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ABSTRACT 

 

Structural characterization of protein-ligand binding interfaces at atomic resolution is essential for 

improving the design of specific and potent inhibitors. Herein, we explored fast 19F- and 1H-detected 

magic angle spinning NMR spectroscopy to investigate the interaction between two fluorinated 

ligand diastereomers with the microcrystalline galectin-3 carbohydrate recognition domain. The 

detailed environment around the fluorine atoms was mapped by 2D 13C-19F and 1H-19F dipolar 

correlation experiments and permitted characterization of the binding interface. Our results 

demonstrate that 19F MAS NMR is a powerful tool for detailed characterization of protein-ligand 

interfaces and protein interactions at the atomic level. 
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INTRODUCTION 

Interactions between proteins and small-molecule ligands play crucial roles in all biology, such 

as receptor signaling pathways and metabolic regulatory networks.1-4 Atomic-level characterization 

of these interactions is essential for understanding the underlying mechanisms and for the design of 

specific inhibitors to interfere with these processes.5-7 NMR spectroscopy is a powerful technique for 

investigating structural and dynamic aspects of protein-ligand interactions, both in solution and in 

the solid state.8-11 To study protein-ligand complexes by NMR, 13C, 15N, and 1H nuclei are most often 

used as reporters, exploiting isotopically enriched proteins or ligands. 19F, a spin-1/2 nucleus, has 

excellent NMR properties: 83% sensitivity compared to 1H, with chemical shifts exquisitely sensitive 

to local chemical and electronic environments over a range of ~300 ppm.12, 13 19F MAS NMR has 

already gained importance as an informative technique for structural analysis of proteins, protein 

complexes, and small-molecule pharmaceuticals.14-26 However, surprisingly, only few MAS NMR 

structural studies of protein complexes with fluorinated ligands have been reported.27, 28 Here, we 

present proof of concept for 19F fast MAS NMR correlation spectroscopy as a general approach for 

probing protein-ligand interfaces, using the microcrystalline carbohydrate binding domain 

consisting of residues P113-I250, of galectin-3 (galectin-3C, UniProt P17931), referred to as galectin-

3C, complexed with galactose-derived fluorinated binders. 

Galectins are a family of carbohydrate-binding proteins defined by a conserved recognition 

domain that binds β-D-galactopyranoside.29 Of the 14 known mammalian galectins,30 galectin-3 has 

been extensively studied, given its roles in apoptosis,31-33 cancer progression,34-36 and immune 

regulation.37-39 Overexpression of galectin-3 in tumors32, 40-42 afforded the initial motivation for 

inhibitor development of galectin-3C as anticancer agents,43-45 although high toxicity thwarted their 

therapeutic use. Structural investigations of galectin-3C identified an extended pocket that can 

accommodate longer sugar-based molecules,46, 47 and targeting this pocket in order to improve 

specificity and reduce toxicity is actively pursued, with thiogalactoside and thiodigalactoside 

derivatives containing triazolyl moieties possessing improved binding selectivity towards this 

extended binding pocket.48 

Previous in-depth investigations of the thermodynamics of ligand binding to galectin-3C 

(Figure 1a,c) integrated experimental and computational methods, including isothermal titration 

calorimetry, X-ray crystallography, NMR spectroscopy, molecular dynamics simulations, and grid 

inhomogeneous solvation theory (GIST) analyses.49 These studies revealed that variations in 

thermodynamic properties of galectin-3C complexes with diastereomeric ligands, such as (2R)- and 

(2S)-2-hydroxy-3-(4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl)-propyl) 2,4,6-tri-O-acetyl-3-deoxy-3-



(4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl)-1-thio-β-d-galactopyranoside (denoted as ligands R and 

S, Figure 1b), involve a complex interplay between protein conformational entropy and solvation 

entropy that contributes to the binding differences in the two complexes.49 The binding affinities of 

the two fluorinated diastereomeric thio-β-d-galactopyranoside derivatives (S and R) to galectin-3C 

are 2.1 ± 0.1 and 1.0 ± 0.03 µM for the galectin-3C/S and galectin-3C/R complexes, respectively.49 for 

bothTo complement and further investigate the forces governing ligand affinity differences, 

structural details of the ligand interactions with the protein binding sites need to be assessed. 

