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ABSTRACT: Glycans play a key role as recognition elements
in the communication of cells and other organisms. Thus, the
analysis of carbohydrate−protein interactions has gained
significant importance. In particular, nuclear magnetic
resonance (NMR) techniques are considered powerful tools
to detect relevant features in the interaction between sugars
and their natural receptors. Here, we present the results
obtained in the study on the molecular recognition of different
mannose-containing glycans by Pisum sativum agglutinin.
NMR experiments supported by Corcema-ST analysis,
isothermal titration calorimetry (ITC) experiments, and
molecular dynamics (MD) protocols have been successfully applied to unmask important binding features and especially to
determine how a remote branching substituent significantly alters the binding mode of the sugar entity. These results highlight
the key influence of common structural modifications in natural glycans on molecular recognition processes and underscore their
importance for the development of biomedical applications.

Molecular recognition is at the heart of all processes in
living beings. The understanding at the molecular level

of how the interactions between biomolecules take place may
provide new clues for the design and synthesis of novel entities
able to modulate the corresponding events. In this context,
glycoconjugates (glycoproteins, glycolipids, etc.) mediate a wide
variety of actions critical for the development and function of a
complex multicellular organism.1 The intrinsic variability of
glycan structures enables sugars to encode specific informa-
tion,2 which being recognized by natural receptors, can be
translated into a specific biological process. As a consequence of
this fine-tuned structure−function relationship, slight mod-
ifications on the structure of the glycan can influence their
interaction with receptors and change the specific biological
response.3

N-glycans are sophisticated oligosaccharides present in
glycoproteins with a common core sugar sequence, Manα1−
6(Manα1−3)Manβ1−4GlcNAcβ1−4GlcNAcβ1-Asn-X-Ser/
Thr, to which additional monosaccharides are attached in
various positions, giving rise to a wide variety of N-glycans.4

Frequently, these structural modifications, introduced by the
action of different glycosidases and glycosyltransferases in the
Golgi, have an impact on their binding features, thus triggering
differentiating functions. In fact, nontemplate driven biosyn-
thesis and a lack of glycosylation control mechanisms in the
Golgi among other factors lead to a variety of different
glycoforms for any given protein. Glycans can have an impact
on circulatory half-life, protection against protease digestion,
and sometimes protein function. However, detailed structural
studies evaluating molecular recognition processes of these
complex glycan entities are scarce and often limited to smaller
fragments. Lectins are among the natural receptors that
specifically recognize glycans. Beyond their biological roles as
endogenous receptors, which are still unclear in many cases,
plant and animal lectins are important tools for glycan
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detection and analysis, especially of N-glycans. Indeed, the
technological improvements in different areas has resulted in
the development of important lectin-based techniques (lectin
blotting, lectin affinity chromatography ELLA, lectin arrays, 2D
lectin-tandem electrophoresis), which have allowed a significant
boost in the glycosciences field.5 Pisum sativum agglutinin
(PSA) is a plant lectin known to specifically bind to mannose
(Man) and glucose (Glc) and that is especially used in different
assays to detect α1,6-fucosylated N-glycans,6−8 for which it
shows the highest affinity.9 α1,6-fucosylation is the main core
modification of N-glycans in vertebrates and is increased in a
number of cancers.10 The structural details for monosaccharide
recognition (Man and Glc) by PSA have been elucidated by
using X-ray diffraction.11,12 However, such detailed structural
information is missing for larger N-glycans, including the key
α1,6-fucosylated entities. In fact, the chemical nature of the
glycosidic linkages and, especially the presence of 1−6
branches, endows a large flexibility to the molecule. This
feature often precludes the crystallization of complex
carbohydrates and/or impairs the detection of sufficient
electron density for most of the glycan part in the X-ray
diffraction analysis of large oligosaccharides. Moreover, the
standard use of the corresponding fitting programs to deduce
3D sugar structures usually gives rise to incorrect geometries of
the corresponding saccharide moieties.13 However, N-glycan
processing including increased branching, the addition of core
sugars, and branch “capping” often determines the function and
recognition of glycoconjugates. These modifications not only
determine the sugar content at the “peripheral” positions but
also the overall shape of the glycan and become determining
factors in the presentation of the glycans for their interaction

