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ABSTRACT
The derivatization of small molecule ligands with salicylaldehyde (SA) tags is being increasingly pursued to form imine adducts

with protein lysine residues, aiming at strong and selective inhibition of a wide range of protein targets. In this work, we describe

SA-tagged, glycomimetic ligands specific for the human C-type lectin DC-SIGN. Covalent docking studies guided the SA instal-

lation at the anomeric position of mannose scaffolds, enabling imine bond formation with a Lys residue in the vicinity of the

ligand binding site. Compared to control compounds, the synthesized SA-bearing glycomimetics showed improved binding to DC-

SIGN and exquisite selectivity for this lectin over the closely-related L-SIGN, where the relevant Lys are replaced by different

residues. Mass spectrometry data confirmed the formation of a covalent adduct between the SA-tagged ligand and DC-SIGN,

ultimately confirming the potential of SA-tagged glycomimetics as drug candidates against viral infections.

1 | Introduction

The functionalization of small-molecule ligands with suitable
electrophilic groups capable of reacting with nucleophilic resi-
dues in the target protein is one of the most established strategies
to achieve stable ligand–protein complexes, ideally enabling
long-lasting pharmacological effects and selective activity against
the desired protein target. While several approved drugs exploit
the high reactivity of cysteine (Cys) thiols, the design of protein
ligands that interact with other amino acids is currently gaining
attention, as it holds promise for expanding the range of protein
classes that are druggable by small-molecule binders [1]. Lysines
(Lys) are highly abundant in the proteome (approximately 6% of
the total amino acid count, as opposed to the 1.7% Cys count) [1],
which indicates that Lys-targeting drugs may be raised against a

broader range of targets than Cys-engaging counterparts.
However, to avoid off-target reactivity, these drug candidates
should bind the desired protein through a “dock and lock”
approach, where the Lys engagement of a mild electrophile pro-
vides additional stabilization of a noncovalent ligand–protein
complex. Among potential reactive warheads, salicylaldehyde
(SA) derivatives react reversibly with primary amino groups in
aqueous solution, and the resulting imines exhibit dissociation
constants in the 10−2–10−3 M range [2, 3]. The SA reactivity
has been exploited for the development of reversible-covalent
binders, reactive either with protein N-termini [4], or with
Lys(ε-NH2) species [5]. In particular, SA tag applications have
been proposed for different classes of synthetic protein ligands,
from small molecules [6, 7], to peptides [8, 9] and glycomimetic
binders [10].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2026 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH.

ChemistryEurope, 2026; 4:e202500485 1 of 8
https://doi.org/10.1002/ceur.202500485

ChemistryEurope

RESEARCH ARTICLE

https://orcid.org/0000-0002-8118-7238
https://orcid.org/0000-0001-9478-4536
https://orcid.org/0000-0002-4991-8731
https://orcid.org/0000-0003-0029-7003
https://orcid.org/0000-0002-3593-2970
https://orcid.org/0000-0001-7321-7436
https://orcid.org/0000-0003-1194-8107
https://orcid.org/0000-0002-1258-2007
mailto:julien.marcoux@ipbs.fr
mailto:franck.fieschi@ibs.fr
mailto:alberto.dalcorso@unimi.it
mailto:anna.bernardi@unimi.it
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ceur.202500485
https://doi.org/10.1002/ceur.202500485
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fceur.202500485&domain=pdf&date_stamp=2026-04-28


The latter class of ligands is particularly relevant within the devel-
opment of efficient lectin antagonists and/or targeting agents.
Achieving strong and selective binding to lectins is notoriously dif-
ficult because of their large and shallow binding sites, which gen-
erate weak interaction energies and typically fast off-rates with
monovalent oligosaccharides [11]. Additionally, many lectins share
a common specificity for a particular monosaccharide, which raises
an important selectivity challenge. Nonetheless, in biological set-
tings, glycan–lectin interactions are tuned and amplified by multi-
valent presentation of both partners, and they are known to
mediate a large amount of biochemical information in the initial
steps of inflammation, infection, and even cancer proliferation. As
such, they are increasingly targeted in chemical biology andmedic-
inal chemistry programs. In this context, the development of cova-
lent ligands represents a clear opportunity to enhance the affinity of
monovalent glycomimetics, but also to exploit individual residue
differences in lectins of similar specificity or even in homologs
to achieve selective recognition by rational differential design [12].

