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Abstract: Fluorine (19F) incorporation into glycan-binding
proteins (lectins) has been achieved and exploited to monitor
the binding to carbohydrate ligands by nuclear magnetic
resonance (NMR) spectroscopy. Galectins are a family of
lectins that bind carbohydrates, generally with weak affinities,
through a combination of intermolecular interactions includ-
ing a key CH-π stacking involving a conserved tryptophan
residue. Herein, Galectin-3 (Gal3) and Galectin-8 (Gal8) with
one and two carbohydrate recognition domains (CRDs),

respectively, were selected. Gal3 contains one Trp, whereas
Gal8 contains three, one at each binding site and a third one
not involved in sugar binding; these were substituted by the
corresponding F-Trp analogues. The presence of fluorine did
not significantly modify the affinity for glycan binding, which
was in slow exchange on the 19F NMR chemical-shift time-
scale, even for weak ligands, and allowed binding events
taking place at two different binding sites within the same
lectin to be individualized.

Introduction

Molecular recognition of carbohydrates (saccharides, sugars,
glycans) is at the heart of essential events of biological and
biomedical interest.[1] Glycans act as contact points for cell–

matrix and cell–cell interactions, strongly related to health and
disease.[2] Most of these interactions involve lectins, which are
protein receptors exquisitely specific for certain sugars.[3]

Among lectins, galectins display diverse biological functions. It
has been described that, as part of our innate immune system,
they are involved in the regulation of immune activities,
microbial recognition, and also display roles in development.[4–6]

Although there are different types of galectins (prototype,
chimera-type, and tandem repeat), they all bind β-galactose-
containing glycans.[7] Moreover, they share a large structural
homology along their so-called carbohydrate-recognition do-
mains (CRDs).

For all galectins, glycan recognition involves the synergistic
combination of intermolecular lectin-sugar hydrogen bonding
(a key His moiety is always hydrogen bonded to the axial 4-OH
hydroxy of the canonical β-Gal moiety), electrostatic interac-
tions, and CH-π stacking interactions between the less polar
face of the β-Gal pyranose ring (especially H4, H5, one H6 and
H3 to a minor extent) and a highly conserved Trp residue,
ubiquitous in all galectins (Figure 1).[4,8–10]

The key role of sugar-aromatic CH–π stacking interactions
for stabilizing glycan/lectin complexes has been extensively
demonstrated.[11,12] Theoretical and experimental studies have
pointed out that the dispersive component of the CH–π
interaction is the central one, with a minor contribution of the
electrostatic factor. Interestingly, the predominant role of the
dispersion implies that the sugar-aromatic interaction does not
strictly depends on a very well-defined orientation between
both partners and that these complexes display a highly
dynamic nature.[11] Moreover, solvation–desolvation effects are
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of key importance, especially when charged species are
involved or when highly polar or nonpolar groups are
present.[11]

Different techniques, methods, and protocols are employed
to monitor different aspects of carbohydrate-ectin interactions,
from assessing their mere existence (yes/no) for a given system
to their structural analyses at high resolution by employing
NMR, X-ray crystallography or cryo-electron microscopy
(cryoEM).[13]

Additionally, the thermodynamic and/or kinetic parameters
of the recognition event may be deduced by using ITC, SPR, or
BLI. Obviously, different protocols are more useful depending
on the context: in vivo, in cell, in vitro, isolated entities, etc. In
any case it is well recognized that molecular probes are
required to obtain the experimental response and that, in
principle, the smaller the chemical modification on any of the
partners (either the glycan or the lectin), the closer the system
under study will be to that taking place in the “natural”
environment.

NMR has been extensively used to study protein-glycan
interactions, especially given the intrinsic dynamic character of
glycans and their interactions.[14] Both ligand-based and
receptor-based NMR methods have provided tremendous in-
sights into a large variety of systems.[15] Receptor-based NMR
methods are grounded on the use of 15N-labeled lectins and
require the specific assignment of all the 1H,15N signals for all

the amino acids that constitute the lectin, a process that is
laborious and highly time consuming.

