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ABSTRACT: The evaluation of Bacteroides vulgatus mpk
(BVMPK) lipopolysaccharide (LPS) recognition by DC-SIGN, a
key lectin in mediating immune homeostasis, has been here
performed. A fine chemical dissection of BVMPK LPS components,
attained by synthetic chemistry combined to spectroscopic,
biophysical, and computational techniques, allowed to finely map
the LPS epitopes recognized by DC-SIGN. Our findings reveal
BVMPK’s role in immune modulation via DC-SIGN, targeting
both the LPS O-antigen and the core oligosaccharide. Furthermore,
when framed within medical chemistry or drug design, our results
could lead to the development of tailored molecules to benefit the
hosts dealing with inflammatory diseases.
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■ INTRODUCTION
The human gastrointestinal tract harbors the highest
population of microorganisms, the gut microbiota (GM), a
complex and dynamic combination of commensal bacteria,
fungi, and viruses, crucial for the activation, development, and
functional maturation of mucosal and systemic immune
systems.1 GM is therefore proposed to shape host immunity
and maintain homeostasis, provide benefits by detoxification
and nutrient processing from the dietary income, and protect
against external pathogens by enhancing the intestinal barrier
through direct (as competition for common nutrients and
niches) and indirect (as enhancement of host defense)
mechanisms.2−4

The immune system is well-equipped with a wide range of
innate pattern-recognition receptors (PRRs) that sense specific
microbial constituents named MAMPs (microbe-associated
molecular patterns). Known for being the major component of
the external leaflet of Gram-negative outer membrane, LPS
(lipopolysaccharide) is a renowned MAMP crucial in the
host−microbe dialogue as it can mediate either beneficial or
detrimental interactions, such as colonization, virulence,
adhesion, symbiosis, and tolerance.5 LPSs are elicitors of
host immune responses in a structure-dependent manner, and
even slight structural changes may strongly affect and tune
their function and role and modulate host immune recognition
and receptor targeting.5,6 Structurally and biosynthetically, LPS
is a heat-stable amphiphilic molecule constituted by three

different motifs: the lipid A, the core oligosaccharide, and the
O-antigen polysaccharide (OPS).7

Among the four different PRR families, lectin receptors
represent a broad group of nonimmunoglobulin proteins
recognizing glycan epitopes exposed on the cell surface8

without displaying any enzymatic activity though being
involved in antimicrobial immunity. Indeed, lectins occur
ubiquitously in nature and play a key role in cell−cell/cell−
pathogen communications, immune cell function regulation,
and cellular trafficking inter alia.9 They include both trans-
membrane and soluble extracellular proteins and are
increasingly emerging as immune receptors of bacterial LPS
and envelope glycoconjugates.10,11 C-type lectin (CTL)
represents the biggest and most extended lectin class (soluble
or membrane-bound), able to recognize cell surface glycans on
self-proteins as well as on viruses, bacteria, and parasites.
Soluble CTLs, expressed mostly by myeloid antigen-presenting
cells such as macrophages and dendritic cells, can function as
opsonins that facilitate phagocytic uptake, activation of the
complement pathway, modulation of inflammation, and
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inhibition or direct killing of a wide variety of microorganisms.
Their carbohydrate recognition domain (CRD) is key to
delineating the glycan epitope recognized and accommodated
in the binding site12; in most cases, the interaction takes place
in a Ca2+-dependent manner, with DC-SIGN (dendritic cell-
specific intracellular adhesion molecules (ICAM)-3 grabbing
nonintegrin), also known as CD209, being a perfect
example.13−15 The DC-SIGN family includes type II trans-
membrane glycoprotein receptors composed of a neck region
followed by the CRD, having the N-terminus in the cytosol

and the C-terminus exposed outside the lipid bilayer.
Structurally, the most interesting portion of CRD is the loop
that extends outside the surface of the protein, which is
involved in the formation of two cavities that can
accommodate the Ca2+ ions, key for the carbohydrate binding
properties of DC-SIGN. In particular, the principal binding
site, constituted by the EPN motif (Glu347, Pro348, and
Asn349) together with Glu354 and Asn365 residues, drives
carbohydrate coordination and delineates the specificity for the
recognized ligands.16−18

Figure 1. Bacteroides vulgatus mpk structure. (A) BVMPK complete LPS structure. (B) O-antigen disaccharide repeating unit constituted by an α-L-
rhamnopyranose and a β-D-mannopyranose. Circled in green and gray/pink are the core and O-antigen LPS portions here evaluated in their
interaction with DC-SIGN. (C) ELISA analysis of the competition binding of B. vulgatus core and O-antigen and LPS to human C-type lectin DC-
SIGN. The competition experiments have been performed three times showing similar results; the graph shows data of one of these experiments.
The two synthetic oligomers, 4-Mer and 8-Mer, were also added to the plate for comparison.24

Scheme 1. Synthesis of the Rhamnose-Terminated 3-Mer 4 and 5-Mer 7a

aBn, benzyl; Bz, benzoyl; CAN, cerium(IV) diammonium nitrate; MP, 4-methoxylphenyl; PPh3AuNTf2, gold(I) bis(trifluoromethanesulfonyl)-
imidate; MS, molecular sieve.
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The Bacteroides genus includes obligate anaerobic Gram-
negative bacteria, ubiquitous commensals, and important
beneficial members of the human colon.19,20 An example is
Bacteroides vulgatus whose oral administration can repair the
colonic gap junction and prevent colitis in a strain-dependent
manner21; likewise, B. vulgatus mpk (BVMPK)5,22 plays a

significant role in protecting against Escherichia coli-induced
colitis or Yersinia enterocolitica-induced inflammation, reducing
intestinal inflammation and repairing the tissue damage.5,20

BVMPK LPS has been established as a weak agonistic LPS, as
it does not promote a pro-inflammatory response in both
human in vitro and murine in vivo experiments.23