The recognition of carbohydrate molecular patterns expressed by
many viral glycoproteins is mediated by C-type lectin receptors
(CLRs). These lectins share a common domain, known as the
Carbohydrate Recognition Domain (CRD), featuring a conserved
calcium-binding site used for the recognition of carbohydrates.
Among these receptors, DC-SIGN is expressed at the membrane
of immature dendritic cells and facilitates the internalization and
spread of several viruses, including HIV-1, Ebola, Dengue, CMV,
hepatitis C, and SARS-CoV-2 [13, 14] by binding to viral envelope
glycoproteins. Depending on the virus, it can enable both direct
infection of dendritic cells and/or transmission to permissive tar-
get cells, shaping both viral propagation and immune system
modulation. The highly homologous CLR L-SIGN also acts as a
host attachment factor for many viruses, most notably SARS-
COV-2, promoting trans infection [14].

The impact of DC-SIGN in viral infections has stimulated the
design of small-molecule antagonists, which can occupy the
carbohydrate-binding site and hamper virus attachment. Over
the past years, our groups have explored various modifications
on a mannose-based scaffold [15–19]. This strategy exploits a nat-
ural sugar moiety that directs ligand binding to the Ca2+-depen-
dent site within the CRD, thereby minimizing off-target effects.
Additional noncovalent interactions (i.e., ionic bonds, hydrogen
bonding, and Van der Waals forces) further stabilize the ligand–
receptor complexes, improving the binding affinity of these gly-
comimetic binders up to two orders of magnitude over mannose
itself (from the mM range of mannose up to the 10−5 M range)
[19] and generating selectivity against other protective CLRs,
such as Langerin [12, 18]. More recently, we have described a
selective L-SIGN ligand, which exploits a guanidinium group
to gain steric and electrostatic complementarity with L-SIGN,
while excluding DC-SIGN [20]. This selectivity was traced to a
single amino acid difference in the two CRDs, namely, the pres-
ence of N385 in L-SIGN, replacing K373 in DC-SIGN (Figure 1),
which clashes both sterically and electronically with the guani-
dium group of the ligand [21]. Conversely, here we disclose a new
approach to gain selectivity for DC-SIGN over L-SIGN based on
the insertion of the SA tag into glycomimetic binders, and aimed
at the formation of imine adducts between the small molecule
antagonist and the nucleophilic Lys(ε-NH2) of residues K368/
K373, located in the CRD of DC-SIGN and replaced in L-
SIGN by R380/N385 (Figure 1).

2 | Results and Discussion

2.1 | Computational Design of SA-Tagged
Mannose Derivatives

The published crystal structure of DC-SIGN in complex with a
glycomimetic binder recently developed by our group (com-
pound 1 in Figure 2A) [18] shows that the mannose unit is bound
to the calcium atom with hydroxy groups at position 3 and 4 (3,4-
coordination). Moreover, while the glycosidic substituent shows
a superficial adhesion to the protein, the methylenammonium-
triazole substituent at position 2 occupies a small secondary
pocket of the CRD. As mentioned before, two lysine residues
are proximal to the mannose ligand: K368 is located in a protein
region near the glycosidic substituent of 1, whereas K373 is closer
to the triazole substituent. To gain insights into the potential
reactivity of these two Lys(ε-NH2) groups, the pKa values of the
corresponding ammonium ions were predicted with Rosetta soft-
ware [22, 23], using three different crystal structures of DC-SIGN
available in the PDB (ID: 2IT6, 7NL6, and 6GHV).

