30 (d, J = 5.9 Hz, 2H, Ph-CH2), 3.63-

3.56 (m, 2H, H-2 + H-5), 3.48 (t, J = 3.4 Hz, 1H, H-4), 3.41-3.39 (m, 1H, H-3), 3.35 (s, 2H, Ph’-

CH2), 1.11 (d, J = 6.4 Hz, 3H, H-6). 13C NMR (100 MHz, DMSO d6) δ 171.4 (NHCO), 167.0 

(NHCO), 156.4 (Ar quat), 143.6 (Ar quat.), 133.1 (Ar quat), 130.4 (Ph’-C-2 + Ph’-C-6), 128.1 (Ph-

C-2 + Ph-C-6), 127.1 (Ph-C-3 + Ph-C-5), 126.9 (Ar quat.), 115.5 (Ph’-C-3 + Ph’-C-5), 81.1 (C-1), 

74.8 (C-3), 72.1 (C-5), 71.7 (C-4), 69.5 (C-2), 42.3 (Ph-CH2), 42.0 (Ph’-CH2), 17.3 (C-6). 
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2.4 Synthesis of glucose negative control 22 

 

Synthesis of (4-(aminomethyl)benzamido)-2,3,4,6-tetra-O-acetyl-β-D-glucopyranose 36  

Staudinger ligation of glucosyl azide 34 (0.743 g, 1.99 mmol, 1 eq) and acid 7 (0.5 g, 1.99 mmol, 1 

eq) according to the general procedure for Staudinger ligation afforded (4-(((tert-

butoxycarbonyl)amino)methl)benzamido)-2,3,4,6-tetra-O-acetyl-β-D-glucopyranose 35, which was 

purified by flash chromatography on silica gel (n-Hex/AcOEt 7:3 to 5:5) to a white solid. Y = 53%. 

Rf (n-Hex/AcOEt 4:6) = 0.46. MS (ESI) calcd C27H36N2O12 [M+Na]+ m/z: 603.22; found: 603.22. 1H 

NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.2 Hz, 2H, Ph-H-2 + Ph-H-6), 7.36 (d, J = 8.1 Hz, 2H, Ph-

H-3 + Ph-H-5), 7.01 (d, J = 8.5 Hz, 1H, NHCO), 5.45-5.37 (m, 2H, H-1 + H-3), 5.14-5.03 (m, 2H, 

H-2 + H-4), 4.91 (brs, 1H, NHBoc), 4.38-4.34 (m, 3H, H-6’ + Ph-CH2), 4.11 (dd, J = 12.4 Hz, J = 4.1 

Hz, 1H, H-6), 3.91 (dd, J = 10.0 Hz, J = 1.9 Hz, 1H, H-5), 2.08 (s, 3H, OAc), 2.05 (s, 6H, 2x OAc), 

2.04 (s, 3H, OAc), 1.47 (s, 9H, Boc). 

Boc deprotection of 35 according to the general procedure for Boc removal afforded 36 (400 mg) as 

a yellowish foam. Y = 79%. Rf (CH2Cl2/MeOH 95:5) = 0.20. MS (ESI) calcd C23H30N2O10 [M+H]+ 

m/z: 481.18; found: 481.21. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.2 Hz, 2H, Ph-H-2 + Ph-H-

6), 7.40 (d, J = 8.2 Hz, 2H, Ph-H-3 + Ph-H-5), 6.98 (d, J =9.3 Hz, 1H, NHCO), 5.49-5.37 (m, 2H, H-

1 + H-3), 5.14-5.03 (m, 2H, H-2 + H-4), 4.35 (dd, J = 12.5 Hz, J = 4.3 Hz, 1H, H-6), 4.11 (dd, J = 

12.5 Hz, J = 2.1 Hz, 1H, H-6’), 3.94-3.89 (m, 3H, Ph-CH2 + H-5), 2.08-2.05-2.03 (4s, 4x3H, OAc).13C 

chemical shifts extrapolated from HSQC exp.: δ 127.6 (Ph-C-2, Ph-C-6), 127.4 (Ph-C-3, Ph-C-5), 

78.9 (C-1), 73.8 (C-5), 72.9 (C-3), 70.6 (C-2), 68.2 (C-4), 61.8 (C-6), 45.8 (Ph-C), 20.6-20.4 (OAc).   