Therefore, we further examined microcrystalline galectin-3C complexes with lactose, S and R ligands, 

for which high-resolution X-ray structures are available (Figure 1) by 19F MAS NMR.49, 50 

 

 

Figure 1. a) Amino acid sequence of galectin-3C. b) Chemical structures of lactose (grey), S (blue), and R (red). 
c) Ribbon representation (grey) of the X-ray structures of galectin-3C in complex with lactose (PDB ID: 3ZSJ, 
0.86 Å resolution) and fluorinated diastereomeric ligands S (blue) (PDB ID: 6QGE, 1.16 Å resolution) and R 
(red) (PDB ID: 6QGF, 1.34 Å resolution). d) The structures of S (blue) and R (red) ligands bound to galectin-3C 
are superimposed . Details of the Fin and Fout interactions with galectin-3C amino acid side chains are shown in 
the left and right panels, respectively. 

 

Judicious combinations of 1H-19F and 13C-19F dipolar correlation experiments, in conjunction 

with 2D and 3D 1H-detected spectra yielded remarkably rich information about the details of the 

galectin-3C interactions with two very similar fluorinated ligands, demonstrating the power of fast 

19F MAS NMR spectroscopy for in-depth characterization of the protein-ligand interface. Overall, our 



methodology is applicable to any protein complexes with fluorinated ligands, does not rely on protein 

deuteration, and thus represents a general strategy to investigate a broad range of systems.  

 

  



RESULTS AND DISCUSSION 

Galectin-3C chemical shifts: assignments and ligand-induced perturbations 

The backbone resonances of galectin-3C were assigned using a combination of 1H-detected 3D 

(H)CANH, (H)CONH, and (H)(CO)CA(CO)NH spectra, and the 2D (H)NH and (H)CH spectra of the 

galectin-3C/lactose complex. The 2D projections derived from these spectra are presented in Figure 

S1. Given the high spectral resolution and sensitivity for the microcrystalline galectin-3C/lactose 

sample, the backbone 1H, 13C, and 15N chemical shifts could be unambiguously determined for 117 

out of 138 galectin-3C residues. 

The 3D 1H-detected (H)CANH MAS NMR spectra of the fully protonated galectin-3C/lactose, 

galectin-3C/R, and galectin-3C/S complexes exhibit high resolution, as illustrated in an overlay of the 

two 2D NCA projections from the 3D (H)CANH spectra in Figure 2. The 13C and 15N chemical shifts for 

the galectin-3C/lactose and galectin-3C/S complexes are virtually identical, while small but 

pronounced differences were observed for several residues in galectin-3C/S and galectin-3C/R 

complexes, shown in the insets in Figure 2b. 

 

Figure 2. 2D NCA projections from the 3D 1H-detected (H)CANH spectra shown as an overlay for a) galectin-
3C/lactose (grey) and galectin-3C/S (blue), and b) galectin-3C/S (blue) and galectin-3C/R (red) complexes; 
residues with the largest chemical shift changes are boxed and expanded in the insets. The spectra were 
acquired at 20.0 T with a MAS frequency of 60 kHz. 

To further investigate chemical shift differences between galectin-3C/lactose and galectin-

3C/R complexes, 3D RN-symmetry driven CSA recoupling (RNCSA) experiments51, 52 were recorded 

to derive residue-specific 15N chemical shift anisotropy (CSA) tensors. The 15N CSA provides 

information about the electronic environment and local structure around the nitrogen atoms, which 

may aid in understanding the source of chemical shift changes, such as conformational dynamics and 



structural heterogeneity. In Figure 3, 15N RNCSA line shapes are shown for residues exhibiting the 

largest 15N chemical shift perturbations (CSPs) for galectin-3C bound to ligand R vs. S and lactose, 

such as V126, G182, D215, and L219. The corresponding CSA parameters are summarized in Table 1. 

All these residues are located in the loops and/or on the outer surface of galectin-3C and no structural 

differences for these residues are observed in the X-ray structures, as illustrated in Figure S2. 

Interestingly, the 15N CSA tensors for galectin-3C residues in the ligand binding pocket do not exhibit 

any significant differences, as shown in Figure S3 and Table S1, indicating that the fluorinated 

moieties of the ligands do not perturb the electronic environment of protein residues within the 

binding site. 

 

Figure 3. Overlay of the experimental (solid line) and simulated (dashed line) 15N CSA lineshapes for galectin-
3C/lactose (yellow) and galectin-3C/R (red) residues exhibiting the largest isotropic chemical shift differences 
between the two complexes(left and middle). Overlay of the experimental 15N CSA lineshapes for galectin-
3C/lactose (yellow) and galectin-3C/R (red) complexes (right). 