As shown in Figure 2A, K368 ammonium (pKa= 10.3) proved
significantly more acidic than K373 (pKa= 12.2): this marked dif-
ference indicated K368 as a potentially stronger nucleophile than
K373, as a lower pKa value corresponds to a higher concentration
of reactive free base Lys(ε-NH2) under physiological pH [24].

The molecular structures of SA-modified mannose derivatives
(Figure 2B) were then designed by taking into account different
criteria, such as i) synthetic accessibility; ii) conservation of key
binding interactions of known mannose derivatives with the pro-
tein and the calcium atom; iii) the distance between the mannose
unit and the SA tag. In light of these considerations, we opted for
connecting the SA tag to the mannose anomeric position.

As shown in Figure 2B, this design preserves the secondary alcohol
groups in position 3 and 4 (important for the Ca2+ engagement),
and it allows the installation of different substituents in position 2,
thus giving room for structural optimizations. Considering the
spatial orientation of all substituents around the mannose ring
and the location of the Lys residues around the CRD, we speculated

FIGURE 1 | Overlay of CRD crystal structures of homologous lectins

DC-SIGN (PDB: 6GHV) and L-SIGN (PDB: 8RCY), showing that

DC-SIGN K368 and K373 are replaced by R380 and N385, respectively.
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that the SA installation at C1 would preferentially target K368 over
K373. Moreover, a short ethylene glycol chain between the man-
nose C1 and the SA should be sufficiently long and flexible to form
an imine bond with K368 without disrupting the canonical man-
nose binding pose.

To confirm this hypothesis, we designed SA-mannose derivatives
2a and 3a (Figure 2C) and performed docking studies in the crys-
tal structure of DC-SIGN (PDB: 6GHV). The mannoside 2a
proved unable to maintain the canonical mannose binding mode,
while almost all docking poses of mannoside 3a exhibited the
mannose-3,4-Ca2+ coordination, likely stabilized by the addi-
tional interactions of the triazole substituent at position 2. The
best-scoring poses of derivatives 2a and 3a were subjected to
covalent docking studies [25], where the formation of a covalent
bond is forced between the SA tag and the two lysine residues
surrounding the binding site. As summarized in Table S1, this
analysis unveiled the potential influence of the covalent bond
on the noncovalent interactions between the ligands and the
CRD. For compound 2a, only one of the computed poses of
the K368-imine preserved the canonical 3,4-coordination of the
mannose unit to the Ca2+ ion. On the contrary, none of the
computed poses preserved the expected mannose-Ca2+ coordina-
tion when the covalent interaction was directed to K373.
Interestingly, the mannose unit in compound 3a exhibited the
canonical coordination of 1 in most of the saved poses when
the SA tag was bound to K368 (Figure 2D and Figure S1C),
whereas the interaction with K373 led to a complete alteration
of the computed binding mode: in 9/10 poses (Table S1) the man-
nose unit loses Ca2+ coordination (Figure S1D). Only 1 pose
(Figure 2E) maintains a noncanonical Man-4,3-Ca2+ coordina-
tion, while projecting the triazolyl-methanol toward the solvent
and in the direction of V351. This type of coordination is not
unprecedented [26–28], but rarely observed, and it is often
referred to as the “minor binding mode” for mannobiose [26].
It is worth noting that the K373 engagement allows a π–π inter-
action to develop between the SA ring and the side chain of F313.

These data support our hypothesis that the covalent and nonco-
valent forces that control the binding of the newly designed man-
nosides to DC-SIGN are well-balanced. In the covalent docking
studies, this is particularly evident for compound 3a, where the
triazolyl-methanol substituent at C2 provides additional interac-
tions with the receptor and stabilizes the canonical orientation of
the mannose unit in the CRD.