with lectins. In our ongoing effort to analyze the impact of
these structural modifications on N-glycan binding to natural
receptors, we here report our molecular recognition study
deciphering the binding features of PSA with several glycans
depicted in Figure 1. Ligands 1 to 4, with gradually increasing
structural complexity including branching, branch elongation,
and α1,6-fucosylation provided a platform to study independ-
ently the effect of these structural features in binding to PSA.
Earlier X-ray diffraction data on the PSA/trimannoside

complex (PDB code 1RIN)14 had shown only one Man residue
to be located inside the lectin’s recognition site, with no
electron density observed for the other two sugar units. We
have therefore resorted to NMR methodologies since they are
extremely useful to obtain a dynamic view of the binding event,
which can complement X-ray diffraction data. NMR can also
provide detailed structural information on the molecular
recognition process in solution and help understand how
specific modifications of the core of oligosaccharides might
modulate the binding mode for the interaction with the
receptors. These data, together with modeling protocols, have
allowed us to correlate the increasing structural modifications
with the differences observed in the binding modes and to
explain the different levels of affinity. These findings show the
existence of a particular binding mode for each glycan structure
and highlight the importance of the overall structure of the
oligosaccharide, including remote modifications, in the
recognition by lectins.

■ RESULTS AND DISCUSSION

The Binding Epitope for Small Oligosaccharides.
Trimannoside 2 versus Mannoside 1. STD-NMR experi-

Figure 1. Sugars and glycans analyzed in this study.
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ments15 were employed for studying the interaction between
the oligosaccharides and pea lectin. STD experiments
performed on a 1:30 molar ratio mixture of PSA and methyl
α-D-mannopyranoside 1 (Figure 2) provided clear STD signals

for all protons of 1, thus evidencing the existence of an
interaction. The STD epitope mapping is in agreement with the
carbohydrate recognition mode previously depicted from X-ray
diffraction studies,12 in which H2 and H1 are more exposed to
the solvent, while the rest of the protons are in tighter contact
with the protein.
We next investigated the binding with trimannose 2. This

trisaccharide is a common structural motif of the core
pentasaccharide of N-glycans, positioned in the center of the
glycan structure. Although X-ray diffraction studies have been
described for the complex between PSA and the methyl 3,6-di-
O-(α-D-mannopyranosyl)-α-D-mannopyranose, only a single
mannose residue could be resolved in the binding site.14 In
our STD-NMR study, however, clear STD responses were
observed for H1 and H2 protons of all three mannopyranose
rings (Figure 3).
These nonoverlapping protons might be used as a fingerprint

for detecting residues near the protein and indicate a similar
proximity of ManA, ManB, and ManC residues to the pea lectin
(Figure 3b). In order to rationalize these STD data, two
binding poses were built using the crystal structure of PSA in
complex with D-mannopyranose as a template. In pose A, the
Manα-1,3 branch was docked onto the primary mannose
binding site. In pose B, the alternative Manα-1,6 residue
(Figure 4a) was docked. No steric clashes were found for any of
the binding poses. Although binding mode A explained the
STD responses observed for mannose A and mannose C
residues, the observed STD signals for mannose B of the α-1,6
branch could not be accounted for. Conversely, the binding
mode B places mannoses A and B near the protein, while
mannose C is located away from the protein surface. A critical
inspection of these structures clearly shows that a single binding
mode is not enough to explain the STD results. The Corcema-
ST16 analysis strongly suggested that only the simultaneous
presence of two binding modes could account for the observed
saturation profile in ligand 2 (Figure 4b). Strategies based on a
combination of STD experiments and Corcema−ST calcu-
lations have been previously employed to demonstrate the dual
binding character of different sugar-containing molecules.17

The stability of the two complexes was then analyzed by
molecular dynamics (MD) simulations. Both complexes were