It has been recently reported that different chemical
modifications at the Trp rings of different lectins (including
galectin-1) do not substantially modify the binding affinity
towards neutral sugars. In particular, 19F substitution at different
positions of the indole aromatic ring only affected the binding
towards sulfated sugars,[16] due to changes in solvation/
desolvation effects around the interacting partners. In contrast,
the binding to the neutral sugars was basically unaffected. 19F-
protein labeling has been pursed in the past for diverse NMR
applications,[17] including in-cell studies, ligand discovery or
protein structural/dynamic studies, and different methods have
been described for the incorporation of 19F-containing amino
acids into proteins.[18,19]

On this basis, we describe herein the NMR analysis of the
interaction of different F-Trp-containing versions of two human
galectins (Gal3 and Gal8), including the use of 19F NMR
spectroscopy to easily detect diverse features of the interaction
of these lectins with a variety of ligands.

Results and Discussion

We have focused on two different galectins. First, the carbohy-
drate recognition domain of human galectin-3 (Gal3 CRD) was
employed. Gal3 CRD is a monomer lectin that holds a unique

Figure 1. A) Tryptophan and fluorinated tryptophan analogue structures used for protein fluorination. B) Gal3 complexed with LacNAc (PDB ID: 1KJL) showing
the fluorination of Trp181 at position 4; the residues of the binding site providing key interactions with the sugar are presented as sticks. C) Alignment of five
human galectins’ CRDs showing the conserved tryptophan residue in the binding site (in red). Uniprot codes used for the sequence alignment: galectin-1
(P09382), galectin-3 (P17931), galectin-7 (P47929), galectin-8 (O00214-1), and galectin-9 (O00182-1). Below the sequence “*” denotes conserved residues, “:”
conservative substitutions, and “.” semi-conservative substitutions.
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tryptophan moiety (Trp181), specifically located at the canonical
binding site and that is directly involved in the interaction with
carbohydrates. As second target, we have employed human
galectin-8 (Gal8), a heterodimer with two different lectin
domains. Each domain displays a key tryptophan residue (Trp86
at the N-terminal domain and Trp249 at the C-terminal domain)
that provides key CH-π stacking interactions with the β-
galactose. Additionally, Gal8 has one further Trp moiety
(Trp317) that is not involved in sugar binding.

For Gal3 CRD, two different tryptophan analogs, 4-F-Trp and
6-F-Trp (Figure 1), were used (see experimental section) to
generate two fluorinated lectins (Gal3-4FW and Gal3-6FW). To
facilitate the NMR analysis, the lectins were expressed and
purified in their 15N-labeled versions. Indeed, their correspond-
ing 1H,15N HSQC spectra are shown in Figure S2 in the
Supporting Information. The cross-peak pattern for each
fluorinated galectin spectrum is fairly similar and points out
that they display a similar folded structure. The average (1H, 15N)
chemical shift perturbations (CSP) for both Gal3-4FW and Gal3-
6FW with respect to the non-fluorinated (WT) Gal3 CRD are also
gathered in Figure S2. Interestingly, the observed CSP for the
Gal3-4FW where more notorious (several in the range of
0.1 ppm or larger) than those for the Gal3-6FW (always smaller
than 0.06 ppm). This is not surprising since according to X-ray
crystallographic structures the fluorine atom in Gal3-4FW is
pointing towards several amino acid residues of the lectin
(Figure 1), while that in the Gal3-6FW version is essentially
solvent exposed (Figure S1).[20] In fact, the CSP involve residues
156–160 and 174–184 (especially for the 4-F-Trp analogue),
located at strands S4 and S5/6, respectively (Figure S2).