Synthesis of (4-((2-(3-Formyl-4-(methoxymethoxy)phenyl)acetamido)methyl)benzamido)-2,3,4,6-

tetra-O-acetyl-β-D-glucopyranose 37 - The amine 36 (60.1 mg, 0.126 mmol, 1 eq) and the acid 14 

(28.2 mg, 0.126 mmol, 1 eq) were coupled according to the general procedure for coupling and the 

product was purified by flash chromatography on silica gel (n-Hex/Acetone 7:3 to 5:5) affording 37 

as a yellow oil. Y = 25%. Rf (n-Hex/Acetone 1:1) = 0.37. MS (ESI) calcd C33H38N2O14 [M+Na]+ m/z: 

709.22; found 709.10. 1H NMR (400 MHz, CDCl3) δ 10.45 (s, 1H, COH), 7.68 (m, 3H, Ph-H-2 + Ph-
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H-6 + Ph(SA)-H-2), 7.50 (dd, J = 8.6 Hz, J = 2.3 Hz, 1H, Ph(SA)-H-6), 7.25 – 7.19 (m, 2H, Ph-H-3 

+ Ph-H-5 + Ph(SA)-H-5), 7.14 (d, J = 9.0 Hz, 1H, Fuc-NHCO), 6.03 (brs, 1H, NHCO), 5.46 – 5.31 

(m, 2H, H-1 + H-3), 5.29 (s, 2H, OCH2 MOM), 5.07 (m, 2H, H-2 + H-4), 4.45 (d, J = 5.9 Hz, 2H, 

Ph(SA)-CH2), 4.31 (dd, J = 12.5 Hz, J = 4.3 Hz, 1H, H-6), 4.09 (dd, J =  12.5 Hz, J = 1.7 Hz, 1H, H-

6’), 3.91 – 3.84 (m, 1H, H-5), 3.58 (s, 2H, Ph-CH2), 3.51 (s, 3H, OCH3 MOM), 2.06 (s, 3H, OAc), 

2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc).13C chemical shifts extrapolated from HSQC 

exp.: 136.8 (Ph(SA)-C-6), 128.5 (Ph(SA)-C-2), 127.7 (Ph-C-2, Ph-C-6), 127.6 (Ph-C-3, Ph-C-5), 

115.8 (Ph(SA)-C-5), 94.4 (OCH2 MOM), 78.7 (C-1), 72.6 (C-3), 73.4 (C-5), 70.8 (C-4), 68.2 (C-2), 

61.4 (C-6), 56.5 (OCH3 MOM), 43.1 (Ph-CH2), 42.5 (Ph(SA)-CH2), 20.6-20.4 (OAc). 

Synthesis of (4-((2-(3-formyl-4-(methoxymethoxy)phenyl)acetamido)methyl)benzamido)-β-D-

glucopyranose 22 - Compound 37 (41.2 mg, 0.06 mmol) was dissolved in a 4:1 mixture of 96%-

ethanol and CHCl3, and conc. HCl (10 eq) was added (EtOH/CHCl3/HCl 4:1:1). The reaction mixture 

was stirred at 40°C until complete deprotection, as verified by TLC (CH2Cl2/MeOH 95:5). The 

solvents were removed under reduced pressure, and the residue was subjected to flash column 

chromatography to afford 22, which was purified by automatic RP flash chromatography (SFAR C18 

D, from 100% H2O to H2O/CH3CN 1:1). Y = 40%. Rf (H2O/CH3CN 1:1) = 0.57. Samples for 

interaction studies were further purified by semi-preparative RP-HPLC (H2O + 0.1% TFA/CH3CN) 

with gradient: 0-1 min, 10-20%; 1-10 min, 20-50%, 10-13 min, 50-100%. tr = 8.22 min. HRMS (ESI) 

calcd for C23H26N2O9 [M+Na]+ m/z: 497.1536; found: 497.1537. 1H NMR (400 MHz, DMSO d6) δ 

10.26 (s, 1H, COH), 8.76 (d, J = 8.9 Hz, 1H, Glc-NHCO), 8.59 (brs, 1H, NHCO), 7.85 (d, J = 7.9 Hz, 

2H, Ph-H-2 + Ph-H-6), 7.59 (s, 1H, Ph(SA)-H-2), 7.44 (d, J = 8.5 Hz, 1H, Ph(SA)-H-6), 7.30 (d, J = 

8.0 Hz, 2H, Ph-H-3 + Ph-H-5), 6.95 (d, J = 8.4 Hz, 1H, Ph(SA)-H-5), 5.02 – 4.85 (m, 4H, H-1 + 

3xOH), 4.49 (m, 1H, OH), 4.33 (d, J = 5.9 Hz, 2H, Ph-CH2), 3.68 (dd, J = 11.5 Hz, J = 5.4 Hz, 1H, 

