GDCh
~—

Molecular Recognition

Communications

An dte

Chemie

Internatic

International Edition: DOI: 10.1002/anie.201900723
German Edition: DOI: 10.1002/ange.201900723

Minimizing the Entropy Penalty for Ligand Binding: Lessons from the
Molecular Recognition of the Histo Blood-Group Antigens by Human

Galectin-3

Ana Gimeno, Sandra Delgado, Pablo Valverde, Sara Bertuzzi, Manuel Alvaro Berbis,
Javier Echavarren, Alessandra Lacetera, Sonsoles Martin-Santamaria, Avadhesha Surolia,
Francisco Javier Canada, Jesus Jiménez-Barbero,* and Ana Arda*

Abstract: Ligand conformational entropy plays an important
role in carbohydrate recognition events. Glycans are charac-
terized by intrinsic flexibility around the glycosidic linkages,
thus in most cases, loss of conformational entropy of the sugar
upon complex formation strongly affects the entropy of the
binding process. By employing a multidisciplinary approach
combining structural, conformational, binding energy, and
kinetic information, we investigated the role of conformational
entropy in the recognition of the histo blood-group antigens A
and B by human galectin-3, a lectin of biomedical interest. We
show that these rigid natural antigens are pre-organized ligands
for hGal-3, and that restriction of the conformational flexibility
by the branched fucose (Fuc) residue modulates the thermo-
dynamics and kinetics of the binding process. These results
highlight the importance of glycan flexibility and provide
inspiration for the design of high-affinity ligands as antagonists
for lectins.

M olecular recognition of glycans by lectins is essential
biological processes with major implications for health and
disease.'! From the chemical perspective, these interactions
are generally weak, and except for isolated cases,”’ they are
characterized by a thermodynamic profile in which the
favorable binding enthalpy compensates for an unfavorable
entropic contribution. Indeed, despite the exo-anomeric
effect,l’! which strongly influences the conformational prefer-
ences around the glycosidic linkages, the chemical nature of
these glycosidic linkages endows glycans with high flexibility.
The binding event usually takes place with a loss of conforma-
tional entropy, especially for the ligand,” and as a conse-
quence, large entropic penalties are generally observed.F!

Attempts to manipulate this thermodynamic balance have
focused on the design of pre-organized ligands. However,
chemically induced modifications have rather unpredictable
thermodynamic consequences and in fact, most of these
efforts have failed” by following the paradigm of the
enthalpy/entropy compensation mechanism.®!

Herein, we report the study of the molecular recognition
of the A and B blood-group tetrasaccharide antigens (A- and
B-BGA) by the carbohydrate recognition domain of human
galectin-3 (hGal-3 CRD). This lectin has been related to
several diseases, and it is actually a target for the development
of high-affinity ligands as antagonists for the treatment of
certain cancers and fibrotic diseases.””’ A- and B-BGAs have
been reported to be Gal-3 binders'” and to bind with
increased affinity compared to lactose.'!! However, the basis
for this stronger interaction has not been clarified. In this
work, we investigated this binding interaction by using
a combination of NMR, ITC experiments, and MD simula-
tions and the results demonstrate that sugar flexibility acts as
a modulator of the kinetics and thermodynamics of the
binding event. Specifically, the fucose (Fuc) moiety does not
directly interact with the lectin, but preorganizes the ligand in
the bound conformation. Interestingly, the presence of the
Fuc moiety has been previously shown to restrict the
conformational mobility of branched oligosaccharides,
including BGA and Le* antigens."?! The preorganization of
the ligand in the bound geometry eliminates the conforma-
tional selection event for complex formation, lowers the
energy barrier for the association, increases the on-rate and
impacts the binding entropy. As a consequence, the fucosy-
lated tetrasaccharides bind more strongly than their trisac-
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Scheme 1. Glycan structures used in this study. Yellow circle: galactose

(Gal), blue square: glucosamine (GlcNAc), red triangle: fucose (Fuc),
yellow square: galactosamine (GalNAc).
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charide parent analogues, thus making BGA/hGal-3 an ideal
system to unmask the commonly hidden contribution of
ligand conformational entropy in binding events.

The structural details of the interaction between N-acetyl
lactosamine (LacNAc, 1; Scheme 1) and LacNAc-derived
glycomimetics with hGal-3 are well documented.!'” The f-Gal
residue provides the key hydrogen-bonding and m-stacking
interactions, while the other moieties provide additional
stabilization to the complex. The type II A- and B-BGAs (4
and 5) are LacNAc derivatives with Galal-3 and Fucoal-2
terminal glycosylations. Thus, the binding of trisaccharides 2
and 3 compared to that of tetrasaccharides 4 and § was
analyzed to dissect the effect of the different structural
elements.