The binding affinities for the canonical galectin ligand,
LacNAc, were then estimated. By using standard 1H,15N HSQC
titration experiments (see the Experimental Section for details
and Figures S3, S6 and S7), the estimated dissociation constants
(KD) were 65 and 63 μM for the Gal3-4FW and Gal3-6FW
variants, respectively, strikingly very close to that reported for
Gal3 CRD (53 μM).[21] ITC measurements confirmed the similar
affinities between the non-fluorinated Gal3 and the Gal3-6FW
versions (Table S1, Figure S9) for LacNAc. Thus, the presence of
a single fluorine atom in the key Trp ring does not significantly
affect the binding affinity versus LacNAc.[20] Moreover, the
observed trend of CSP for the 1H,15N crosspeaks of the two
fluorinated variants in the presence of LacNAc were basically
identical to those observed for the WT lectin (Figure S4).

Once the structure and the binding affinity of the two
fluorinated-Trp lectins had been assessed, the possible added
value of employing 19F NMR spectroscopy was evaluated.
Titration experiments using LacNAc as a ligand were again
carried out, but in this case by monitoring the behavior of the
19F NMR resonance signals of the fluorine atoms at the Trp rings
of the Gal3-4FW and Gal3-6FW variants (Figure 2). Interestingly,
for these binding affinities (see above), the free-to-bound
equilibrium is in the slow exchange regime in the 19F NMR
chemical shift timescale. For instance, for the Gal3-6FW lectin,
when 1 equivalent of LacNAc was added, a new 19F NMR signal
appeared at lower field (δ= � 123.09 ppm), while the intensity
of the initial signal (δ= � 124.40 ppm), belonging to the free

lectin, clearly decreased (Figure 2). When 5 equivalents of
LacNAc were added, the initial signal basically disappeared and
only the signal at δ= � 123.09 ppm, corresponding to the
bound lectin was observed. A similar behavior was observed for
the Gal3-4FW analogue, for which the initial signal (δ=

� 121.94 ppm) for the free lectin was gradually transformed into
a new one at δ= � 121.06 ppm upon addition of LacNAc.
Fittingly, the existence of slow exchange on the chemical shift
timescale facilitates monitoring of binding events, while the
presence of a single 19F NMR signal further simplifies the
analysis.

The Gal3-6FW variant was used to monitor the binding to
two additional ligands: lactose and the histo-blood group B
tetrasaccharide antigen type-II (B-II), which differ in their bind-
ing affinity for WT Gal3 by about 25-fold.[21] When lactose, the
weaker binder (KD 112 μM with WT Gal3),[21] was added to Gal3-
6FW the initial peak (δ= � 124.40 ppm) shifted and broadened
at the same time until saturation was reached, at high excess of
the ligand, where the same intensity and shape as at the
beginning were recovered at a different chemical shift (δ=

� 123.14 ppm; Figure 3, left). For the stronger binder blood
group antigen B-II (KD 4 μM with Gal3 WT[21] and KD 2 μM with
Gal3-6FW as measured by ITC; Table S1 and Figure S9), a
different situation was observed, with a slow exchange regime
between the free and bound forms of Gal3-6FW, with two clear
isolated and defined peaks at δ= � 124.40 and � 122.69 ppm
respectively at protein/ligand ratios below saturation (Figure 3,
right).

The methodology was then extended to Gal8, which is a
heterodimer with distinct glycan selectivity for the two
domains. While both domains recognize LacNAc and Lac with
relatively low affinity and with a slight preference for the

Figure 2. 1D 19F NMR spectra recorded for the titration of fluorinated Gal3
variants with LacNAc. Bottom spectra correspond to the apo form of the
proteins and the subsequent spectra show the addition of indicated LacNAc
equivalents. Asterisks indicate an impurity, identified as the fluoride anion
present in water.
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N terminus,[22,23] only the N-terminal domain binds sialylα2-3Gal-
containing glycans (KD ca. 4 μM for Neu5Acα2-3Galβ1-
3GalNAc),[24] whereas the C terminus prefers the histo-blood
group antigens (KD ca. 12 μM for the A type II antigen:
GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAc).[24] Moreover, it has been
demonstrated that the two domains bind these sialyl- and
fucose-containing oligosaccharides in an independent
manner.[24] As mentioned above, Gal8 contains three Trp
residues: one at each sugar binding site and a third one located
at the C terminus of the C-domain, which is not involved in
carbohydrate binding. In this case, only the 6-F-Trp analogue
was employed to produced Gal8-6FW.