H-6), 3.45 (m, 3H, Ph(SA)-CH2 + H-6’), 3.35-3.33 (H-2, under H2O peak, extrapolated from COSY 

and HSQC) 3.27 – 3.07 (m, 3H, H-3 + H-4 + H-5). 13C NMR (100 MHz, DMSO d6) δ 191.8 (COH), 

170.8 (NHCO), 166.8 (NHCO), 159.9 (Ar quat), 143.5 (Ar quat.), 137.6 (Ph(SA)-C-6), 133.1 (Ar 

quat.), 129.5 (Ph(SA)-C-2), 128.1 (Ph-C-2, Ph-C-6), 127.8 (Ar quat.), 127.2 (Ph-C-3, Ph-C-5), 117.6 

(Ph(SA)-C-5),  80.7 (C-1), 79.2 (C-3), 78.1 (C-5), 72.6 (C-2), 70.6 (C-4), 61.5 (C-6), 42.3 (Ph-CH2), 

41.5 (Ph(SA)-CH2). 
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2.5 Synthesis of compound A12 (Table SI-1) 

 

Synthesis of (2-(3-formyl-4-hydroxyphenyl)acetamido)-β-L-fucopyranose A12 

Staudinger ligation of fucosyl azide 6 (69.3 mg, 0.22 mmol, 1 eq) and acid 14 (49.3 mg, 0.22 mmol, 

1 eq) according to the general procedure for Staudinger ligation afforded the fully protected coupling 

product, which was purified by flash chromatography on silica gel (CH2Cl2/AcOEt 9:1 to 7:3) to a 

white foam. Y = 40%. Rf (n-Hex/AcOEt 1:1) = 0.23. MS (ESI) calcd C23H29NO11 [M+Na]- m/z: 

494.16; found: 494.41. 1H NMR (400 MHz, CDCl3) δ 10.48 (s, 1H, COH), 7.66 (d, J = 2.1 Hz, 1H, 

Ph-H-2), 7.42 (dd, J = 8.6 Hz, J = 2.2 Hz, 1H, Ph-H-6), 7.22 (d, J = 8.6 Hz, 1H, Ph-H-5), 6.30 (d, J 

= 8.9 Hz, 1H, NHCO), 5.30 (s, 2H, OCH2 MOM), 5.25 (d, J = 3.4 Hz, 1H, H-4), 5.18 – 4.97 (m, 3H, 

H-1 + H-2 + H-3), 3.91 (q, J = 6.3 Hz, 1H, H-5), 3.51 (m, 6H, Ph-CH2 + OCH3 MOM), 2.14 (s, 3H, 

OAc), 1.96 (s, 3H, OAc), 1.93 (s, 3H, OAc), 1.17 (d, J = 6.3 Hz, 3H, H-6). 

The protected intermediate was dissolved in a 4:1 mixture of 96%-ethanol and CHCl3, and conc. HCl 

(10 eq) was added (EtOH/CHCl3/HCl 4:1:1). The reaction mixture was stirred at room temperature 

until complete deprotection, as verified by TLC (CH2Cl2/MeOH 9:1). The solvents were removed 

under reduced pressure, and the residue was subjected to flash column chromatography on silica gel 

(CH2Cl2/MeOH 90:10 to 85:15) to afford A12. Y = 61%. Rf (CH2Cl2/MeOH 9:1) = 0.27. MS (ESI) 

calcd C15H19NO7 [M+Na]- m/z: 324.32; found: 324.28. 1H NMR (400 MHz, DMSO d6) δ 10.23 (s, 

1H, COH), 8.56 (d, J = 9.0 Hz, 1H, NHCO), 7.52 (d, J = 2.2 Hz, 1H, Ph-H-2), 7.39 (dd, J = 8.5 Hz, 

J =2.3 Hz, 1H, Ph-H-6), 6.91 (d, J = 8.5 Hz, 1H, Ph-H-5), 4.62 (t, J = 8.8 Hz, 1H, H-1), 3.65 – 3.16 

(m, 6H, H-4 + H-5 + H-2 + H-3 + Ph-CH2), 1.05 (d, J = 6.4 Hz, 1H, H-6). 13C NMR (100 MHz, 

DMSO d6) δ 191.9 (COH), 171.0 (NHCO), 137.8 (Ph-C-6), 129.7 (Ph-C-2), 127.2 (Ar quat.), 122.40 