"H-STD-NMR experiments!'*! showed strong saturation-
transfer difference (STD) intensities for H4, HS, and H6 of
the -Gal residue for the four ligands (2-5), as expected. For
3-5, STDs were also observed for H1 and H2 of aGal or
aGalNAc residues. On the contrary, no STD was observed for
the protons of the Fuc moiety in ligands 2, 4, and 5 (Figure 1
and Figures S1-S4).
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Figure 1. A) "H-STD-NMR spectra and epitope map for the interaction
of 4 with hGal-3. B) STD epitope mapping of sugars 2, 3, and 5.
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These data indicate that the four ligands share a common
binding mode that is fully consistent with that described for
LacNAc, where the fGal residue is the key binding ele-
ment.'* The aGal/aGalNAc residues in 3, 4, and 5 provide
additional contacts with the lectin. By contrast, the Fuc is fully
exposed to the solvent, without establishing any direct contact
with the lectin.

Additional structural information was obtained through
the chemical-shift perturbations induced by ligands 1-5 in the
"H-"N heteronuclear single quantum coherence (HSQC)
spectra of "N-hGal-3. Interestingly, the addition of 10 equiv-
alents of the Fuc-containing 2 to hGal-3 produced basically
the same backbone chemical-shift perturbations as LacNAc
(Figure 2), involving residues in the His158-Argl186 region.
Thus, the presence of the al-2 Fuc in 2 does not affect any
additional lectin site. In contrast, for 3-5, which contain
terminal Galo and GalNAca, additional cross-peaks were
perturbed, corresponding to amino acids located in f-strands
S3 and S4 (Figure 2 and Figures S7-S9). Furthermore, the
addition of sub-stoichiometric amounts of 3-5 to hGal-3
evidenced two sets of "H-""N signals for specific amino acids
of the lectin, corresponding to its free and bound forms
(Figure S10). The rate of the chemical exchange between the
free and bound forms of hGal-3 is now slow in the NMR
chemical-shift timescale. This behavior differs from the
titrations with ligands 1 and 2, for which progressive cross-
peak signal displacement indicated a binding event in the fast-
exchange regime.["”)

Thus, both STD and HSQC experiments agree on showing
that all ligands (2-5) share the same binding mode as
LacNAc. The additional aGal/aGalNAc units are located at
the so-called subsite B, participating in direct contacts with
residues in the $-strand S3, while the Fuc moiety in 2,4, and §
is exposed to the solvent. Molecular dynamics (MD) simu-
lations for each complex built according to the NMR data
were stable along the 100ns run (Figure2C and the
Supporting Information).

The thermodynamic parameters for the binding of 1-5 to
hGal-3 were obtained by isothermal titration calorimetry
(ITC; Table 1, Figure 3). The dissociation constants (Kp,) for
lactose and LacNAc were similar to those reported,“” with
the typical negative enthalpy counteracted by a positive
entropy."™® The addition of a terminal aGal residue in
compound 3 increased the affinity, essentially due to the
enthalpic contribution, which is in agreement with the
proposed 3D model that showed additional contacts for this
residue. The introduction of the a1-2 linked Fuc moiety in 2,
4, and 5 also improved the binding affinity, as previously
reported."”) However, in this case, the enthalpy was lower in
comparison with the non-fucosylated counterparts, and the
improved affinity actually arises from the entropic term, with
the unfavorable entropy contribution being significantly
smaller. The drop in the TAS term is especially remarkable
for tetrasaccharides 4 and 5. These results contrast with
previously reported thermodynamic studies, which proposed
the existence of enhanced enthalpy contributions to the
binding.M"!

Finally, the binding kinetics for the interaction of glycans
3-5 with hGal-3 were characterized by taking advantage of
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Figure 2. A, B) Chemical-shift perturbations for the backbone amides
of hGal-3 upon addition of 2 (A, green) and 4 (B, blue) compared to
LacNAc (black). For 3 and 5, see the Supporting Information.

C) Molecular models for the complexes of hGal-3 with 2 (green), 3
(orange), 4 (blue), and 5 (purple).

the slow-exchange regime in the NMR chemical-shift time-
scale, which allowed the observation of separate free and
bound cross-peaks for some protons of the ligands. This is
clear in the trROESY spectrum, where the chemical-
exchange cross-peaks display opposite signs to those arising
from trNOE (Figure 4 A). Indeed, for 3-5, the signals of H4,
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Table 1: K, and thermodynamic parameters of the interaction of hGal-3
with 1-5, as determined by ITC.