conformationally stable along the MD simulations and
preserved the intermolecular interactions reported for the
PSA-D-mannopyranoside complex,9 where the key interactions
take place almost exclusively with the mannopyranose ring
placed at the primary binding site. Importantly, no further
significant interactions for remaining residues in the ligand were
found in any of the two complexes (see Supporting Information
for additional details). In order to support this result, KD values
for the interaction of PSA with both ligands were measured by
isothermal titration calorimetry (ITC) experiments. Previous
affinity studies18 had shown that the dissociation constant of
methyl 3,6-di-O-(α-D-mannopyranosyl)-α-D-mannopyranoside
from PSA is moderate, with a KD = 0.19 ± 0.07 mM, although
three times stronger than for the α-methyl-mannopyranoside.
As shown in Table 1, ligands 1 and 2 exhibited similar affinities,
with nearly equal KD values in the micromolar range, suggesting
that additional residues in ligand 2 do not play a key role in the
binding event.14,19,20 Notably, Concanavalin A (ConA), a
related mannose binding lectin, recognizes the trimannose 2 in
a similar fashion as PSA, but it displays a unique binding mode
with the α-1,6 branch in the primary binding site. In this case,
additional contacts from the α-1,3 branch are present, which
implies a 50-fold increase in the KD with respect to the
monosaccharide.21 On the basis of the ITC results and MD
findings, a comparable stability for the proposed binding modes
A and B for PSA-trimannose 2 complex can be assumed. This
fact also strongly suggests the presence of the dynamic
equilibrium revealed by the STD-NMR experiments for the
complex between PSA and ligand 2.

The Binding Epitope for Larger Oligosaccharides. The
binding features of monosaccharide 1 and trisaccharide 2 to

Figure 2. (a) 1H NMR reference spectrum (off-resonance frequency
100 ppm) and STD spectrum (on-resonance frequency 0.6 ppm) of a
sample containing 0.9 mM of ligand 1 and 30 μM of PSA at 25 °C
(600 MHz). (b) Relative STD-AF (amplification factor) for H2−H6
protons is indicated by color code.

Figure 3. (a) 1H NMR reference spectrum (off-resonance frequency
100 ppm) and STD spectrum (on-resonance frequency 0.6 ppm) of a
sample containing 1.2 mM of ligand 2 and 30 μM of PSA at 40 °C
(600 MHz). (b) Relative STD-AF for nonoverlapped protons is
indicated by color code.
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PSA suggest that only the external Man residues strongly
contribute to the binding event, although the central βMan
residue also contributes marginally to the affinity. However, for
entire N-glycans, the global structure of the glycan might be
more relevant for their recognition by lectins.22 The initial
results encouraged us to carry on the study with larger
oligosaccharides. Therefore, we analyzed the binding of the
heptasaccharide 3 and octasaccharide 4 to PSA. Glycan 3 could
be considered as the simplest complex-type biantennary N-
glycan with N-acetylglucosamine units attached to the N-glycan
core pentasaccharide, whereas glycan 4, with an α-1,6 fucose
residue, includes one of the most prominent core modifications
in vertebrates, with key implications in diverse phenomena like
prostate and liver cancer, chronic liver diseases, or immune
response.23−25 STD-NMR experiments were then performed
under similar conditions for both ligands in the presence of
PSA (Figure 5).
The STD spectrum obtained for heptasaccharide 3 indicated

STD response for H1 and H2 protons of Man residues A and B
(3- and 6-arms, respectively). Moreover, although H1 of ManC
could not be observed (below the HDO signal), STD for H2 of
ManC was also evident. These results resembled those obtained
for trimannose 2, with comparable STD responses for H1 and
H2 protons of ManA, ManB, and ManC. Thus, analogous A
and B binding poses to those deduced for trimannose 2 were
built by docking/minization strategies for the PSA-3 complex
(Figure 6). Low energy conformations were used for the
heptasaccharide 3, previously built using standard molecular
mechanics protocols.26

Binding pose A (Figure 6a) locates ManA at the primary
binding site, placing GlcNAc1 and GlcNAc2 residues closer to
the protein, whereas the 6-arm is oriented toward the solvent.
This binding mode explains the STD signals observed for
ManA and ManC, but it is inconsistent with the STD response
observed for ManB. In contrast, binding pose B (Figure 6b)
locates ManB at the primary binding site, with the GlcNAc1
and GlcNAc2 residues exposed to the solvent. Herein, the 3-
arm is positioned near the C loop of the protein. In this binding
mode, ManC is located far away from the protein surface and
would not show the observed STD response. Thus, the

combination of the A- and B-type binding modes is again
needed in order to explain the STD profile obtained for ligand
3, as depicted in Figure 6. Therefore, the dynamic equilibrium
described for trimannose 2 seems also to occur for the
biantennary glycan 3.27,28 The elongation of the core
trimannoside at both arms with N-acetylglucosamine as well
as the introduction of a chitobiose moiety at the reducing end
provide new interactions with the protein. However, these
additional interactions are present in both binding modes, and
they do not significantly affect the dual binding character
observed with PSA.
This particular behavior was not found for the fucosylated