(Ar quat.), 117.7 (Ph-C-5), 80.4 (C-1), 74.7 (C-3), 71.92 (C-5), 71.6 (C-4), 69.8 (C-2), 41.4 (Ph-CH2), 

17.2 (C-6).  
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3. Thermal Shift Assays 

Figure SI-3. First derivatives of fluorescence curves obtained from TSA experiments  

The thermal stability of BC2L-C-Nt in the presence of 1, 3 and 5 was analyzed by TSA using a 

MiniOpticon real-time PCR system (Bio-Rad Ltd). The measurements were performed in 96-well 

PCR microplates with 25 µL of mix containing 0.6 mg/mL of Bc2L-C-Nt, 10 × Sypro Orange dye 

(Merk Sigma-Aldrich) and 0.21 mM ligand in 25mM Hepes pH 8.0 and 150 mM NaCl after 

centrifugation at 1000g for 2 min. Samples were incubated at room temperature for 2 h before running 

the experiments. A temperature gradient from 20 to 100 °C was applied with a heating rate of 1 °C/min 

and fluorescence intensity was measured with Ex/Em: 490/530 nm. The data processing was 

performed with the CFX Manager software. 

The addition of the non-covalent ligand 1 produced no variation of the protein denaturation 

temperature (~73°C for both the protein alone (red curve) and in the presence of 1 (green curve). In 

the presence of 3 or 5, a positive shift of about 2°C was observed (curves in blue, with Tm ~75°C), 

suggesting a strong and stabilizing interaction, which may correspond to the presence of a covalent 

bond between ligand and protein.  

 

 

 

 

Figure SI-3. First derivatives of fluorescence curves obtained from TSA experiments. Data were obtained by measuring 

SYPRO Orange dye fluorescence over a temperature range of 20 to 100°C. RFU = relative fluorescence unit. 
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4. Validation of SPR competition assays: comparison with ITC experiments 

 

Table SI-4. KD values from ITC experiments for compounds 1, 23 and 24 

Entry Ligand 
IC50 (µM) 

SPR 

KD (µM) 

ITC 

1 α-methyl-

L-fucoside 

24 

 

---- 2700 ± 700a 

2 H-type 1 

23  

19.9 ± 0.31b 25.4 ± 4.5c 

3 1 

 

103 ± 5b 159 ± 7a 

 

a. From ref 4 4; b. This work; c. from ref 12.12  

 

5. SPR competition assays – sensorgrams and inhibition curves 

Figure SI-4. BC2L-C-Nt titration over the fucosylated surface 

 

Figure SI-4. BC2L-C-Nt titration over the fucosylated chip used in the SPR competition experiments. 
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Figure SI-5. SPR sensorgrams  

 

Figure SI-5. Sensorgrams of covalent ligands 2-5, non-covalent compound 1, trisaccharide H-type 1 23 and negative 

controls 21 and 22. 
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Figure SI-6. Inhibition curves 

 

Figure SI-6. Inhibition curves of covalent ligands 2-5, non-covalent compound 1, H-type 1 trisaccharide 23 and 

negative controls 21 and 22. For each compound analyses were performed in duplicate, and errors are reported as 

bars for each point. For the negative controls 21 and 22, the 100% of relative inhibition was not reached and the 

estimated IC50 value is higher than 2 mM. The curves were obtained with the GraphPad Prism program (version 8.0.2) 

by fitting the data to a variable slope 4 parameter fit. 
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6. Mass MALDI-TOF analysis – additional spectra 

Figure SI-7. MALDI-TOF spectra of a 1:10 mixture of protein and ligand 2 

 

Figure SI-7. Enlarged section of MALDI-TOF spectra of protein alone (top) and in the presence of ligand 2 

(bottom) with protein:ligand ratio = 1:10. 
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Figure SI-8. MALDI-TOF spectra of a 1:4 mixture of protein and ligand 4 

 

Figure SI-8. Enlarged section of MALDI-TOF spectra of protein alone (top) and in the presence of ligand 4 

(bottom) with protein:ligand ratio = 1:4.  

 

Figure SI-9. MALDI-TOF spectra of a 1:200 mixture of protein and ligand 5 

 

 

Figure SI-9. Enlarged section of MALDI-TOF spectra of protein alone (top) and in the presence of ligand 5 

(bottom) with protein:ligand ratio = 1:200. 
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Figure SI-10. MALDI-TOF spectra of a 1:10 mixture of protein and ligand 3 after 2 h incubation 

 

 
Figure SI-10. MALDI-TOF spectra of protein in the presence of ligand 3 with protein:ligand ratio = 1:10, 

after 2 h of incubation.  