Figure 2. NMR interaction studies between 4-Mer and DC-SIGN. (A) 4-Mer ligand schematic structure sketched according to SNFG
nomenclature. STD NMR zoomed spectrum (full spectrum Figure S2A). 1H NMR reference spectrum (bottom) and 1D STD NMR spectrum
(up) of the 1:30 mixture of DC-SIGN:4-Mer. (B) tr-NOESY NMR on the 1:20 mixture of DC-SIGN:4-Mer. (C) 2D and 3D representation of the
interacting epitope map of the interaction between 4-Mer and DC-SIGN derived from STD NMR data and computational studies. (D)
CORCEMA-ST analysis was derived from the most representative poses of the DC-SIGN/4-Mer complex. The analysis of the contribution of
binding mode A (BmA) and binding mode B (BmB) to the ensemble was performed by analyzing the quality of the prediction by the NOE R-
factor (see Table S2), determining that the contribution to the ensemble was 70% for BmA and 30% for BmB, similar results as those obtained
from the analysis of the MD simulation, the most demonstrating the best fit between the ensemble theoretical (blue) and experimental (red) STD
data.
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A major role of DC-SIGN in mediating host immune
recognition of bacterial envelope glycans has been pro-
posed,11,16−18,24 including its involvement in TLR/immune

cell activation. Our working hypothesis came from the
evidence that BVMPK LPS not only exerts a protective role
for the host by stimulating the release of anti-inflammatory

Figure 3.MD simulation analysis of the major binding mode A for the DC-SIGN:4-Mer complex A) 3D model of DC-SIGN − 4-Mer complex with
the protein amino acids involved in the interaction highlighted in purple. Close-up view of a representative pose from the most populated MD
family (top right) and the tMan bound to the principal Ca2+. The main amino acids involved in the binding are colored in purple and the Ca2+ ion
in gray. The ligand is colored according to SNFG. Ca2+ coordination bonds are shown as dashed blue lines while the observed H-bond interactions
are indicated by dashed cyan lines. B) 3D representation of the interaction with the ligand surface colored according to the STD NMR results. C)
BmA two-dimensional plot representing the interactions between 4-Mer and DC-SIGN binding pocket residues.
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cytokines23 but also displays a selective affinity for human
lectin DC-SIGN,24 which is associated with gut lymphoid
tissue and homeostasis. Therefore, we here sought to dissect
BVMPK LPS recognition and interaction with DC-SIGN, and

due to the uniqueness of the LPS structure and the relevance
of glycan motifs in modulating the immune functions, we
focused on the molecular evaluation of B. vulgatus mpk LPS
components in their interaction with DC-SIGN, by means of

Figure 4. MD simulation analysis of the minor binding mode B, interaction between 4-Mer and DC-SIGN. (A) 3D model of the DC-SIGN−4-Mer
complex with the protein amino acids involved in the interaction highlighted in salmon. Close-up view of a representative pose from the most
populated MD family (top right) and the tMan bound to the principal Ca2+. The main amino acids involved in the binding are colored in purple
and the Ca2+ ion in gray. The ligand is colored according to SNFG. Ca2+ coordination bonds are shown as dashed blue lines, while the observed H-
bond interactions are indicated by dashed cyan lines. (B) 3D representation of the interaction with the ligand surface colored according to the STD
NMR results. (C) BmB two-dimensional plot representing the interactions between 4-Mer and DC-SIGN binding pocket residues.
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synthetic, spectroscopic, and biophysical methods. In partic-
ular, we used synthetic LPS glycoforms containing either
BVMPK O-antigen variable repeating units or the core region
(Figure 1 and Scheme 1), to evaluate their contribution to the
binding. By this combination of complementary approaches,
we demonstrated that DC-SIGN effectively recognizes and
binds different constituents of BVMPK LPS, located either in
the core or in the O-antigen portion, therefore highly
diminishing the possibility of a nonspecific interaction. This
novel type of recognition demonstrates the importance of B.
vulgatus LPS glycans’ complexity and variability in mediating
host immune recognition by DC-SIGN.

■ RESULTS

DC-SIGN Recognition of BVMPK LPS

Inspired by the already probed interaction between synthetic
O-antigen oligomers and DC-SIGN,24 we further investigated
DC-SIGN binding to B. vulgatus LPS constituents (Figure 1),
particularly the isolated core oligosaccharide (Figure 1), by
competition ELISA experiments (Figure 1). To better compare
the results, also two representative synthetic oligomers,
namely, the 4-Mer and 8-Mer (Figure 1 and Figure S1),
were added to the plate. Notably, in all cases, ELISA assays
detected binding, since either LPS component (the O-antigen,
as expected, and more importantly the core portion) showed
the ability to inhibit LPS binding to DC-SIGN in a typical
dose−response curve (Figure 1C and Figure S1). Given the
above, BVMPK LPS recognition by the recombinant
extracellular domain of DC-SIGN was evaluated using a
combination of synthetic approaches, NMR spectroscopy, and
computational and biophysical techniques as follows.
BVMPK LPS O-Antigen−DC-SIGN Interaction

BVMPK OPS consists of [ → 3)-β-D-Man-(1 → 4)-α-L-Rha-(1
→ ] disaccharide repeating units (RU); therefore, oligomers of
different lengths, terminating either with Rha or with Man,
were ad hoc synthesized (Figure 1 and Figure S1), those
terminating with Man as already described (Figure S1A),24 and
those terminating with Rha (Figure 1 and Figure S1) by the
synthetic approach shown in Scheme 1 and in the Supporting
Information). These oligomers with variable numbers of RU
contained an L-rhamnose residue (redRha) at the reducing
portion, while the nonreducing end was capped alternatively by
a terminal mannose or a terminal rhamnose residue (tMan; 2-
Mer, 4-Mer, and 8-Mer; Figure S1A; tRha, 3-Mer, and 5-Mer;
Figure S1B). They were thoroughly evaluated in their
interaction with DC-SIGN, with the aim of disclosing the
role, if any, played by the length of the saccharide chain.
O-Antigen Oligomers with tMan-Binding Studies