octasaccharide 4. Previous affinity chromatography studies had
reported an increase in affinity to PSA for fucosylated mono-
and biantennary N-glycans.7,29 Indeed, an interaction was
measurable by STD-NMR experiments (Figure 5b). Although
both terminal GlcNAc residues showed overlapping signals and
were indistinguishable, we used the isolated protons of the
ManA and -B as a fingerprint to differentiate between both
arms. Fittingly, the STD signals for H1 and H2 protons of
ManB, at the 6-arm, were significantly weaker than the STD
signals for the same protons of ManA, at the 3-arm. Moreover,
a relevant STD response was observed for the methyl protons
of the fucose moiety. These results deviate from the data
obtained for heptasaccharide 3 and strongly suggest the
existence of a different binding mode. In contrast to ligand 3,
the much weaker STD signals for ManB with respect to ManA
in the STD spectrum of octasaccharide 4 points out the
existence of a unique binding mode, where the 6-arm is
exposed to the solvent. In this case, the observation of STD
signals for residues located at opposite ends of the glycan
(terminal GlcNAc and Fuc) suggests an extended binding
mode with different residues playing a key role in the
interaction. To shed light into these experimental findings, a
docking/minimization-based approach for the complex be-
tween PSA and the fucosylated octasaccharide 4 was
performed. The structure of the N-glycan was superimposed
in the binding site using the more populated conformations
found for the free state (according to the observed NOEs, as
described in the experimental section). Among the different
possibilities explored, binding pose A, locating ManA at the
primary binding site, resulted to be the best one to match the
STD results and did not show any steric clashes with the
protein (Figure 7).
This binding mode locates the 3-arm and ManC, as well as

the fucose moiety, closer to the protein, whereas the 6-arm is
exposed to the solvent. In fact, the corresponding 1,6-linked

Figure 4. (a) Binding pose A with mannopyranose A (1−3 linked) located in the mannose binding site (left) and binding pose B with
mannopyranose B (1−6 linked) located in the mannose binding site (right). (b) Representation of the relative saturation of nonoverlapped protons
of the ligand 2 for experimental value obtained after 2 s irradiation of PSA (▲, , irradiation frequency 0.6 ppm); calculated values using Corcema-
ST for binding mode geometry A (⧫, ---) and B (■, ···).

Table 1. Dissociation (KD) Constants Determined by ITC at
300.7K

ligand KD (μM)

mannoside 1 806 ± 32
trimannose 2 621 ± 11
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Figure 5. (a) STD results for heptasaccharide 3 and (b) octasaccharide 4 for experiments recorded at 25 and 40 °C, respectively. STD-AF for
nonoverlapped protons was indicated. Samples contained 1.2 mM of ligand 3 and 4 and 30 μM of PSA (800 MHz).
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ManB displays much lower STD intensities. Type-B binding
mode thus was excluded since it would locate the 6-arm near
the protein and the fucose residue far away from the protein
surface, which would be in contrast to the NMR observations.
Thus, the seemingly remote α1,6-fucosylation drastically
modifies the multiple dynamic binding modes observed for
ligands 2 and 3 and results in only one productive binding

mode for the fucosylated octasaccharide 4. Herein, only the A-
type binding mode is selected.
Core fucosylation modulates the conformational space

accessible to N-glycans,30 and as a consequence changes in
glycan-receptor interactions might be induced. Thus, an in
depth analysis of the conformational features of the
octasaccharide 4 was undertaken. High-resolution NMR
methods together with MD calculations revealed that the
core fucose did not affect the dynamic behavior expected for
octasaccharide 4, especially for the 6-arm. Indeed, biantennary
N-glycans are known to exist as an ensemble of conformers,
where flexibility exists around the Ψ and ω torsions of the α-
1,6-linkage.31 Analysis of the 1H multiplicity, in the 1H−13C
HSQC spectrum, of the signals for H6 and H6′ of residues
ManC and GlcNAc1 was performed (Figure 8a). While only gg
conformers seem to be present for the Fucα1 → 6GlcNAcβ
linkage (two small 3JH,H), a medium value for the 3JH5H6′
coupling constant of residue ManC (ca. 6 Hz) indicates the
presence of a conformational equilibrium between gg and gt
conformations for the Manα1 → 6Manβ linkage.32 The
dynamic behavior of the octasaccharide 4 was further analyzed
over 100 ns MD-tar simulations.33 The simulation predicted
the coexistence of gg and gt conformations for the Manα1 →
6Manβ linkage, while the contribution of other conformations
was minor (Figure 8b,c).
Thus, the NMR and MD results excluded the participation of