As for Gal3, 19F incorporation produced very small perturba-
tions in the 1H,15N HSQC spectrum of 15N-Gal8-6FW compared
to WT 15N-Gal8 (Figure S5). As expected, the 19F NMR spectrum
of Gal8-6FW shows three different peaks (Figure 4, bottom
spectra). The weak binder, lactose, was chosen as a first ligand
for the titration experiments (Figure 4A). When 1 equiv. of
lactose was employed, only the highest field peak (δ=

� 124.80 ppm, blue filled-diamond) was affected. This peak
broadened and completely disappeared in the presence of 10
equivalents of ligand, moment in which a new peak appeared
at lower field (δ= � 124.00 ppm, blue empty-diamond). The
peak at the lowest field (δ= � 123.51 ppm, green filled-square)
was hardly affected at protein/ligand ratios below 1 :3, but at
higher molar ratios, it progressively shifted downfield to reach
δ= � 123.30 ppm in the presence of 20 lactose equivalents
(green empty-square). The third peak (δ= � 123.70 ppm, red
circle) did not shift during the titration, indicating that it is not
involved in the sugar binding event. As it is known that lactose
binds slightly better to the N- than to the C-domain of Gal8,[22,23]

it was anticipated that the 19F-signal affected at lower protein/

lactose ratios (δ= � 124.80 ppm, blue filled-diamond) belonged
to the N-domain, while the peak at lower field (δ=

� 123.51 ppm, green filled square), only affected at high
protein/lactose ratios, corresponded to the C-domain. This fact
is very remarkable. Lactose binds to both domains of Gal8 with
very similar and weak affinities, which make that both events
cannot be individualized and are detected as undistinguishable
binding events by most standard binding techniques, including
NMR. Here, due to the 19F NMR properties,[25] both recognition
processes can be clearly differentiated, thus allowing the
identification of a slightly higher affinity binding event and a
lower affinity one, despite their rather small differences
affinities. Even more, while the 19F-signal at the N-domain is in
slow-intermediate exchange upon lactose binding, the 19F
signal at the C-domain is in a fast-exchange regime.

As described above, it has been demonstrated for Gal8[24]

that the addition of the specific ligand for either the N- or C-
domains, Neu5Acα2-3Galβ1- derivatives and fucosylated blood
group antigens respectively, do not produce any effect on the
other domain. On this basis, titration experiments with these
ligands were carried out to confirm the assignment of each of
the three 19F signals to the corresponding Trp residue. The
analysis of the 19F NMR spectra recorded after systematic
additions of the blood group antigen A type II (A-II) to the NMR
tube containing Gal8-6FW showed (Figure 4B) specific chemical
shift perturbations only for the lowest field peak (δ=

� 123.51 ppm, green filled-square). Gal8 WT has been reported
to bind this glycan with relatively high affinity (KD 12 μM),[24]

and indeed the binding event was slow in the 19F NMR

Figure 3. 1D 19F NMR spectra for the titration of Gal3-6FW with lactose (left)
and HBGA B type II (right). Bottom spectra correspond to the apo form of
the protein and the subsequent spectra show the addition of ligand as
indicated to the right. Asterisks indicate an impurity, identified as the
fluoride anion present in water.