Binding studies were conducted on the different B. vulgatus
oligomers with comparable results. STD NMR experiments25

were used to unveil the binding epitopes and showed that the
contact between DC-SIGN and the oligos took place mostly at
the terminal portion. In particular, the STD analysis of the
mixture DC-SIGN: 4-Mer (Figure 2 and Figure S2) allowed
depiction of a binding epitope where the main interaction
occurred through the tMan residue, which showed the highest
STD enhancements. Thus, the interacting epitope included H3
and H4 of tMan, which showed the strongest STD effects,
followed by a good contribution of H5 and finally slighter
involvement of the remaining ring protons. Instead, the L-Rha
directly linked to the terminal Man showed a low STD

response with H4, further confirming that tMan was the main
moiety in contact with DC-SIGN. Conversely, no STD effects
were observed for either the inner Man or the redRha unit,
indicative of being solvent exposed. NMR binding studies with
longer ligands, such as 8-Mer showed comparable NMR
derived binding epitope (Figure S3).
The bioactive conformation adopted by the ligand upon

binding was explored by tr-NOESY experiments (Figure 2B,
spectra on 4Mer). A comparison of spectra acquired in the
free24 and bound states unveiled no significant changes,
confirming an extended conformation of the glycan chain,
therefore unchanged once complexed with DC-SIGN (see
Discussion below, Figure 2C, and Table S1). Further details on
the molecular recognition features were disclosed, comple-
menting NMR-derived binding data to computational studies
as follows. Once the energetically accessible conformational
regions of glycosidic torsion angles (α-L-Rha-(1 → 3)-β-D-Man
and β-D-Man-(1 → 4)-α-L-Rha) constituting BVMPK LPS O-
antigen were obtained (Figure S4), a starting complex of the
ligands with DC-SIGN was obtained by manual docking of the
oligomers in the DC-SIGN monomeric subunit (from PDB
1SL4).26 Thus, the terminal Man guided the superimposition
of the oligomers in the binding site, taking as a reference the
GlcNAc2Man3 unit present in 1SL4 pdb. The complex
generation and its further optimization were performed using
the Maestro suite of programs.27 In detail, mannose can adopt
two different orientations in the binding pocket as represented
in Figure S5,26,28,29 a binding mode with the 6-OH pointing
toward the adjacent shallow groove (Figure 3 and Figure S5A,
binding mode A, BmA), and, after rotating the ligand through
the mannose residue by 180°, a second binding mode obtained
with the axial 2-OH pointing toward the shallow groove
(Figure 4 and Figure S5D, binding mode B, BmB).
Both accommodations, BmA and BmB, underwent exten-

sive MD simulations, and the outcomes were subsequently
evaluated on the basis of the NMR results to validate the
findings. ϕ and ψ glycosidic torsion angles were sampled along
the MD simulations in both free24 and bound states to further
evaluate the conformational behavior of BVMPK LPS O-
antigen oligomers when complexed with DC-SIGN. Ensemble
average interproton distances were extracted and translated
into NOE contacts according to a full-matrix relaxation
approach. The average distances obtained for the MD
simulation from ⟨r−6⟩ values were compared to those collected
experimentally, and notably an excellent accordance between
the experimental and calculated data was found (Table S1).
Therefore, no significant differences in the ligands’ extended
conformation in both free and bound states were indeed found
upon binding (see data on 4-Mer, Figure S4 and Figure 2).
The most representative poses for the two binding modes
BmA and BmB on the DC-SIGN/4mer complex were selected
based on cluster analysis of the MD simulations and analyzed
by means of the CORCEMA-ST program,30 which allows to
calculate predicted STD intensities for the proposed molecular
models of ligand−receptor complexes. Therefore, CORCEMA-
ST is a useful tool to validate the proposed 3D models and, as
shown below, also to evaluate their relative abundance. Indeed,
the results confirmed that in both BmA and BmB complexes,
the terminal mannose was the main actor of the interaction,
with a high contribution from H3 and H4 and an evident
involvement of the other ring protons (Figure 2D). Indeed, in
both cases, the highest STD value was predicted for tMan H3,
in agreement with the experimental results. Conversely, no
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saturation was predicted for the other sugar units except for the
internal Rha, which participated in the binding with a good
involvement only of the proton at position 4. In addition,
according to the STD NMR results, no contribution was
predicted for Man and redRha residues. Nevertheless, overall,
the calculated STD values for each individual binding mode
did not completely align with the experimental STD NMR
results, confirming the coexistence of two binding modes.
Thus, a theoretical bimodal binding equilibrium, involving a

combination of BmA and BmB, was considered and the
contribution of each binding mode to the interaction was
determined as published.31 Briefly, assuming that the signals of
the STD spectra would be the weighted average of the
accumulated saturations corresponding to the two binding
modes, we could identify the ensemble of ligand-bound modes
that best fit the experimental data assessing the quality of the
CORCEMA-ST prediction by the R-NOE factor, a parameter
that indicates the quality of the fit. We found that a satisfactory
agreement between theoretical and experimental results was
indeed achieved considering the following equilibrium of the
two bound conformations in solution: BmA as major binding
mode with a contribution around 70% and BmB as minor
binding mode with a 30% contribution (NOE R-factor = 0.2;
Table S2 and Figure 2D).
Representative poses of the less energetic and most

populated clusters of the 4-Mer in the two binding modes
BmA and BmB in Figures 3 and 4 show how the tMan residue
was involved in the coordination with Ca2+ through hydroxyl
moieties at positions 3 and 4 in the canonical binding
mode.28,32 Interestingly, RMSD calculations performed on
protein backbone and ligand residues, with the first frame as
reference, were indicative of the stability of the complexes, with
comparable accommodation of the oligomers in the binding
pocket (Figures 3 and 4 and Figure S5). Indeed, during the
whole MD simulations, the tMan unit maintained the
canonical coordination with the Ca2+ ion through positions 3
and 4, with the rest of the ligand solvent exposed. The
occurring molecular interactions in the complexes were
monitored and compared to the NMR-derived experimental
data as follows (data on the 4-Mer in BmA and BmB are here
discussed, and results on the other oligomers were comparable;
see Figure S6). The Ca2+ ion located in the main DC-SIGN
binding site and accommodated by Glu347, Pro348, and