conformational restrictions in glycan 4 compared to 3 as a
consequence of the presence of core fucose, with both gg and gt
conformers in equilibrium. Hence, the existence of a direct
relationship between specific conformational features of ligand
4 and the changes observed in the interaction with PSA was
ruled out.
In fact, the remote fucose residue plays a key role in the

selection of the binding mode A, as deduced from the analysis
of the PSA−ligand 4 complex. This binding mode places the
fucose near the loops A and D, where several polar residues in
the protein can engage in hydrogen bonds with the fucose
residue (Figure 7b). In fact, a 20 ns MD simulation for the
PSA−4 complex supported the participation of intermolecular

Figure 6. Binding poses proposed for the interaction between PSA
and ligand 3. (a) A-type (3-arm) binding pose. (b) B-type (6-arm)
binding pose.

Figure 7. (a) Docking/minimization pose for type-A binding mode of
the octasaccharide 4 in complex with PSA. (b) The expansion shows
the close proximity of the fucose residue to the pea lectin surface.
Protein neighboring residues involved in hydrogen bonds are
highlighted.

Figure 8. Conformational study of the octasaccharide 4. (a) J(H,H) coupling constant determination for the Fucα1 → 6GlcNAcβ and Manα1 →
6Manβ linkages. (b) Superimposition of 5-ns-averaged frames obtained from MD calculations. The minimum-energy conformations for the α-1,6
arm of the disaccharide fragment of 4 are depicted. (c) MD-tar results, indicating the relative population of the different conformers.
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hydrogen bonds between amino acids E220 and N87 of the
lectin and Fuc and GlcNAc1 residues of ligand 4 (see
Supporting Information). In particular, the hydrogen bond
pattern involving the donor−acceptor pairs H3O(Fuc)−
OE1(Glu220) and H2O(Fuc)−OE2(Glu220) remained stable
during the entire simulation with occupancies of 99.6% and
82.9% and average bond distances of 2.62 and 2.71 Å,
respectively. Additional contact is provided by the GlcNAc1
residue (O5/O6) and the amino group of Asn87. These
interactions would account for the enhanced stability of the
complex in the proposed A-type binding mode, as earlier
proposed for other legume lectins.34,35 Accordingly, STD-NMR
competition experiments unequivocally demonstrated the
higher affinity of octasaccharide 4 to bind PSA. The STD
intensity variations of the fucose methyl protons of
octasaccharide 4 were monitored as a function of increased
amounts of ligand 1 (Figure S1). Progressive reduction of STD
intensity for the signals of 4 after the addition of ligand 1
strongly evidenced the competition between both compounds
for the same binding site and allowed us to deduce that ligand 4
binds with much higher affinity than compound 1. In fact, a 1/4
ratio >5:1 was needed to produce a 50% reduction in the STD
signal intensities of 4. Indeed, the analysis of the STD titration
data indicated that ligand 4 is a strong binder with 6-fold higher
affinity (KD = 140 μM) than ligand 1. These results are in
complete accordance with the affinity chromatography data
published for the interaction of PSA with fucosylated and
nonfucosylated sugars6,7 and pointed to the existence of
enlarged interactions between fucosylated ligand 4 and PSA.
Thus, the presence of the remote fucose moiety in ligand 4 is
responsible for the selection of one unique binding mode, with
additional favorable interactions between the protein and the
fucosylated ligand.
Conclusions. The large structural diversity of the glycome

makes the detailed analysis of carbohydrate−lectin interactions
a challenging task. Moreover, subtle differences in glycan
structure may imply significant changes for binding events,
demanding a more rigorous analysis of the process. STD-NMR
spectroscopy supported by modeling protocols has shown the
strength of NMR techniques to characterize epitope selection,
as well as identify the relevant features in the interaction
between sugars and their natural receptors. The combination of
these techniques has been successfully applied for studying the
molecular recognition of different mannose-containing struc-
tures by Pisum sativum agglutinin. A dual binding mode was
found for 3,6-di-O-(α-D-mannopyranosyl)-α-D-mannopyranose
that was also displayed by a complex biantennary N-glycan.
These results go far beyond the previous X-ray crystallographic
studies and provide a dynamic view of the binding event.
Moreover, core fucosylation dramatically changed the binding
mode. In this case, a single binding mode is selected, where
additional interactions between the fucose residue and the
protein exist. These results highlight the key influence of
common structural modifications of glycans on molecular
recognition processes and underscore their importance for the
development of biomedical applications involving glycan-lectin
recognition processes.