2.2 | Synthesis of DC-SIGN Glycomimetic Ligands

The synthesis of the designed SA-modified mannose derivatives
was performed through a convergent strategy, involving the
preparation of a fully protected mannose derivative as a glycosyl
donor and the SA tag, equipped with the ethylene glycol spacer,
as glycosyl acceptor (Scheme 1A). This synthetic strategy allowed
the installation of other glycosyl donors on the mannose unit
besides the SA tag, facilitating the production of a small group
of derivatives as control compounds for the follow-up studies.

The synthesis of these glycosyl acceptors is shown in
Scheme 1B. Phenol 4, synthesized following a published proce-
dure [29], was used as a common intermediate for the synthesis
of glycosyl acceptor 6 (equipped with the SA tag) and 7 (devoid

FIGURE 2 | (A) molecular structure of mannoside ligand 1 and crystal

structure of DC-SIGN (spacefill representation) in complex with 1 (PDB:

6GHV) [18]. The average pKa values of the Lys(ε-NH3
+) ions for K368

and K373 are also shown (calculated with Rosetta software using three

DC-SIGN crystal structures available: PDB 6GHV, 2IT6, and 7NL6). (B)

proposed design of aldehyde-bearing mannosides, featuring the SA tag con-

nected through a short chain to themannose anomeric position, suitable for

imine bond formation with K368 or K373. (C) molecular structure of the

designed SA-bearing mannosides 2a and 3a, differing from the substituent

in position 2 of the mannose ring (hydroxy group and triazole-methanol in

2a and 3a, respectively). (D) Representative example of a binding pose of

mannoside 3a engaging K368 calculated by covalent docking (8/10 poses,

see Table S1). The mannose ring adopts the canonical 3,4-Ca2+ coordina-

tion, i.e., the 3-OH group forms an H-bond with E354 and N365, the 4-OH

forms an H-bond with E347 and N349. (E) The only binding pose (1/10) of

mannoside 3a engaging K373 calculated by covalent docking (see Table S1).

The mannose ring shows a noncanonical 4,3- Ca2+ coordination, i.e., the 4-

OH group forms an H-bond with E354 and N365, the 3-OH forms an H-

bond with E347 and N349.
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of the formyl group and featuring the phenol group derivatized
as benzoyl ester).

In particular, compound 6 was prepared through protection of the
primary alcohol of 4 as an acetate ester under acidic conditions,
followed by a Casnati–Skattebθl ortho-selective formylation of
the aromatic ring [30]. This last reaction led to a complete hydro-
lysis of the acetyl group, which allowed to obtain the final product 6
without a dedicated ester hydrolysis step. Glycosyl acceptor 7 was
obtained via reaction of the phenol unit in 4 with benzoyl chloride
under basic conditions. Finally, a third glycosyl donor was prepared
(compound 8) featuring the formyl group, but devoid of the phe-
nol substituent in the ortho position. This compound was rea-
dily obtained by alkylation of 3-hydroxybenzaldehyde with

2-chloroethanol. The synthesized compound 6-8 were subjected
to a glycosylation reaction with the benzoyl-protected, trichloroa-
cetimidate donor 9 [31]. The glycosylation reactions were initiated
by a catalytic amount of TMSOTf and carried out under strictly
anhydrous conditions. After chromatography, the glycosides 10-
12 were obtained in satisfactory yield (50%-70%) and high purity.
Removal of the benzoyl protecting groups to afford 2a-c was per-
formed under Zemplén conditions (cat. MeONa, MeOH) using
THF as the cosolvent to warrant the substrates’ solubility. Upon
acid quenching (Amberlite IR 120), compounds 2a and 2c were
isolated as the corresponding dimethyl acetals. After chromatogra-
phy, the formyl groups were successfully restored by dissolving the
acetals in water in the presence of the acidic resin.