Asn349 plays a key role in the carbohydrate recognition and
binding process, coordinating the tMan through the oxygen
atoms of 3OH and 4OH. Notably, slight differences were
observed between BmA and BmB binding modes. Specifically,
in BmA, 3OH tMan acted as a hydrogen donor in the
interaction with the Glu347 carboxylic moiety whereas tMan
4OH acted as a hydrogen donor in the interaction with the
Glu354 carboxylic moiety and as an acceptor for Asn365
(Figure 3 and Figure S5B,C). However, in the case of BmB,
due to the 180° rotation, a significant shift in the binding
interactions occurred (Figure S7); tMan 3OH now functioned
as a hydrogen acceptor, forming an interaction with Asn365,
while tMan 4OH acted as a hydrogen donor, engaging with
Glu347. In contrast to BmA, in BmB, Glu347 could also be
observed forming a hydrogen bond with tMan 6OH during
approximately 10% of the simulation time (Figure 4 and Figure
S5E,F); this observation in BmB is in agreement with the STD
NMR results and provides further explanation for the good
contribution of H6 tMan to the interaction. The internal Rha
unit along the MD simulation (Figures 3 and 4 and Figure S5)
did not establish stable interactions, in particular hydrogen
bonds with DC-SIGN; this fitted with the experimentally
observed low STD contribution to the binding for the ring
protons of internal Rha but H4, in full agreement with the
predicted contribution by CORCEMA-ST calculations (Figure
2D).
The crucial role of Ca2+ in mediating the binding was further

proved by NMR, as upon addition of perdeuterated EDTA to
the sample, we observed a complete fading of STD NMR
signals, evidence that no interaction occurred in the absence of
calcium (Figure S8). Finally, we can propose a 3D complex of
BVMPK O-antigen accommodated in the DC-SIGN binding
site, where the tMan unit was essential for its recognition and
binding in both BmA and BmB (Figures 3 and 4 and Figure
S6).
O-Antigen Oligomers with tRha Synthesis and Binding
Studies

Oligomers that terminate with L-Rha (Figure S1B) were
synthesized as described below (Scheme 1 and the supporting
text). Rhamnosyl ortho-hexynylbenzoate 1 was used as the
glycosyl donor for α-rhamnosylation, which was activated by
PPh3AuNTf2

33 at 0 °C and reacted with the disaccharide
acceptor 2 and tetrasaccharide acceptor 5 to give 3-Mer 3 and

Figure 5. Inhibition of DC-SIGN interaction over BSA-Man surfaces with different oligomers of the O-antigen repeating unit. (A) Representative
sensorgrams of the interaction and its inhibition with 2-Mer with increasing concentrations, by a multiplication factor of 2, starting from 40 μM up
to 20 mM. (B) Inhibition curve obtained for 2-Mer, 4-Mer, 8-Mer, and 16-Mer.
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5-Mer 6 (in 77 and 54% yields, respectively). Global
deprotection of 3-Mer 3 and 5-Mer 6 via Pd-catalyzed
hydrogenolysis, Zempleń methanolysis, and CAN oxidation
led to the removal of all the protecting groups to provide the
desired rhamnose-terminated 3-Mer 4 and 5-Mer 7 (see the
Supporting Information for details).
These ad hoc synthesized oligomers bearing L-Rha as the

terminal moiety (3-Mer and 5-Mer) were therefore studied for
their interaction with DC-SIGN, following the same approach
as above. Interestingly, NMR and biophysical studies detected
no binding with DC-SIGN (see Figure S9 and Discussion
below). The absence of recognition was further proved by

NMR experiments, as upon addition of D-mannose (in the
same 1:30 ratio) to the sample, it was possible to observe the
presence of STD NMR signals deriving from the mono-
saccharide and showing that there was no interaction with both
3-Mer and 5-Mer and that the protein was still functional (data
not shown).
BVMPK LPS O-Antigen−DC-SIGN: Surface Plasmon
Resonance Analysis

Surface plasmon resonance (SPR) experiments were per-
formed to further validate the proposed 3D system. Thus,
oligomers containing from one to eight repeating units (2-Mer,
4-Mer, 8-Mer, and 16-Mer) were used in an SPR competition

Table 1. IC50 of Mannose and Different Oligomers of B. vulgatus OPS toward the DC-SIGN/BSA-Man Interaction Using an
SPR Competition Assay

Man 2-Mer 4-Mer 8-Mer 16-Mer

IC50 3.08 ± 0.03 3.31 ± 0.07 3.85 ± 0.09 3.08 ± 0.28 4.20 ± 0.17
DC-SIGN (mM)

Figure 6. NMR interaction studies between tRha-LPS and DC-SIGN. (A) tRha-LPS tridecasaccharide schematic structure sketched according to
SNFG nomenclature. (B) STD NMR zoomed spectrum (full spectrum Figure S23A). (Bottom) 1H NMR reference spectrum and (top) 1D STD
NMR spectrum of the 1:30 mixture of DC-SIGN: tRha-LPS. (C) 2D representation of the interacting epitope map of the interaction between tRha-
LPS and DC-SIGN derived from STD NMR data and computational studies (left) and most representative NOE values to determine the bioactive
conformation (right). (D) tr-ROESY NMR on the 1:30 mixture of DC-SIGN:tRha-LPS. (E) Schematic representation of the bioactive
conformation with the core oligosaccharide sugars colored in according to the SNFG nomenclature and the OPS sugars in gray.
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test to evaluate their affinity toward DC-SIGN (Figure 5 and
Figures S10−S19).34

Independent of the size of the oligomer tested, the IC50
determined were in the same range, between 3 and 4.2 mM
(Table 1), and did not change significantly from 2-Mer to 16-
Mer. Considering the increase in repeating units, the results
showed that the main contribution to the binding was entirely
contained within the terminal unit. Additional units on the
reducing end did not significantly improve the competitive
power of the oligomers in the test and, thus, the binding
affinity to the DC-SIGN binding site. Moreover, the IC50 value
obtained here for 2-Mer was of 3.3 mM, which is almost

identical to the one classically obtained for a single mannose in
this competition test (around 3 mM),35 thus supporting the
key role of the tMan that accounts for almost all of the binding
energy. This experimental evaluation of the affinity further
supported the NMR experiments and MD calculation.
B. vulgatus Full Core LPS−DC-SIGN Binding Studies

The presence in B. vulgatus core LPS of uncommon sugars like
Fuc (fucose) and Galf (galactofuranose) increased our interest
in unveiling their interaction with DC-SIGN. To this aim, the
full LPS containing three OPS repeating units (terminating
with a Rha residue) and the full core heptasaccharide starting