 

Figure SI-11. MALDI-TOF spectra of a 1:200 mixture of protein and negative control 22  

 

Figure SI-11. MALDI-TOF spectra of protein in the presence of negative control 22 with protein:ligand ratio 

= 1:200, after 24 h of incubation. It shows no evident additional peak other than that of the protein alone, 

indicating no covalent adduct formation.  
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Figure SI-12. MALDI-TOF spectra of a 1:200 mixture of protein and A12 (Table SI-1)  

 
Figure SI-12. MALDI-TOF spectra of protein in the presence of negative control A12 with protein:ligand 

ratio = 1:200, after 24 h of incubation. It shows no evident additional peak other than that of the protein alone, 

indicating no covalent adduct formation.  

 

7. LC-MS analysis of BC2L-C-Nt:2 complex after NaBH4 reduction and Trypsin digestion  

 

In the absence of ligand, trypsin digestion of the protein produced a large peptide fragment (79-104, 

VPESTGRMPFTLVATIDVGSGVTFVK) just upstream of Lys 108. Two additional short sequences were 

detected, GQWK (105-108, tR 10.10 min, m/z 259.6397 (z=2) and GQWKSVR (105-111, tR 12.57 

min, m/z 287.4961 (z=3)), both containing the target residue (in bold) (Figure SI-9). After incubation 

with 2 and NaBH4 reduction, we found both these peptides modified by a mass shift of 428 Da, as 

GQWK (105-108 + C22H24N2O7; tR 22.01 min, m/z 473.7195 (z=2)) and GQWKSVR (105-111 + 

C22H24N2O7; tR 21.16 min, m/z 430.2161 (z=3)) (Figure SI-10), thus proving that the ligand is 

covalently linked to Lys108. 
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7.1 Figure SI-13. LC-MS analysis of the protein  

 

Figure SI-13. A) LC chromatogram of the protein alone after treatment with NaBH4 and Trypsin. B) Extracted-

ion chromatogram (XIC) at tR 10.10 min. with m/z 259.6397 (z=2) corresponding to tetrapeptide GQWK. C) 

XIC at tR 12.57 min. with m/z 287.4961 (z=3) corresponding to heptapeptide GQWKSVR. 
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7.2 Figure SI-14. LC-MS analysis of protein:2 mixture 

 

Figure SI-14. A) extracted portion of LC chromatogram of the protein:2 mixture (upper) and protein alone 

(lower) after treatment with NaBH4 and Trypsin. The region where the modified tetrapeptide GQWK and 

heptapeptide GQWKSVR were detected is highlighted in red box. B) MS spectra of peak with tR = 21.16 min., 

which corresponds to GQWKSVR + 2; C) MS spectra of peak with tR = 22.01 min., which corresponds to 

GQWK + 2. 
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8. NMR spectra 

 

 

1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 

 

 



S32 
 

 

1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3
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1H NMR ,400 MHz, DMSO d6  

 

13C NMR, 100 MHz, DMSO d6 
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1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, DMSO d6  

 

13C NMR, 100 MHz, DMSO d6 
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1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, DMSO d6 

 

13C NMR, 100 MHz, DMSO d6 
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1H NMR ,400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, DMSO d6 

 

13C NMR, 100 MHz, DMSO d6 
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1H NMR, 400 MHz, CD3OD 

 

1H-13C HSQC, CD3OD 
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1H NMR, 400 MHz, CD3OD 

 

1H-13C HSQC, CD3OD 
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1H NMR, 400 MHz, CD3OD 

 

1H-13C HSQC, CD3OD 
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1H NMR, 400 MHz, CDCl3 

 

1H-13C HSQC, CDCl3 
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1H NMR ,400 MHz, DMSO d6 

 

13C NMR, 100 MHz, DMSO d6 
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1H NMR ,400 MHz, CDCl3 

 

 

1H NMR ,400 MHz, CDCl3 
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1H-13C HSQC, CDCl3
 

 

 

1H NMR ,400 MHz, CDCl3 
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1H-13C HSQC, CDCl3 

 

 

1H NMR ,400 MHz, DMSO d6 
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13C NMR, 100 MHz, DMSO d6 
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9. HPLC traces for ligands 2-5, 21 and 22 
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Gradient (H2O + 0.1% TFA/CH3CN + 0.1% TFA): 0-26 min, 0-100%; 26-36 min, 100%. 
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