 

Table 1. 15N chemical shift anisotropy parameters for galectin-3C/lactose and galectin-3C/R residues with the 
largest chemical shift differences between the two complexes. 

galectin-3C 

complex 

V126 G182 D215 L219 

δσ(ppm) η δσ(ppm) η δσ(ppm) η δσ(ppm) η 

lactose 90±11 0.2 82±8 0.7 95±16 0.5 93±21 0.5 

R 87±4 0.3 87±1 0.4 86±5 0.5 88±1 0.5 

 

19F-based MAS NMR experiments to probe galectin-3C binding interfaces with fluorinated 

ligands 



Chemical shift assignment and ligand-protein correlations: 1D 19F MAS NMR spectra of 

galectin-3C/S and galectin-3C/R complexes acquired at a MAS frequency of 60 kHz are shown in 

Figure 4. Two well-resolved resonances are present in each 1H decoupled spectrum, with isotropic 

chemical shifts of -34.9 ppm and -35.4 ppm for the galectin-3C/S complex, and -34.8 ppm and -35.2 

ppm for the galectin-3C/R complex. Thus, each fluorine atom in the S and R molecules gives a rise to 

a distinct peak. Without 1H decoupling, the two peaks are unresolved (Figure S4). The spectra exhibit 

high sensitivity and spectral resolution, despite the low amount of 19F in each sample (~ 0.2% (w/w), 

0.5 µmoles of 19F for galectin-3C/S complex; ~ 2.6% (w/w), 0.25 µmoles of ligand for galectin-3C/R 

complex), and were recorded in three and five hours, respectively. 

Despite the identical sample preparation protocols and NMR experimental conditions, the two 

galectin-3C bound ligand resonances exhibit slightly different line widths. The deshielded resonances 

at δiso = -34.9 and -34.8 ppm possess line widths of 0.3 and 0.2 ppm in the galectin-3C/S and galectin-

3C/R spectra, respectively, while the corresponding values for the shielded peaks at δiso = -35.4 and 

-35.2 ppm are 0.2 and 0.3 ppm. These values and the longitudinal relaxation times (T1) are 

summarized in Table 2. 

 

Figure 4. 19F MAS NMR spectra of the galectin-3C/S complex (top) and the galectin-3C/R complex (bottom) 
acquired at 11.7 T with a MAS frequency of 60 kHz. 

 

Table 2. Summary of 19F MAS NMR spectral parameters and longitudinal relaxation time. 

 galectin-3C/S  galectin-3C/R  

δiso (ppm) Line width 

(Hz/ppm) 

T1 (s) SNRa δiso (ppm) Line width 

(Hz/ppm) 

T1 (s) SNRa 

Fin -35.4 112/0.2 3.0 22 -35.2 132/0.3 3.4 30 

Fout -34.9 163/0.3 1.0 20 -34.8 100/0.2 1.1 40 

aSignal-to-noise ratio 



The narrowest peak is observed for the resonance at -34.8 ppm in the galectin-3C/R complex, 

assigned to the fluorophenyl moiety (see below) away from the binding site (Fout), while the 

corresponding peak in the galectin-3C/S displays the largest line width. Interestingly, a previous 

molecular dynamics (MD) simulation study revealed motion and disorder in the part of the S ligand 

that is outside the binding site.49 The B factors of the Fout atom (20−35 Å² in the galectin-3C/R and 

20−40 Å² in the galectin-3C/S) were higher than those of the Fin atoms (10−15 Å² in both complexes), 

indicating that Fin is more ordered.49 Consistent with the larger B factor values is the observed line 

broadening of the deshielded peak in the galectin-3C/S complex, compared to the equivalent peak in 

the galectin-3C/R complex. 

To define the interfaces of galectin-3C with ligands S and R, we conducted 2D dipolar-based 

correlation experiments. The (1H)13C-19F and 1H-19F HETCOR spectra of the two complexes are 

presented in Figure 5, alongside a 2D 1H-13C HETCOR spectrum of the galectin-3C/lactose complex 

for reference. 