■ METHODS
Lectins. PSA was purchased from Sigma−Aldrich and was used

after two runs of dialysis in phosphate-buffered saline (pH = 7.2)
solution.

Ligands. Compounds 1 and 2 were purchased from Sigma−
Aldrich and Carbosynth, respectively. Compound 3 was synthesized as
described previously.36 Synthesis of compound 4 based on a selective
debenzylation of a protected precursor was described previously.29

NMR. The samples for saturation-transfer difference (STD)
experiments were prepared in phosphate-buffered saline (20 mM
PBS, NaCl 150 mM, pH = 7.2) using ligand/lectin ratios varying from
1:30 to 1:50 with a lectin concentration of 30 μM. The applied
temperatures varied between 298 and 313 K. Molar ratio and
temperature were optimized in each case. Representative experiments
with significant STD responses are presented in the figures. In all
cases, the on-resonance frequency was set at aliphatic regions (0.45−
0.6 ppm) and the off-resonance frequency at 100 ppm. Protein
saturation was achieved by using a series of 30 ms PC9 pulses with a
total saturation time of the protein of 2 s with or without water
suppression in a 600 or 800 MHz (cryo) spectrometer. A spin-lock
filter (50 ms) was used to remove the NMR signals of the
macromolecule.

Competition experiments were performed recording sequential
STD experiments at a distinct concentration of the competitor (ligand
1) at 318 K with a constant protein concentration of 30 μM and
constant octasaccharide 4 concentration of 1.2 mM. The interference
caused by the competitor (ligand 1, Kd = 806 μM) was quantified by
assessing the decrease of the STD intensity of the methyl protons of
the fucose unit of octasaccharide 4. Thus, the KD value of
octasaccharide 4 (KD = 140 μM) was determined from the IC50
value of the competitor by using the equation of Yung-Chi and
Prusoff.37

Isothermal Titration Calorimetry. PSA was dissolved in buffer
(20 mM PBS, NaCl 150 mM, pH = 7.2). The lectin was dialyzed
overnight and centrifuged. Concentration was determined with an
ND-1000 spectrophotometer (Nanodrop Technology) at 280 nm
using an extinction coefficient of 40 910 as estimated by the ExPASy
ProtParam tool. Pre-equilibrated solutions of 200 μM protein and 10
mM ligand were used for each assay. Titration was performed with a
VP-ITC microcalorimeter at 27.7 °C with PSA in the cell and 6 μL
injections of the carbohydrate ligand in the same buffer. Data were
analyzed and fitted using MicroCal Origin 7 software.

Molecular Modeling (Ligands). Initial geometries of ligands 2
and 3 were built using the carbohydrate builder module available in the
GLYCAM web portal (Glycam Biomolecule Builder), www.glycam.
org. The ligand structure was submitted to an energy minimization
with a low gradient convergence threshold (0.05) in 1000 steps. The
MM3 force field was employed, as integrated in the MAESTRO suite
of programs. Distance (derived from NOESY spectra using the
isolated spin-pair approximation) and J(H,H) coupling constant data
were used to check the goodness of the structures modeled.