The synthesis of the C2-functionalized ligand 3a is shown in
Scheme 2. Trichloroacetimidate 13 [19] was reacted with the SA
derivative 6 under the same glycosylation conditions described
above. The C2-azido group of 14 was then reacted with propargyl
alcohol in a copper-catalyzed alkyne-azide cycloaddition (CuAAC),
to give triazole 15 in good yield. The three acetyl groups on the
mannose unit were then removed under basic conditions to give
the final mannoside ligand 3a. Also in this case, the acidic
work-up in the last purification step led to a partial conversion
of the final product into the corresponding dimethyl acetal, which
was converted to the desired aldehyde via treatment with water, as
described above.

At last, a derivative of ligand 3a featuring the same functional-
ization at C2, but devoid of the SA tag (compound 3b in
Scheme 2) was synthesized following a similar strategy. Azide
16 [19] was subjected to a CuAAC with propargyl alcohol,
followed by Zemplén deacetylation. All experimental details
on the synthetic procedures are included in the Supporting
Information file. The identity of the five synthesized compounds

SCHEME 1 | A) Retrosynthetic analysis of SA-bearing mannosides 2a

and 3a, consisting of the formation of a key glycosidic bond between a pro-

tected glycosyl donor (trichloroacetimidate derivative) and a glycosyl accep-

tor equipped with the SA tag. B) Synthesis of mannose derivatives (2a-c).

Reagents and conditions: a) TsOH 5mol%, AcOEt, 75°C, 22 h; b) anhydrous

MgCl2, paraformaldehyde, Et3N, dry THF, reflux, overnight. c) BzCl, Et3N,

THF, 40°C, 2 h; d) 2-chloroethanol, K2CO3, dry DMF, 100°C, 22 h; e)

TMSOTf, 4 Å mol. sieves, CH2Cl2, -30°C; f ) MeONa, MeOH/THF, r.t., 2 h.

SCHEME 2 | Synthesis of SA-tagged mannose derivative 3a and its

analog (3b) devoid of the SA tag. REAGENTS AND CONDITIONS:

(a) 6, TMSOTf, 4 Å mol. sieves, CH2Cl2, -30°C; (b) propargyl alcohol,

CuSO4.5H2O, sodium ascorbate, H2O:THF, 50°C, 5 h; (c) MeONa cat.

MeOH, r.t., 2 h; (d) propargyl alcohol, TBTA cat. CuSO4.5H2O, sodium

ascorbate, H2O:THF, r.t. overnight.
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2a-c and 3a-b was confirmed by nuclear magnetic
resonance (NMR) and high-resolution mass spectrometry (MS).

2.3 | Competitive Binding Assays

To investigate whether the presence of the SA tag in com-
pounds 2a and 3a induced a higher binding affinity for DC-
SIGN compared to control compounds 2b, 2c, and 3b, the
ability of all mannose derivatives to interact with DC-SIGN
was evaluated in a competitive surface plasmon resonance
(SPR) assay.

First, serial dilutions of compounds were pre-incubated for 1 h
with a fixed concentration of recombinant DC-SIGN extracel-
lular domain (ECD). The resulting solutions were then flowed
over a SPR chip, coated with the spike glycoprotein of SARS-
CoV-2 virus, following a protocol used recently by our group to
assess the binding of other mannosides [19]. With this setup,
the specific DC-SIGN recognition of spike’s mannosylated gly-
cans was abrogated by the preincubation with the synthetic
ligands, thus causing a progressive decrease of DC-SIGN adhe-
sion to the SPR chip with the increasing concentrations of
tested binders.

The results of these competitive-binding assays are summarized
in Figure 3. Unmodified D-mannose inhibited DC-SIGN binding
to the spike-coated SPR chip only at high concentrations (IC50 �
3mM). The control mannose derivatives 2b and 2c, respectively
functionalized with the phenol and benzaldehyde units at C1,
showed binding activity comparable to D-mannose, with IC50 val-
ues around 2mM. Interestingly, SA-modified mannose 2a

showed a significantly higher activity, with an IC50 value in
the sub-millimolar range (519 μM). This stronger inhibitory
activity indicated a more stable binding complex between 2a
and DC-SIGN, conceivably resulting from the formation of a
covalent bond between the SA tag and a Lys(ε-NH2) residue.
This hypothesis was further supported by the lower IC50 value
(359 μM) observed when 2a was pre-incubated with DC-SIGN
for a longer period of time (5 h, rather than 1 h), possibly indi-
cating a relatively slow formation of the imine adduct and the
increased stabilization of the ligand–protein complex over the
incubation time.