The assignments of 13C chemical shifts and intramolecular 13C-19F correlations were carried out 

with the assistance of the 3D and 2D 1H-detected MAS NMR spectra discussed above, as well as the 

2D CORD spectra reported in our previous study on the galectin-3C/lactose complex chemical 

shifts.53 For assigning the 1H chemical shifts and the intermolecular 1H-19F correlations we took 

advantage of 2D CORD,53 3D 1H-detected (H)CCH, and 2D (H)CH HETCOR spectra of the galectin-

3C/lactose sample. These spectra were processed for both sensitivity and resolution, to facilitate the 

unambiguous assignment of 13C-19F correlations in the extended pocket of the galectin-3C/S and 

galectin-3C/R complexes. 

 



Figure 5. a) Top: 2D 1H-19F HETCOR spectra of the galectin-3C/S (blue) and galectin-3C/R (red) complexes, 
collected with a cross polarization (CP) contact time of 1 ms. Spectra were acquired at 11.7 T with a MAS 
frequency of 60 kHz. Middle left: 1H-detected 2D (1H)13C-1H HETCOR spectrum of the galectin-3C/lactose 
complex, acquired at 20.0 T with a MAS frequency of 60 kHz. Middle and bottom right: 2D (1H)13C-19F HETCOR 
spectra of galectin-3C/S (blue) and galectin-3C/R (red) complexes, recorded with a 13C-19F CP contact time of 
2 ms. The 1D 19F spectra are displayed at the top of the 2D (1H)13C-19F traces. Spectra were acquired at 11.7 T 
with a MAS frequency of 60 kHz. Bottom left: 2D NCO projection spectrum of the 1H-detected 3D (H)CONH 
spectrum of the galectin-3C/lactose complex, recorded at 20.0 T with a MAS frequency of 60 kHz. b) Protein 
residues corresponding to the 19F-13C interactions with Fin in the binding pockets of galectin-3C are shown for 
the galectin-3C/S (cyan/blue) and galectin-3C/R (pink/red) complexes. 

The most prominent cross peaks observed in the (1H)13C-19F spectra of the galectin-3C 

complexes with S and R correspond to protein-ligand correlations between the Fin resonance of the 

ligand and the C’ resonance of I145 of galectin-3C. The corresponding atoms are separated by 3 Å and 

3.1 Å in the galectin-3C complexes with ligands S (PDB ID: 6QGE) and R (PDB ID: 6QGF), respectively. 

The least intense 13C-19F correlation is to A146(C’), corresponding to an interatomic distance of 5.3 Å 

in both complexes. The cross peaks between the resonance of Fin and those of A146(C) and R144(C) 

in the (1H)13C-19F HETCOR spectra for the galectin-3C/R complex are broadened in the 19F dimension 

(Figure 5), indicating conformational heterogeneity. This agrees with findings in the X-ray structure 

and MD simulations that showed multiple side chain orientations of the R144 residue and enhanced 

motions in the galectin-3C/R complex.49 A summary of the 19F linewidths for all well-resolved 

correlations in the (1H)13C-19F HETCOR spectra is provided in Table 3. As discussed above, no cross 

peaks were observed between the Fout resonance and other resonances in spectra of either complex, 

consistent with the fluorophenyl location distal from the binding site. 

 

Table 3. Summary of 19F linewidths in 2D (1H)13C-19F HETCOR spectra of galectin-3C/S and galectin-3C/R 

complexes 

 galectin-

3C/S 

(Hz/ppm) 

galectin-

3C/R 

(Hz/ppm) 

A146(C) 105/0.2 116/0.2 

R144(C) 97/0.2 114/0.2 

R144(C) 113/0.2 102/0.2 

R144(Cδ) 101/0.2 102/0.2 

A146(Cα) 101/0.2 105/0.2 

R144(Cα) 103/0.2 133/0.3 

I145(Cα) 103/0.2 100/0.2 

 



Additional insights into the binding interfaces were obtained from 1H-19F HETCOR spectra that 

exhibited both inter- and intramolecular correlations (Figure 5). Cross peaks are present correlating 

both fluorine resonances (Fin and Fout) to proton resonances with δiso(1H) in the 8.5 ppm to 10 ppm 

range, arising most likely from intramolecular close contacts between the fluorine atoms and the 

aromatic protons of the ligands. The spectra also contain multiple intermolecular protein-ligand 

correlations. While most of the cross peaks belong to galectin-3C resonances observed in the (1H)13C-

19F HETCOR spectra, some additional intra- and inter-residue correlations between amide backbone 

and guanidinium side chain proton resonances are seen (Figure S5). Specifically, correlations to 

N160(HN2), R144(HN2), R144(HN), and I145(HN), are observed, corresponding to internuclear 

distances of 3.4 to 6.2 Å. 