Figure 7. DC-SIGN: tRha-LPS complex MD simulation analysis. (A) RMSD of the protein (black) and ligand (red) being the ligand RMSD
calculated in reference to the protein. (B) Protein−ligand H-bonds described as acceptor, donor, distance, and stability (in percentage) during the
100 ns MD simulation. (C) 3D model of the DC-SIGN−tRha-LPS complex with the protein amino acids involved in the interaction highlighted in
purple. Close-up view of a representative pose from the most populated MD family. In gray, the Ca2+ ions. The ligand is colored according to
SNFG nomenclature. Ca2+ coordination bonds are shown as dashed blue lines, while the observed H-bond interactions are indicated by dashed
cyan lines. (D) Two-dimensional plot representation of the most stable interactions between tRha-LPS and DC-SIGN binding pocket residues. (E)
3D representation of the DC-SIGN: tRha-LPS complex with the ligand surface colored according to the STD NMR results.
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from Kdo (Figure 6)36 were investigated. STD NMR
experiments and the corresponding binding epitope on
BVMPK LPS, containing the full core and three OPS repeating
units (with a tRha as a terminal residue, tRha-LPS, Figures 6
and 7), supported the above findings and confirmed how the
OPS portion containing the terminal tRha did not interact with
the protein. As for the core region, the fucose unit was, as
expected, the main sugar accommodated in the protein binding
site; interestingly, also the Galf residue was significantly
involved (Figure 6B,C, see below) and Gal and Kdo units were
also located nearby the protein surface (see Figure 6 and
Figure S20). In detail, the STD-derived interacting epitope
revealed how the recognition took place mainly through the
Fuc unit, with strongest effects ascribed to H1 to H4 protons
(above 70%), and in addition almost all Galf protons, mainly
the H2 Gal proton and the side chain protons of Kdo (H6, H7,
and H8), gave moderate to good STD signals. These results
also highlighted the proximity to the binding pocket of Gal,
Galf, and Kdo; likely, the rest of the core was solvent exposed.
The evaluation of the bioactive conformation of the tRha-LPS,
inferred by tr-ROESY NMR experiments run on the DC-
SIGN: tRha-LPS system (Figure 6C), allowed us to further
detail the conformational features of the interaction. As
previously discussed, the key inter-proton distances were
derived from trNOE experiments and were used to evaluate
the conformational behavior of tRha-LPS in the bound state
(see the Supporting Information and Table S3).
In order to depict a 3D model of tRha-LPS in the DC-SIGN

binding pocket via MD simulations, the uncommon sugars of
the inner core region, such as Galf and Kdo, were first and
successfully parametrized using the AMBER18 package.37

Then, the disaccharides constituting the core region were built
to evaluate the energetically accessible conformational regions
via MM calculations using standard protocols (see the
experimental section, Molecular Mechanics and Molecular
Dynamics Simulation section). The adiabatic energy maps,
which illustrate the ϕ/ψ and ϕ/ω glycosidic torsion angles
(Figure S21), confirmed that the global energy minimum
aligned with the exo-anomeric effect. Thus, the tRha-LPS
tridecasaccharide in its bioactive conformation was manually
docked into the DC-SIGN binding site using PDB 1SL5 as the
template,38 to run the MD simulation. RMSD calculations
conducted on both protein backbone and ligand residues,
using the first frame as a reference, provided evidence of
complex stability (Figure 7). The glycosidic torsion angles
were sampled during the MD simulations in both free and
bound states (trajectories and ϕ/ψ−ϕ/ω scatter plots of the
glycosidic linkages are shown in Figures S22 and S23), to
assess the conformational behavior. The corresponding average
distances obtained for the simulation from ⟨r−6⟩ values were
compared to those collected experimentally obtained, and an
excellent accordance was found (Figures S20C−S24 and Table
S3). MD results showed that the torsion angles mainly adopted
values in accordance with the exo-syn anomeric conformation
and confirmed how the Galf residue pointed close to the Fuc
unit, as inferred by the inter-residue NOE contacts (such as
G5-H3; see Figure 7), and consequently was located close to
the protein surface. Furthermore, the Fuc residue was
accommodated in the protein binding site and acted as an
anchor, establishing key interactions with DC-SIGN and
stabilizing the whole ligand by coordination with the Ca2+ ion
in the canonical way, through hydroxyl moieties at positions 3
and 4 (Figure 6). Additionally, the Fuc residue was stabilized

by further H-bond interactions, with hydroxyl moieties at
positions 2, 3, and 4 establishing strong interactions with DC-
SIGN. The most stable interaction was observed between Fuc
4-OH as a H-bond donor with E347 (97% of the MD, Figure
7) and as a H-bond acceptor with N349 (31%); E354 was
found as a H-bond acceptor in both the interaction with 2-OH
(96%) and 3-OH (22%). In addition, the conformation
adopted by tRha-LPS supported the location of Galf close to
the binding pocket in the 3D complex, as confirmed by both
STD and trNOE data. Interestingly, MD simulation also
proved that Galf 3-OH acted as a H-bond donor to E358
(Figure 7) and that the conformational features of tRha-LPS
also moved H6, H7, and H8 Kdo close to the binding pocket,
supporting the experimental STD effects. Furthermore,
CORCEMA-ST analysis was also run on the DC-SIGN:
tRha-LPS complex, finding a good agreement between the
experimental and the predicted calculations (Figure S25).
Hence, computational results fully matched and integrated
NMR data and provided information on the further
accommodation of Bacteroides core LPS inside DC-SIGN
binding pocket (see Figures 6 and 7 and Discussion for more
details).

■ DISCUSSION
The interest in studying the role and host immune perception
of bacterial envelope glycoconjugates has dramatically
increased given their ability to act as MAMPs triggering host
immune response.8,39−41 The open questions are still many
and yet to be fully addressed especially in the context of GM
and its modulation of the host immune system.22 The host’s
ability to discriminate beneficial and harmful species implies
that commensal bacteria express chemically distinct MAMPs
that differently modulate the immune response. LPS-driven
immune activation is strongly structure-dependent and ranges
from a potent to moderate stimulation to the inhibition of the
immune response in antagonistic LPS.42

A wide range of CTLs, located on the plasma membrane of
antigen-presenting cells, constitutes an important family of
antigen uptake membrane receptors; the sensing of commen-
sals by host lectins is likely to promote host−microbiota
mutualism, preventing systemic inflammation.43 Syk-coupled
CTL Mincle is expressed in Peyer’s patches which, after stimuli
from commensal bacteria, trigger IL-6 and IL-23p19
expression, regulating the function of intestinal Th17- and
IL-17-secreting ILCs, with the consequent production of IgA.
CTL receptor DC-SIGN fulfills a large number of immune-
related functions, mainly related to antigen uptake, processing,
and immune regulation, and acts as an immune homeostatic
receptor, since its interaction with host ligands can trigger anti-
inflammatory responses. Ligand recognition mediates both
internalization and signaling. Furthermore, DC-SIGN-depend-
ent cross-presentation is enhanced by the simultaneous
triggering of TLRs, being described as its ability to modify
TLR signaling in a pro- or anti-inflammatory way depending
on the ligand recognized.44,45