Compared to mannose derivatives 2a-c, C2-functionalized
mannosides 3a and 3b showed generally higher affinities for
DC-SIGN, confirming the importance of the triazole-methanol
unit for the ligand fitting in the CRD. Also in this case, the anal-
ysis of SA-bearing derivative 3a unveiled a lower IC50 value
than the control compound 3b (93 μM and 692 μM for 3a
and 3b, respectively), indicating that the SA tag installation
at C1 can increase the binding affinity of complex glycoside
ligands for DC-SIGN.

Finally, to gain further information on the ligands’ binding pref-
erences, the synthesized compounds were also screened against
L-SIGN, a second lectin homologous to DC-SIGN. While both
lectins are relevant targets in infectious diseases, L-SIGN’s
CRD does not feature the key lysine residues K368 and K373
expressed by DC-SIGN (see Figure 1), which are replaced in
L-SIGN by R380 and N385, respectively. For this reason, we
hypothesized that mannose derivatives endowed with Lys-
engaging electrophiles may display a marked binding selectivity
toward DC-SIGN over L-SIGN. The data illustrated in Figure 3
(Selectivity Ratios) confirmed this hypothesis, as compound 2a
showed a 3.7-fold higher affinity for DC-SIGN, slightly increased
to a ratio of 4.7 with the 5 h preincubation. Of note, the most
potent DC-SIGN binder of the series (i.e., 3a) also showed the
highest selectivity for this protein over the lysine-poor lectin.

2.4 | Mass-Spectrometry Analysis of
Ligand–Protein Interactions

In order to further validate the mode of action of these mannose
derivatives, we used top-down (TD-MS) to measure the molecu-
lar weights (MW) of DC-SIGN (MW= 38,714 Da) and L-SIGN
(MW= 37,167 Da) at 20 μM before and after 1 h incubation with
75 μM ligand 3a. As expected, incubation with the ligand yielded
a new series of peaks corresponding to singly conjugated DC-
SIGN (Figure 4A,B), with aMW= 39,122 Da and implying a mass
shift of approximately 408 Da, which confirms the covalent bind-
ing of 3a (MW= 425 Da; -18 Da from loss of water upon imine
formation). Interestingly, a second series of peaks corresponding
to doubly bound 3a (MW= 39,531 Da) was interpreted as a non-
specific binding due to the protein:ligand ratio (1:3.75) used here.
As a control, L-SIGN was incubated under similar conditions
with 3a and showed only a minor signal corresponding to a singly
conjugated species (MW= 37,576 Da, Figure 4C,D). Then, the
+ 40 charge state of singly conjugated DC-SIGN at m/z 979.07
was selected and fragmented by Electron-Transfer/Higher-
Energy Collision Dissociation in order to try and localize the con-
jugation site. The presence of numerous modified y fragments

FIGURE 3 | Overview of IC50 values measured for compounds 2a-c

and 3a-b, indicating their ability to inhibit DC-SIGN or L-SIGN ECD

binding to a SPR chip, coated with the spike glycoprotein of SARS-

CoV-2 virus. Unless otherwise stated, the ligands were pre-incubated with

DC-SIGN ECD for 1 h before injection over the SPR surface. Experiments

were performed in duplicate. (*) IC50 for D-Man are values determined

previously [19] using the same set-up, experimental conditions, and batch

of proteins. They are reported here for comparison. (**) Analysis per-

formed with a 5 h pre-incubation of ligand 2a with DC-SIGN.
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(on the C-terminal part) confirmed conjugation of the protein
downstream of D367 (Figure 4E and Figure S2).