The 1H-19F HETCOR spectra of the two complexes are distinctly different (Figure 5). A unique 

19F-1H intermolecular correlation between Fout, the 19F resonance of the aromatic moiety pointing 

away from the binding site, was noted in the 2D 19F-1H HETCOR spectrum of the galectin-3C/R 

complex, which is absent in the corresponding spectrum of the complex with S (Figure 5). We 

assigned this to a contact between Fout and I115 (H12 and H13) in the adjacent protein chain in the 

crystal (Figure 6). This result is in agreement with the observed differences in the galectin-3C/S and 

galectin-3C/R X-ray structures that show different conformations in the distal part of the ligand, 

including altered relative orientations of the fluorophenyl aromatic moieties and unique local 

environments (Figure 6). Thus, differences of this kind are detected with high sensitivity in the MAS 

NMR spectra. Overall, the present results validate the observed changes in the ensemble-refined X-

ray structures, where the R ligand shows much lower fluctuations than S. 

 

Figure 6. 19F-13C and 19F-1H contacts in the binding pockets of galectin-3C in the galectin-3C/S (cyan/blue) and 
galectin-3C/R (pink/red) complexes. Interactions involving Fin and galectin-3C residues surrounding the 
buried ligand moiety are shown in yellow stick representation (left). Contacts between Fout and the side chain 
of I115 (in orange stick representation) in the adjacent protein chain of the crystal (right). The enlarged regions 
are indicated in the full structure (middle). 

 

19F CSA parameters: To gain additional insights into the local environments of the fluorine 

moieties of the two ligands when bound to galectin-3C, we measured the 19F CSA parameters by 



recording the spectra at a MAS frequency of 10 kHz. As seen in Figure S6, the spinning side band 

manifolds are well defined, and we extracted the CSA parameters, reduced anisotropy (δσ) and 

asymmetry parameter (η) by fitting the experimental data using the solid line shape analysis module 

(sola) in TopSpin 4.1.3. The CSA parameters are summarized in Table 4. 

 

Table 4. 19F CSA parameters in the galectin-3C/S and galectin-3C/R complexes. 

 galectin-3C/S galectin-3C/R 

δiso (ppm) δσ (ppm)  δiso (ppm) δσ (ppm)  

Fin -35.4 57 0.6 -35.2 57 0.6 

Fout -34.9 37 0.9 -34.8 37 0.9 

 

For both complexes, the deshielded resonances (-34.9 and -34.8 ppm for galectin-3C/S and 

galectin-3C/R, respectively) are associated with δσ = 37 ppm, a much smaller chemical shift 

anisotropy compared to δσ = 57 ppm seen for the shielded peaks (-35.4 and -35.2 ppm for galectin-

3C/S and galectin-3C/R, respectively). The observed reduction of δσ is indicative of dynamic 

averaging of the CSA tensor, through aromatic ring flips occurring on timescales of milliseconds and 

faster.54 Indeed, the Fout site is solvent exposed and the corresponding aromatic ring can undergo 2-

fold jumps resulting in 19F CSA tensor averaging. In contrast, the Fin site is buried, interacts 

extensively with protein residues, and the aromatic ring jumps are hindered. The presence of 

aromatic ring flips in Fout is also evident in the two Fout conformations in the crystal structure. These 

results further support the assignment of the deshielded fluorine atom void of cross peaks in 2D 19F-

13C HETCOR spectra (Figure 5) as Fout, distal from the binding site. 

In summary,19F MAS NMR enabled detailed structural characterization of the binding interfaces 

in galectin-3C complexes with two different fluorinated ligands. Unambiguous identification of 

protein-ligand correlations in the spectra was achieved through a combination of 2D 19F dipolar-

based correlation experiments at high spectral resolution. Moreover, the experiments reported 

herein helped to distinguish details of intermolecular 19F-1H correlations specific to each of the two 

diastereomers and report on the differences in the protein interactions with the respective ligands. 