Figure 4. 1D 19F NMR spectra recorded for the titration of Gal8-6FW with A)
lactose and B) the specific ligands, Neu5Acα2-3Galβ1-3GlcNAc (3'SLN) and
GalNAcα1-3(Fucα1–2)Galβ1-4GlcNAc (A-II), of the N- and C-terminal do-
mains, respectively. In all cases, the NMR spectrum at the bottom
corresponds to the apo form of Gal8-6FW. The molar equivalents of the
added ligand are given on the right of the corresponding spectrum. Dashed
lines at each 19F signal follow chemical shift perturbations.
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chemical-shift timescale, with a new peak appearing at δ=

� 119.32 ppm (green empty square). Again, ITC measurements
corroborated that the affinity of Gal8 for this ligand was not
altered by the presence of 19F at the Trp residues (Table S1,
Figure S9). After addition of 10 equivalents of the A type II
antigen, the peak at δ= � 123.51 ppm disappeared. Therefore,
we can safely conclude that this signal corresponds to the 6-FW
residue at the binding site of the C-terminal domain (W249).
Subsequently, Neu5Acα2–3Galβ1–4GlcNAc (3’SLN), which is
only recognized by the N-domain of Gal8[22,23] was added to the
sample. Upon addition of 10 equivalents of the glycan, only the
highest field peak at δ= � 124.80 ppm (blue filled diamond)
vanished, and a new peak appeared at δ= � 121.29 ppm (blue
empty diamond). Therefore, this resonance signal corresponds
to the 6-FW residue at the N terminus (W86). Again, no chemical
shift perturbation or broadening was observed for the
intermediate peak (δ= � 122.6 ppm, red circle), corroborating
that it corresponds to W317, far from either binding site.

A schematic view of the possible complexes formed by the
two ligands at the N- and C-domains is given in Figure 5. The
Trp indole ring has been simply exchanged by the correspond-
ing F-analogue in the deposited X-ray coordinates for both
domains and the Neu5Acα2-3Galβ1-4GlcNAc and GalNAcα1-
3(Fucα1-2)Galβ1-4GlcNAc ligands have been docked at their
specific sites.

Therefore, the data presented herein show that the
substitution of Trp residues for F-Trp moieties in the binding
site of two galectins does not substantially modify the binding
affinity towards their ligands in a range of dissociation
constants (low-mM to low-μM). Given the key role of pyranose-
aromatic stacking interactions to stabilize sugar-lectin
complexes,[4] this result seems particularly striking. Indeed, it
has been reported that the presence of 4-F-Phe rings replacing
Trp or Tyr rings at the binding site in hevein domains strongly
decrease the binding energy and enthalpy versus GlcNAc-
containing oligosaccharides with respect to that measured for
the WT lectin,[26] as the fluorine atom deactivates the π cloud of
the aromatic ring essential to provide the stabilizing
interaction.[27] However, Tobola et al.[16] have recently reported

that the affinity for neutral sugars is kept for fluorinated-Trp
versions of Gal1, in line with our observations herein for Gal3
and Gal8. Those scientists demonstrated that the affinity is kept
due to new modulated interactions and solvation patterns in
the fluorinated analogues.[16] Therefore, quantum mechanics
calculations were carried out to explain these experimental
observations. Quantum mechanical calculations on a cluster
model of the LacNAc:Gal3 CRD complex (see Computational
Details) proved that binding affinity is not altered (ca.
�0.1 kcalmol� 1) by the presence of a single fluorine atom in
Trp181. Indeed, no major decreases of the electron densities at
the center of the benzene rings of the 4F/6F-fluorinated indol
moieties were deduced from the calculations (Figure 6A). The
calculated geometries of the laterally stacked Gal pyranose
fragment were virtually identical, with equal or slightly longer
CH–π distances in the presence of 4F/6F-fluorinated Trp181
(Figure 6B and C).

Figure 5. 3D models for the complexes between the N- and C-domains of
Gal8 with 6F-Trp, with 3’SLN and blood group A-II tetrasaccharide,
respectively, based on available X-ray crystallographic structures (PDB IDs:
3AP4, 3VKL).