Time-Averaged Restrained (tar-MD) Simulations with Dis-
tance-Based Restraints. Tar-MD simulations were performed for
ligand 4 using the AMBER12 package with GLYCAM_06h
parameters. The tar-MD used a 12 Å octahedral box of explicit
TIP3P waters. The starting geometries were generated from the
carbohydrate builder module in the glycam webpage. Distance
restraints derived from NOE (using the isolated spin-pair approx-
imation) and J(H,H) coupling constant data were included as tar
restraints. Two initial consecutive minimizations were performed
involving (1) only the water molecules and (2) the whole system with
a higher number of cycles, using the steepest descent algorithm. Then,
the system was heated and equilibrated in two steps: (1) 20 ps of MD
heating the whole system from 0 to 300 K (NVT ensemble, cutoff 10
Å), followed by (2) equilibration of the entire system over 100 ps at
300 K (NPT ensemble, cutoff 10 Å). The equilibrated structure was
the starting point for the tar-MD simulation (100 ns) at constant
temperature (300 K) and pressure (1 atm). Molecular dynamics
simulations without constraints were recorded, using a NPT ensemble
with periodic boundary conditions, a cutoff of 10 Å, and the particle
mesh Ewald method. A total of 100 000 000 molecular dynamics steps
were run with a time step of 1 fs per step. Coordinates and energy
values were recorded every 1000 steps (2 ps) for a total of 100 000
MD models. A detailed analysis of the MD trajectory (for example,
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bond angle evaluation) was accomplished using the cpptraj module
included in Amber-Tools 12 package. The ensemble of structures
obtained from tar-MD simulation was in agreement with the
experimental data (see Supporting Information for additional details).
Molecular Docking for PSA−Ligand Complexes. The initial

binding poses for PSA−ligand complexes were built using the X-ray
structures of PSA complexed with small mannose oligosaccharides
(PDB codes: 1BQP and 1RIN). Manual docking of the structure of
the N-glycan was performed by superimposition of the Man residue in
the binding site of mannoside. The most populated conformations
found for the N-glycan in the free state (according to a standard
NOE/molecular modeling approach) were used.
Minimization of PSA−Ligand Complexes. The docked complex

structure was submitted to a short molecular dynamics (MD) run,
followed by energy minimization with a low gradient convergence
threshold (0.05) in 1000−5000 steps. In all cases, the OPLS2005 force
field38 was employed, as integrated in the MAESTRO (Schroedinger)
suite of programs.39

Molecular Dynamics Simulations. Manually docked structures
of complexes between PSA and mannotriose 2 in both binding modes
were used as starting points for molecular dynamics (MD) simulations.
The MD simulations were performed using the Amber12 program
with the ff99SB force field parameters for protein and GLYCAM06h
for the saccharides. Thereafter, the starting 3D geometries were placed
into a 12 Å octaedral box of explicit TIP3P waters, and counterions
were added to maintain electroneutrality. Two consecutive mini-
mizations were performed involving (1) only the water molecules and
ions and (2) the whole system with a higher number of cycles, using
the steepest descent algorithm. The system was subjected to two rapid
molecular dynamic simulations (heating and equilibration) before
starting the real dynamic simulation: (1) 20 ps of MD heating the
whole system from 0 to 300 K, using NVT ensemble and a cutoff of 10
Å, followed by (2) equilibration of the entire system over 100 ps at
300 K using NPT ensemble and a cutoff of 10 Å. A relaxation time of 2
ps was used in order to equilibrate the entire system in each step. The
equilibrated structures were the starting points for the final MD
simulations at constant temperature (300 K) and pressure (1 atm).
Molecular dynamics simulations without constraints were recorded,
using an NPT ensemble with periodic boundary conditions, a cutoff of
10 Å, and the particle mesh Ewald method. A total of 20 000 000
molecular dynamics steps were run with a time step of 1 fs per step.
Coordinates and energy values were recorded every 1000 steps (2 ps)
for a total of 20 000 MD models. A detailed analysis of each MD
trajectory (for example, RMSD evaluation, hydrogen-bond) was
accomplished using the cpptraj module included in Amber-Tools 12
package, and it is gathered in the Supporting Information.
Corcema-ST Calculation. Corcema-ST matlab scripts were

applied to the modeled structures of the complexes, obtained after
molecular dynamics calculations, between 1,3-α-1,6-α-D-mannotriose 2
with PSA. Average structures from MD simulations for both binding
modes were selected and were analyzed by Corcema-ST. The input
parameters used in the calculations were 2 s saturation time; amino
acid in a radius of 10 Å around the ligand; direct irradiation on methyl
groups of Ile, Leu, and Val (as an approximation to 0.6 ppm
experimental irradiation frequency); experimental KD dissociation
constants, 0.6 mM, experimental concentration conditions, 1.2 mM in
the case of 2 and 0.03 mM in the case of PSA. A kon of 10

8 L mol−1 s−1

was used assuming a diffusion controlled kinetic model; correlation
times of 0.5 and 30 ns for the ligand in the free and bound form,
respectively, were estimated following an empirical approximation and
considering a 55 kDa dimer form for the PSA.
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