While X-ray crystallography has provided structures for the galectin-3C complexes with the 

fluorinated ligands, NMR spectroscopy yields complementary insights about local electronic 

environment and dynamics of ligands as well as the protein using chemical shift and dipolar coupling 

tensors as exquisitely sensitive reporters. While the current study was performed at the MAS 

frequencies of up to 60 kHz, we anticipate that faster spinning, with frequencies of 100 kHz and 



higher, will be advantageous and enable correlation experiments inaccessible with lower 

frequencies, as demonstrated by us recently.55, 56 Together, our results highlight the power of 19F fast-

MAS NMR spectroscopy for investigating protein-fluorinated ligand interactions and provide a 

toolkit for a broad range of systems, beyond the specific example used here. Finally, we envision that 

similar approaches will find broad applications for improving existing ligands by guided drug design 

in a variety of biotechnology and pharmaceutical applications. 

  



EXPERIMENTAL SECTION 

Sample preparation 

The carbohydrate recognition domain consisting of residues P113-I250, of galectin-3 (galectin-

3C) was recombinantly expressed in isotopically (U-13C, 15N) enriched medium and purified by the 

Lund Protein Production Platform (LP3) at Lund University as described previously.49, 57, 58 Three 

samples of galectin-3C complexes were prepared at Lund University by adding galectin-3C to lactose 

and two diastereomeric compounds (2R)- and (2S)-2-hydroxy-3-(4-(3-fluorophenyl)-1H-1,2,3-

triazol-1-yl)-propyl) 2,4,6-tri-O-acetyl-3-deoxy-3-(4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl)-1-thio-

β-d-galactopyranoside, denoted ligands R and S, respectively.49 

Crystallization of the complexes were performed as described previously.49 For MAS NMR 

experiments, microcrystals of galectin-3C/lactose, galectin-3C/S and galectin-3C/R, were 

ultracentrifuged into 1.3 mm rotors. Final amounts for the three samples were: 3.9 mg (galectin-

3C/lactose), 4.1 mg (galectin-3C/S), and 4.1 mg (galectin-3C/R), respectively. 

 

MAS NMR spectroscopy 

2D and 3D 1H-detected experiments were recorded on a 20.0 T Bruker AVIII spectrometer 

outfitted with a 1.3 mm HCN probe at 850.4 MHz (1H), 213.9 MHz (13C), and 86.2 MHz (15N). 1H-

detected MAS NMR experiments were recorded at the MAS frequency of 60 kHz, controlled to within 

±10 Hz by a Bruker MAS controller, and the sample temperature was maintained at ~25 ºC 

throughout the experiments. Typical 90° pulse lengths were 1.4-1.5 μs for 1H, 2.9-3.1 μs for 13C, and 

3.0-3.2 μs for 15N. Swept-low power TPPM (15 kHz slTPPM)59 was used for 1H-heteronuclear 

decoupling during acquisition. 10 kHz WALTZ-1660 broadband decoupling was used for 13C and 15N 

decoupling during 1H acquisition. 

The 3D 1H-detected (H)CONH spectra of microcrystalline U−13C,15N−galectin-3C/lactose were 

recorded with a 20% linear amplitude ramp on 15N. The center of the ramp was Hartmann−Hahn 

matched to the first spinning sideband. For the forward (HC) CP and back (NH) CP, the radio 

frequency (RF) field strengths were 103 kHz for 1H and 19 kHz for 13C, and 118 kHz for 1H and 41 

kHz for 15N, respectively. The CP contact times were 5 ms (HC) and 275 μs (NH). For the CN CP, a 

constant-amplitude spin lock of about 35 kHz on 13C and a tangent-modulated amplitude spin lock of 

mean RF field amplitude of about 27 kHz on 15N61 were used. The CN CP contact time was 12 ms. 

The 3D 1H-detected (H)(CO)CA(CO)NH spectra of microcrystalline U−13C,15N−galectin-

3C/lactose were recorded with 20% linear amplitude ramp on 15N. The center of the ramp was 

Hartmann−Hahn matched to the first spinning sideband. For the forward (HC) CP, the RF field 



strengths were 86 kHz on 1H and 19 kHz on 13C. For the back (NH) CP, the RF field strengths were 99 

kHz on 1H and 43 kHz on 15N. The CP contact times were 5 ms (HC) and 300 μs (NH). For the CN CP, 

a constant-amplitude spin lock of about 35 kHz on 13C and a tangent-modulated amplitude spin lock 

of mean RF field strength of about 27 kHz on 15N were used. The CN CP contact time was 12 ms. 