Figure 6. A) Electrostatic potential surfaces calculated with PCM(H2O)/
ωB97X-D/6-311+ +G(2d,p)//ωB97X-D/6-31G(d,p) of the indole rings of non-
fluorinated and 4F/6F-fluorinated Trp. There is minimal decrease in the
electron density at the center of the benzene rings of the fluorinated
indoles. B) Model of LacNAc bound to Gal3 CRD computed from PDB
structure 4XBN; hydrogen bonds are shown as red dashed lines. C) Detail of
the stacked binding mode between Trp181 and Gal; CH/π interactions are
shown as black dashed lines. The Trp181 positions for which H has been
substituted by F are represented by purple spheres. The relative interaction
energies between the Gal3 CRD binding site and LacNAc upon Trp181
fluorination (ΔDH!4F=6F

int ), calculated with PCM(H2O)/ωB97X-D/6-311+ +G-
(2d,p)//ωB97X-D/6-31G(d,p), are given in kcal mol� 1; positive and negative
values indicate a decrease or increase in binding affinity, respectively.
Distances in the table are given in ångströms.
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Conclusions

The use of 19F NMR for monitoring glycan recognition in F-Trp-
containing lectins has been shown to be very efficient.
Obviously, the corresponding Trp residue needs to be involved
in sugar binding, as described above, and they should have
been previously identified. As a strong point, very few NMR
signals appear in the 19F NMR spectrum, thus facilitating the
analysis. For relatively high affinity events (in the low-μM range),
the large 19F chemical shift dispersion allows entry to the slow-
exchange chemical shift timescale, which is also extremely
useful for discriminating and assessing binding. According to
the measured binding affinities, the chemical perturbation
introduced by the fluorine atom in the Trp ring is minimal.
Obviously, it is higher than the introduction of an isotope (i. e.,
13C instead of 12C,[28,29]), but it still produces a receptor whose
chemical nature remains similar to that of the natural lectin.

The protocol has been shown to be very useful for
distinguishing between independent recognition events that
take place at two different binding sites within the same lectin.
Indeed, there are very few (bio)chemical methods that are able
to detect binding at very high resolution with relatively small
manipulation and by using fairly simple experimental protocols
(19F NMR spectroscopy). Thus, as also pointed out by others in a
different context,[16,30] the use of F-Trp moieties could be a
useful strategy to monitor the selective or competitive binding
of different glycans by lectins, provided that those Trp residues
are involved in sugar binding.

Experimental Section
Materials: N-(Phosphonomethyl)glycine (glyphosate), 4-Fluoro-dl-
tryptophan were purchase from Sigma-Aldrich and 6-fluoro-dl-
tryptophan from Acros Organics. Oligosaccharides were from
Elycityl (references: GLY008 (LacNAc), GLY038-2 (blood group
antigen B type II), and GLY035-2 (blood group antigen A type II)).

Protein expression and purification: The expression of fluorinated
galectins was performed following described protocols, using
Escherichia coli BL21(DE3) strain.[31,32] The incorporation of fluori-
nated tryptophan was achieved by the addition of glyphosate and
exogenous addition of aromatic amino acids. Briefly, E. coli BL21
were transformed, and a 5 ml saturated culture was added in M9
medium and grown overnight. Next, a culture was started in M9
media at an OD600 of 0.1 and grown up to OD600 0.4. At that point,
glyphosate (N-(phosphonomethyl)glycine) (1 gL� 1) that was first
dissolved in 1 M sodium hydroxide,[33] phenylalanine (60 mgL� 1)
and tyrosine (60 mgL� 1) were added to the culture. After 1 h the
fluorinated tryptophan analog (120 mgL� 1) was added, and protein
production was induced with 1 mM isopropyl β-d-1-thio-galacto-
pyranoside (IPTG) and the culture continued to grow for 3 h at
37 °C. For 15N-labeled protein 15N-NH4Cl (1 g) was added as the
nitrogen source. All proteins were purified with the same protocol.
The cultures were centrifuged and proteins were purified by lactose
affinity (α-lactose-agarose resin (Sigma-Aldrich)) as described
elsewhere.[21,24,34] Briefly, the cell pellet was resuspended in lysis
buffer (22 mM Tris·HCl, 5 mM EDTA, 1 mM PMSF, and 1 mM DTT at
pH 7.5). Later, lysis by sonication on ice with 60% amplitude, 12
repetitions of 20 s, and 59 s of an interval between each pulse. In
order to clarify the sample ultracentrifugation at 35000 rpm
141316 g for 1 h at 4 °C was performed. Lactose-agarose resin was