The dual role in mediating both tolerance and immune
response, depending on the context, might have been exploited
by pathogens and tumors that upregulate the expression of
DC-SIGN ligands to take advantage of DC-SIGN-dependent
tolerogenic signaling as a strategy to escape the immune
system.18,44 DC-SIGN preferentially binds to fucosylated
glycans, such as blood-type Lewis antigens (Lea, Leb, LeX,
LeY, and sulfo-Lea)46 and mannose-exposing ligands, which
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stimulates the TLR-induced cytokine response. Both mannose
and fucose ligands stimulate IL-10 secretion, but while
fucosylated ligands reduce LPS-induced IL-6 and IL-12
secretion, Man ligands increase the production of both
interleukins. This attributed an anti-inflammatory response to
fucose-expressing ligands and a pro-inflammatory response to
the mannose-expressing ones.47 Nevertheless, in the last
decades, DC-SIGN's ability to recognize GlcNAc or Gal
residues among others has been proved.31,38,48−51 Indeed, we
recently proved that DC-SIGN binds to the E. coli R1 core
oligosaccharide by recognizing its outer core pentasaccharide,
which acts as a cross-linker between two tetrameric units of
DC-SIGN.52 This discovery further enhances the under-
standing of the DC-SIGN interaction with LPS and offers
the potential for the development of strategies to prevent and
treat bacterial infections through pharmacological and
immunostimulatory means.
Here, by an intertwined interdisciplinary approach, organic

synthesis efforts complemented with NMR, computational,
and biophysical studies were employed to propose a 3D
complex of the interaction between DC-SIGN and B. vulgatus
mpk (BVMPK) LPS (Figures 3, 4, 6, and 7). This molecular
glance can certainly furnish relevant information for in vivo B.
vulgatus LPS immune recognition and the role exerted by its
sugar moieties; furthermore, the knowledge at the atomic level
of LPS recognition by DC-SIGN can open new avenues
toward its therapeutic use against GM-related inflammatory
diseases. Indeed, we show how the interaction between DC-
SIGN and BVMPK LPS O-antigen takes place by its terminal
portion, and it is not length dependent but instead sugar
dependent; in fact, the elongation of the chain does not affect
the recognition and binding process whereas the presence of a
terminal Man residue is crucial in the recognition and binding
process. We have shown this by conducting binding studies on
Rhamnose terminating 3-Mer and 5-Mer oligomers, which
showed no interaction with DC-SIGN, and confirmed on the
tRha-LPS. This pointed out the importance of the biological
repeating unit of B. vulgatus LPS O-antigen in dictating the
interaction with host lectins. Computational studies further
defined the binding process, indicating how, for all oligomers,
the interaction occurred through the terminal disaccharide
moiety (tMan-Rha) while the rest of the ligand remains solvent
exposed instead of being smeared on top of the protein. In all
MD studies, the oligomers maintain coordination with the
principal Ca2+ atom through tMan hydroxyl moieties in
positions 3 and 4 (Figures 3 and 4). In addition to the above
findings, our analysis also reveals two different binding modes,
BmA and BmB, as a result of the 180° rotation through the
tMan residue inside the binding site, which were observed and
analyzed in this study. BmA represented the predominant
binding mode, while BmB contributed approximately 30% of
the ensemble weight. The coexistence of these binding modes
underscores the complexity of the binding process and
highlights the dynamic nature of the interaction between
BVMPK O-antigen and DC-SIGN. Indeed, CORCEMA-ST
results not only aided validating the optimal 3D model for the
protein−ligand complexes but also highlighted the critical role
of the terminal mannose (tMan) in the interaction, with
particular emphasis on the contributions of H3 and H4, which
were predicted to have the strongest STD values, in agreement
with experimental NMR results. These results not only
enhance our understanding of the molecular interactions but

also have important implications for elucidating the underlying
binding mechanisms.
The combination of spectroscopic and computational

studies also unveiled the bioactive (bound) conformation of
tRha-LPS, showing how the BVMPK LPS core region
interacted with DC-SIGN and highlighting the key residues
involved in the binding process. Indeed, binding studies
performed on the ad hoc synthesized tRha-LPS revealed that
Fuc and the directly linked Gal residues, but also Galf and Kdo
moieties, were involved in LPS core recognition by DC-SIGN
(Figures 6 and 7). Specifically, the Fuc residue was crucial in
the interaction, being located in the protein binding site and
acting as anchor; Fuc coordinates the primary Ca2+ ion
through 3OH and 4OH while also establishing stable H-bonds
with E347 and N349 through 4OH and with E354 through
hydroxyl moieties at positions 2 and 3. Moreover, Gal and Galf
and in minor amounts Kdo residues were also near the binding
pocket while most of the core and the OPS were solvent
exposed. Notably, only the flexible side chain of Kdo interacted
with DC-SIGN while no contribution from the sugar ring
protons was detected. This likely keeps the lipid A moiety far
from the protein surface and facilitates the interaction of the
whole LPS moiety with DC-SIGN, avoiding steric hindrances
either in the monomeric or in the tetrameric form (Figure
S26). Moreover, Rhamnose is an ubiquitous sugar found in a
diverse array of microbial species, including Shigella,
Pseudomonas, Campylobacter, and Streptococcus, underscoring
the complexity of its role in bacterial virulence and patho-
genesis. The impact of rhamnose on these processes is not
uniform across different species; rather, it is deeply context-
dependent and intricately linked with a multitude of other
bacterial and host factors. Such factors include the overall
composition of the O-antigen, the presence of other virulence
determinants in the bacterium, and the nature of the host
immune response. Therefore, while rhamnose is a common
component of O-antigens, its presence alone does not
straightforwardly correlate with increased virulence or
pathogenicity. Instead, its role must be considered within the
broader and more complex landscape of microbial−host
interactions.
Therefore, we can here describe a novel, complex exogenous