Glycan Ko AG AH —TAS
[um] [kcalmol™'] [kcal mol™'] [kcalmol™]
Lactose 112.0 —5.44 —9.85 4.40
LacNAc (1) 53.2 —5.87 -10.57 4.69
H type Il (2) 372 —6.10 —9.41 3.31
Galili (3) 186  —6.51 —11.74 5.23
B type Il (4) 44 738 ~8.94 1.56
Atype Il (5) 62  -717 ~7.85 0.68
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Figure 3. Thermodynamic profiles for the interaction of 1-5 with hGal-
3, as measured by ITC experiments.
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Figure 4. A) 2D-NMR trROESY spectrum of 1:10 hGal-3/4. B) MD-
derived structure of the hGal-3/B-BGA (4) complex.

HS, and H6 of the central $Gal residue are shifted dramat-
ically up-field in the bound form. This effect perfectly agrees
with the proposed binding mode, in which the central fGal
sits on top of the electron-rich indole of W181, establishing
key CH-m stacking interactions (Figure 4B)."”) These chem-
ical exchange cross-peaks were employed to estimate the off-
rate constants k.; (see the Supporting Information) through
exchange spectroscopy (EXSY) experiments.”” The associa-
tion rate constants k,, were deduced by using the Kp
determined by ITC (Table 2). Remarkably, the binding of
3-5 displayed different kinetic parameters (see the Support-

Table 2: Dissociation constants and exchange rates of binding to hGal-3.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compound Ko [um]® Ko [s7'®) ko [M7's7']d
Galili (3) 18.6 0.32 17204

B type Il (4) 4.4 0.44 100000
Atype Il (5) 6.2 0.43 69354

[a] Determined by ITC. [b] Determined from EXSY. [c] Calculated from K

and koff (KD = koff/kor\) .
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rates. The energy barrier of the
association event is then re-
duced. Likewise, the minimal
rigidification taking place upon
binding explains the minimal
entropy penalty observed for
the fucosylated tetrasaccharides.

Therefore, this study high-
lights the key contribution of
ligand flexibility to both equilib-
rium thermodynamics and bind-
ing kinetics. This contribution is
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probably always present, but its
clear participation is difficult to
address. In this particular case,
the chemical nature of the part-
ners (the architecture of the
binding site for hGal-3 and the
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Figure 5. MD-based conformational analysis of 3-5 in the free and bound states.

ing Information). Glycans 4 and 5 show similar off-rates to 3,
but bind with a faster k,, thus reducing the Kb,

Hence, in comparison with 3, the presence of the Fuc unit
in 4 and 5 strongly reduces the kinetic barrier for ligand
association. This is in fact the origin of the higher binding
affinity, which is, in turn, directly related to the reduced
binding entropy.

It is well known that the presence of al-2-Fuc reduces the
internal motion in ABO blood-group oligosaccharides.!">*!]
Our NMR and MD results (see the Supporting Information
for details) agree with the existence of a single conforma-
tional family for 2, 4 and 5. The situation is rather different for
the non-fucosylated trisaccharide 3, for which MD simula-
tions predict that the Galal-3Galf} linkage is rather flexible,
with continuous transitions along the entire trajectory
between the syn-®@/syn(—)-¥and syn-®/syn(+)-¥ geometries
(Figure 5B). In contrast, detailed conformational analysis for
the bound state showed single narrow minima for all
glycosidic linkages. Thus, according to our results, trisacchar-
ide 3 would acquire conformational stiffness upon complex-
ation, which does not occur for the already preorganized
fucosylated ligands, which display the same conformation in
the free and bound states. In this way, the conformational
restriction imposed by the Fuc in the branched sugars
provides the proper presentation of the ligand epitope,
thereby increasing the probability of successful collisions
when they encounter the protein, and thus increasing the on-
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o e usually hidden.

In conclusion, conformation-
ally restricted fucosylated A-
and B-BGAs show faster associ-
ation rates and less unfavorable
binding entrop than non-fucosy-
lated analogues. As a key factor,
the Fuc residue does not directly
interact with the protein, but
provides the required preorgani-
zation of the ligand to improve
the binding affinity. These features provide inspiration for the
chemical design of high affinity ligands as antagonists for
hGal-3 or for other lectins or receptors of biomedical
relevance.
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