loaded with the soluble fraction pre equilibrated in buffer (50 mM
Tris pH 7.2, 150 mM NaCl). Protein elution was achieved by addition
of 150 mM lactose containing PBS buffer. Protein purity was
checked by 4–12% SDS-PAGE. The incorporation of fluorine at the
desired Trp residue was confirmed by LC–MS. Fluorine incorpo-
ration levels by following this protocol have been reported to occur
in more than 95%.[29] We have performed a rough estimation
ourselves by analyzing the 1H,15N HSQC spectra of 15N-Gal3-4FW
and 15N-Gal3-6FW (see the Supporting Information) that fully agrees
with this estimation. Galectins were thoroughly dialyzed against
PBS, pH 7.4 until no lactose was present, before use.

NMR Experiments. All spectra were performed at 298 K on a Bruker
Avance 2 600 MHz spectrometer. The 19F NMR spectra of proteins
were recorded using a selective SEF probe with 1H decoupling.
Acquisition parameters varied depending on the protein concen-
tration (usually between 60 and 90 μM). For a 60 μM of fluorinated
protein, for instance 19F NMR spectra were recorded with SW=

60 Hz, ns=80, TD=8 K and processed with exponential apodiza-
tion (lb between 15 and 30 depending on the desired result).
Spectra were referenced to internal TFA (10 μM, δ 19F= � 76.5 ppm).
1H,15N HSQC experiments were recorded using a standard triple-
channel probe. All the protein samples (500 μL total in 5 mm
standard NMR tubes) were prepared at a concentration between
100 and 40 μM. The buffer used was 90% phosphate-buffered
saline (50 mM sodium phosphate, 150 mM NaCl, pH 7.4) and 10%
deuterated water (D2O). Ligands were titrated to the protein
sample, and a 1H,15N HSQC experiment or a 1H-decoupled 19F
spectra were recorded at each point. Chemical shift perturbation
(CSP) from the HSQC was analyzed using CcpNmr Analysis 2.4.2
software.[35] The CSP were obtained by applying the formula Δδ
(ppm)= [(ΔδH2+ (0.14 ·ΔδN)2)/2].[36] The obtained data were plotted
for each NH residue of the protein’s backbone. The KD values were
obtained by fitting the CSP at different ligand/protein ratios to the
corresponding equation[35,36] as implemented in the corresponding
module in CcpNmr Analysis 2.4.2 program.

Quantum mechanical calculations: An abbreviated model of
LacNAc bound to Gal3 CRD binding site was constructed from
crystallographic structure 4XBN; only the co-crystallized ligand
(LacNAc) and the protein side chains directly interacting with it
were kept in the model. Restrained geometry optimizations were
carried out with Gaussian 16[37] using the ωB97X� D hybrid
functional[38] and 6–31+G(d,p) basis set with ultrafine integration
grids. The whole ligand and all added hydrogens were allowed to
move while the protein heavy atoms were fixed. Bulk solvent
effects in water were considered implicitly through the IEF-PCM
polarizable continuum model.[39] Electronic energies (ΔE) were used
for the discussion on the relative stabilities of the calculated
structures.
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