(bacterial) binding epitope for DC-SIGN involving the B.
vulgatus core and the O-antigen LPS portion: a terminal β-Man
linked to an internal, L-configured Rhamnose residue and a
terminal α-Fucose located in the inner core region. The
recognition of the Fuc moiety in the inner core region is also
supported by DC-SIGN preference for Fuc over Man.53

Considering that fucose and mannose residues in BVMPK LPS
are recognized by DC-SIGN, we can hypothesize that B.
vulgatus LPS contributes to the establishment of homeostasis
by interacting with DC-SIGN and inducing a controlled host
response. Moreover, we can also structurally hypothesize an
LPS-mediated bivalent bridge favoring the binding to CRDs
from two different DC-SIGN tetramers, where one DC-SIGN
tetramer is involved in the interaction with the O-antigen
portion while another establishes interactions with the core
oligosaccharide through the fucose unit (Figure S26). This
mechanism would surely benefit BVMPK LPS in the hunting
for DC-SIGN because of its superior ability, i.e., a double bait.
Additionally, we have recently shown how the chelate binding
mode (two interactions in two adjacent CRD of a similar DC-
SIGN tetramer) can drastically increase the strength of
interaction through an avidity mechanism.54 Moreover, in
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addition to this internal avidity at the level of one DC-SIGN
receptor, we can straightforwardly imagine clustering of DC-
SIGN receptors generated in the context of interaction with
the LPS exposed at the bacterial surface. Indeed, Jarvis et al.55

proved that receptor clustering affects the efficiency of antigen
internalization, as the longer is the ligand the greater is the
extent of internalization to endosomal compartments that lead
to antigen processing.

■ CONCLUSIONS
CTLs like DC-SIGN have a key role in microbial recognition
and immunity; viruses like HIV have developed mechanisms to
co-opt lectins for dissemination instead of following traditional
endocytic pathways or being degraded.55,56 Bacterial carbohy-
drate-specific signaling by DC-SIGN can modulate TLR-
mediated responses and tailor adaptive immune responses to
specific pathogens. However, it has been unclear whether and
how DC-SIGN interacts with carbohydrates expressed by the
microbiota and how this affects immunity. We here provide a
very reasonable working hypothesis on the mechanism of
binding based on a heterobivalent recognition of two different
carbohydrate regions; i.e., a safe recognition with a double
check would surely benefit DC-SIGN recognition by this LPS
in competition with a multitude of microbial glycan, even
pathogenic ones. In conclusion, this work provides a first
insight at the molecular level into the direct role of B. vulgatus
LPS in the immunomodulation of the host, concurrently
important to delineate the key molecules underlying host−
microbiota interactions.

■ METHODS

NMR Analysis

The NMR experiments were recorded on a Bruker AVANCE NEO
600-MHz equipped with a cryo probe, and data acquisition and
processing were performed with TopSpin 4.1.1 software. Samples
were prepared in 50 mM buffered phosphate at pH 7.4, using 3 mm
NMR tubes. NMR binding experiments were run by using a protein
ECD concentration of 20 μM. For STD NMR analysis, STD NMR
experiments were acquired with 32,000 data points and zero-filled up
to 64,000 data points prior to processing. The protein ECD
resonances were selectively irradiated using 40 G pulses with a length
of 50 ms, setting the off-resonance pulse frequency at 40 ppm and the
on-resonance pulses at 6.5 and 7.5 ppm. An excitation sculpting with
gradient pulses (esgp) was applied for the suppression of water
signals. The %STD displayed in the ligands’ epitope maps were
obtained by the ratio of the STD signals in the STD spectra (I0 − Isat)
and each relative peak intensity of the unsaturated reference spectrum
(off-resonance, I0), at saturation time of 2 s. The highest STD signal
was set to 100%, and all the other STD values were normalized to this
value. For tr-NOESY analysis, homonuclear 2D NOESY experiments
were conducted by using data sets of 4096 × 900 points and mixing
times of 100−400 ms. The interproton cross relaxation rates (σij)
were measured by the integration of the NOE cross peaks of interest
and normalizing against the corresponding cross peak on the diagonal
in F1. The experimental distances (rij) were then obtained by
employing the isolated spin pair approximation. For Carr−Purcell−
Meiboom−Gill, the cpmgz pulse program based on the spin−echo
pulse sequence was used for the acquisition of the CPMG experiment.
The signal relaxation was measured for 100 ms, and the experiment
was acquired with 256 scans. The recycle delay was set to 2 s, and a
fixed echo time was chosen at 3 ms. STD NMR experiments in the
presence of 20 mM EDTA-d12 were performed in order to chelate all
available divalent Ca2+ ions.

Molecular Mechanics and Molecular Dynamics Simulation
Molecular mechanics calculations were performed using the MM3*
force field in the vacuum, and a dielectric constant of 80 was used. For
the disaccharide structure, both Φ and Ψ were varied incrementally
using a grid step of 18°; each (Φ, Ψ) point of the map was optimized
using 2000 P.R. Molecular dynamics calculations were performed with
AMBER 18 software37 in explicit waters using AMBER ff14SB,
Glycam06j-1, and TIP3P force fields for the protein residues, the
saccharide ligand, and the water solvent molecules, respectively. The
different ligands were downloaded from the GLYCAM web site
(www.GLYCAM.org).57 In order to prepare the protein, missing
hydrogen atoms were added and protonation states of ionizable
groups and cap termini were computed by using Maestro Protein
Preparation Wizard.58 The different systems followed the same
protocol, being hydrated with an octahedral box containing the
explicit TIP3P water molecules buffered at 15 Å and also adding
counterions to neutralize the system. The input files were generated
by using the tleap modules of the AMBER package. The Sander
module was used for the minimization steps, while molecular dynamic
calculations were performed using the PMEMD module. At this point,
an energy minimization process was performed to refine the initial
structure. The calculations employed SHAKE for the C−H bonds and
1 fs of the integration step. Periodic boundary conditions were applied
as well as the smooth particle mesh Ewald method to represent the
electrostatic interactions, with a grid space of 1 Å. At first, the system
was minimized holding the complex while a further minimization step
was performed on the entire system. Subsequently, the whole system
was slowly heated from 0 to 300 K by applying a weak restraint on the
solute. Temperature was increased from 0 to 100 K at constant
volume and then from 100 to 300 K in an isobaric ensemble.
Thereafter, the temperature was kept constant at 300 K during 50 ps
with progressive energy minimizations and solute restraint. Upon
completion of the equilibration, the system restraints were removed
and the systems then advanced in an isothermal−isobaric ensemble
along the production. The system coordinates were saved and used
for the 100 ns simulations using the PMEMD module implemented in
AMBER. Coordinate trajectories were recorded each 2 ps throughout
production runs, yielding an ensemble of 10,000 structures for each
complex, which were finally analyzed. In the specific case of the tRha-
LPS:DC-SIGN complex, a restraint was applied to the Rha-Glc
torsion in order to avoid the population of the non-exo conformation.
The non-parametrized residues (Kdo and Galf) were parametrized
using a self-made protocol performing the Restrained Electrostatic
Potential (RESP) charge calculation with a Hartree−Fock calculation
and a 6-31G* basis set. Antechamber and xLeap were combined to
generate the .prep and .frcmod files.59 Trajectories were analyzed
using the ptraj module within AMBER 18, and the VMD60 program
was used to visualize the MD results. Each trajectory was submitted to
cluster analysis with respect to the ligand RMSD using the K-mean
algorithm implemented in the ptraj module. The representative
structure of the most populated cluster was considered to depict the
complexes interactions. The determination of hydrogen bonds was
calculated using the CPPTAJ module in AMBER 18.59 The h-bond is
defined as occurring between an acceptor heavy atom A, a donor
hydrogen atom H, and a donor heavy atom D. The distance cutoff
was set to 3 Å, and the A-H-D angle cutoff was 135°. The 3D images
shown have been prepared with the USCF Chimera program.61