These results left us with four possible residues, K368 and K373,
that are located in the CRD and the K378-K379 dipeptide on the C-
terminal domain (Figure 4E). In order to clarify the issue, we per-
formed enzymatic digestion of the DC-SIGN/3a complex, after
NaBH4 reduction of the imine to an irreversible secondary amine
adduct. Following DTT reduction and iodoacetamide alkylation
of cysteines, the complex was digested with chymotrypsin and
analyzed by nano-liquid chromatography-tandem MS (nanoLC-
MS/MS) alongside protein database searches. We obtained very
good sequence coverages for both DC-SIGN (89%) and L-SIGN
(84%). Importantly, we could identify the N365-W375 peptide of
DC-SIGN (sequence: NDDKCNLAKFW) that contains both
K368 and K373, where the 3a adduct was always found on K373
(Figure S3A). Similarly, in the longer S360-F374 peptide
(sequence: SGNGWNDDKCNLAKF), K373 was again found to
be the only modified residue (Figure S3B). Of note, the C-terminal
Lys residues K378 and K379 were never observed as modified. No
modifications were found on the L-SIGN digested.

3 | Conclusion

Glycomimetics present an intrinsic selectivity problem as lectin
ligands, because many lectins share a common specificity for indi-
vidual monosaccharides. The problem has generally been solved
by decorating the sugar core of the ligand with fragments, or sub-
stituents, able to target secondary sites of a specific lectin, which
are more easily differentiated than the carbohydrate-binding site.
Examples have been produced for various classes, e.g., galectins
and siglecs [32], as well as for CLRs. Using this differential rational
design approach we have previously developed ligands that are
selective for DC-SIGN over Langerin [12, 18] or for L-SIGN over
DC-SIGN [20, 21]. Here, we show that a covalent-reversible elec-
trophilic warhead, a SA, connected to a DC/L-SIGN dual ligand
converts it into a potent and selective DC-SIGN ligand. Guided
by covalent docking studies, we engineered this selectivity by tar-
geting two Lys residues of the DC-SIGN CRD, K368 and K373,
which are replaced by different amino acids in the equivalent posi-
tions of L-SIGN. Although the computational analysis (covalent
docking and pKa prediction) had suggested that K368 is the most
likely target, bottom-up MS analysis of the complex formed by 3a
and DC-SIGN revealed that, in fact, only K373 is engaged and
modified by the SA. In this scenario, the computational models
suggest that the ligand would need to adopt a noncanonical
Man-4,3-Ca2+ coordination to occupy the Ca2+ site. This binding
mode was observed as the “minor”mode (based on occupancy) in
the DC–SIGN complex of mannobiose (PDB 2IT6) [26] and was
recently validated also in solution using NMR studies [27].
The 4,3-coordination is also precedented for 2-triazole manno-
sides, when the anomeric substituents are designed to occupy
the ammonium-binding site formed by F313, E358, and S360 [28].
It is remarkable that, while this manuscript was in preparation,
Rademacher and Keserű reported on an electrophilic squaramide
fragment that also appears to engage K373 of DC-SIGN selectively
and activate, rather than inhibit, its binding to a glycosylated sur-
face [33]. Together, these studies show that covalent targeting of
Lys residues in CLRs’ CRDs can be used to tune lectins’ activity
and engineer selectivity. In this context, we note that covalent-
reversible ligands, such as SAs, appear more suitable for modula-
tion of host receptors, which, like DC-SIGN, play a delicate role in
shaping the innate immune response. Future SAR studies from
our groups will focus on the optimization of noncovalent interac-
tions between the mannose scaffold and the CRD, which could
perfectly synergize with the salicylaldimine and ultimately lead
to ultrapotent DC-SIGN binding inhibitors.
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