Dihedral conformation analysis has been performed using a
homemade script to depict the variation of the torsion during the
MD simulation and obtain an histogram of the most populated values

ELISA Experiments
50 μL from a 25 μg/mL B. vulgatus LPS solution (dissolved in PBS 10
mM, pH = 7.4) was used to coat NUNC MaxiSorp ELISA wells (for 2
h at room temperature). After discarding and washing with the
calcium and magnesium-containing buffer TSM [20 mM tris-
(hydroxymethyl)aminomethane (Tris)-HCl, pH 8.0; 150 mM
NaCl; 1 mM CaCl2; 2 mM MgCl2] (1 × 150 μL), wells were
blocked with a TSM solution with 1% BSA (100 μL, Sigma-Aldrich,
≥96%, agarose gel electrophoresis) at room temperature for 30 min.
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The blocking solution was discarded followed by the addition of 50
μL of DC-SIGN-Fc at 25 μg/mL (alone or preincubated for 1 h with
serial dilutions of LPS from B. vulgatus), in TSM with 0.5% BSA. After
1 h at room temperature, wells were washed with TSM (2 × 150 μL)
followed by the addition of 100 μL of antihuman horseradish
peroxidase (0.8 μg/mL, Life Technologies, Goat Anti-Human IgG-
HRP). After 30 min at room temperature, wells were washed with
TSM (2 × 150 μL) and 100 μL of substrate solution (3,3′,5,5′-
tetramethylbenzidine, TMB, citric/acetate buffer, pH = 4, plus H2O2)
were added. After 3 min of incubation at room temperature, the
colorimetric reaction was stopped with 50 μL of 0.8 M of H2SO4. The
optical density (OD) was measured at 450 nm in an ELISA reader.
Data were normalized over the signal at 450 nm from the BSA-
containing wells.

CORCEMA-ST
The CORCEMA-ST protocol, as previously described by Jayalakshmi
and Krishna,30 was employed. The coordinates for the complexes
were chosen from MD trajectory analyses. It was assumed, as
observed by NMR, that the ligand’s conformation remained constant
between the free and bound states. The input parameters, such as
ligand and protein concentrations, were determined experimentally. A
saturation time of 2 s was set, and the dissociation constants (KD)
were initially determined based on experimental data for the DC-
SIGN/4-Mer and DC-SIGN/tRha-LPS complex, with further adjust-
ments to achieve the best fit. A binding-site cutoff of 6 Å was applied.
Fractional intensity changes for each ligand proton were calculated by
computing the R matrix and spectral densities. These changes were
then compared to the experimental STD effects using the NOE R
factor, a normalized root-mean-square deviation value. In these
calculations, only the STD values of the ligand’s isolated signals were
considered.

Surface Plasmon Resonance (SPR) Analysis
DC-SIGN ECD used for the SPR competition assay was produced as
previously described in Tabarani et al.62 The SPR competition
experiments were performed on a Biacore T200 using a CM3 sensor
chip. Flow cells were activated as previously described.63 Flow cell 1
was functionalized with BSA, blocked with ethanolamine, and
subsequently used as a control surface. Flow cells 2 and 3 were
treated with BSA-Manα1−3[Manα1−6]Man (Dextra) (60 μg/mL)
in 10 mM NaOAc pH 4 to reach different binding densities and
blocked with ethanolamine. The final densities on flow cells 2 and 3
were 2690 and 1715 RU, respectively. The use of these two-flow cells
allows redundancy in the measurements. The affinity of the different
oligomers of repeating units (from 2-Mer to 16-Mer) for the DC-
SIGN extracellular domain (ECD) was evaluated via an established
inhibition assay64 in which DC-SIGN ECD was injected at 20 μM
alone or in the presence of increasing concentration of oligomers
(ranging from 20 mM to 40 μM of the corresponding oligomer
obtained by serial dilution by a factor of 2). Injections were performed
at 5 μL/min using 25 mM Tris−HCl pH 8, 150 mM NaCl, 3.8 mM
CaCl2, and 0.05% P20 surfactant as running buffer. The surface was
regenerated by the injection of 50 mM EDTA. DC-SIGN ECD
equilibrium binding responses (Req) for each sample were obtained
from the reference surface corrected sensorgrams 95 s after the start of
the injection. The obtained Req values were converted to DC-SIGN
residual activity values (y, %) with respect to Req of DC-SIGN alone,
which was assigned a 100% activity value. After plotting residual
activity against corresponding compound concentration, the 4-
parameter logistic model (eq 1) was fitted to the plots and the IC50
values were calculated using eq 2.
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where Rhi and Rlo are the maximum and minimum asymptotes,
respectively, A1 is the inflection point, and A2 is a slope of the curve.
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