The 3D 1H-detected (H)CANH spectra of microcrystalline U−13C,15N−galectin-3C/lactose, 

galectin-3C/S, and galectin-3C/R were recorded with 20% linear amplitude ramp on 15N. The center 

of the ramp was Hartmann−Hahn matched to the first spinning sideband. For the forward (HC) CP, 

the RF field strengths were 99 kHz on 1H and 19 kHz on 13C. For the back (NH) CP, the RF field 

strengths were 128 kHz on 1H and 43 kHz on 15N. The CP contact times were 1.2 ms (HC) and 300 μs 

(NH). For the CN CP, a constant-amplitude spin lock of about 36 kHz on 13C and a tangent-modulated 

amplitude spin lock of mean RF field amplitude of about 27 kHz on 15N61 were used. The CN CP contact 

time was 10 ms. 

The 2D 1H-detected (H)CH spectra were recorded with a 20% linear amplitude ramp on 1H. The 

CP RF field strengths were 19 kHz for 13C and 85 kHz for 1H. The contact times were 1 ms and 200 μs, 

for HC and CH CP, respectively. The 3D (H)CCH spectra of microcrystalline U−13C,15N−galectin-

3C/lactose were recorded with a 20% linear amplitude ramp on 1H. The center of the ramp was 

Hartmann−Hahn matched to the first spinning sideband. The CP RF field strengths were 19 kHz for 

13C and 100 kHz for 1H. The contact times were 2 ms and 500 μs, for HC and CH CP, respectively. The 

CC RFDR mixing time was 2.4 ms. 

The 2D 1H-detected (H)NH spectra were recorded with 20% linear amplitude ramp on 1H. For 

the forward (HN) CP and back (NH) CP, RF field strengths were 130 kHz and 123 kHz for 1H and 41 

kHz and 41 kHz for 15N, respectively. The contact times were 1.1 ms and 275 μs for HN and NH, 

respectively. 

For all spectra, the 1H RF field strengths for water suppression and proton decoupling were set 

at ¼ ωr, and a WALTZ-16 sequence at 10 kHz was used for heteronuclear decoupling for both, 13C 

and 15N. 

3D 1H-15N/13C RNCSA experiments were recorded on a 20.0 T Bruker AVIII spectrometer 

equipped with 1.3 mm HCN probe. The spectra of microcrystalline U−13C,15N−galectin-3C/lactose and 

galectin-3C/R were collected at the MAS frequency of 14 kHz, controlled to within ±10 Hz by a Bruker 

MAS controller. The actual sample temperature was maintained at ~25 ºC throughout the 

experiments. R1425-based symmetry sequence was used to recouple the 1H-15N/13C CSA interactions 

during t1 evolution, and the phase alternating RF field irradiation (53 kHz) was applied on the 15N 

channel. 



1D and 2D ((1H)-13C-19F, 1H-19F) 19F-detected MAS NMR spectra of U-13C,15N of galectin-3C/S 

and galectin-3C/R microcrystalline protein samples were recorded on a 11.7 T wide bore Bruker 

AVANCE III spectrometer outfitted with a 1.3 mm HFX MAS probe, the Larmor frequencies were 

500.13 MHz (1H), 470.59 MHz (19F), and 125.76 MHz (13C). The spectra were acquired at a MAS 

frequency of 60 kHz, controlled to within ±10 Hz by a Bruker MAS III controller, and the sample was 

maintained at ~28 °C by a Bruker variable temperature controller. The temperatures were calibrated 

using the T1 relaxation time of 79Br in KBr powder.62 19F and 13C chemical shifts were referenced with 

respect to trifluoroacetic acid (100 μM solution in 25 mM sodium phosphate buffer, pH 6.5) as an 

external reference (0 ppm) and adamantane (40.48 ppm), respectively. 1H resonances were 

referenced to water at 4.7 ppm. 19F and 1H spin-lattice relaxation rates were measured using a 

standard inversion recovery sequence.63 Typical 90° pulse lengths were 2.0 μs for 1H, 2.4 μs for 19F, 

and 3.2 μs for 13C. 

For the 2D (1H)-13C-19F HETCOR experiments, 13C−19F cross-polarization was performed with a 

20% linear amplitude ramp on 19F and a CP contact time of 2 ms. The center of the ramp was 

Hartmann−Hahn matched to the first spinning sideband. The 13C carrier frequency was set to 50 ppm. 

The 19F and 13C RF fields were 18 kHz and 42 kHz, respectively. For galectin-3C/S and galectin-3C/R 

408 scans with 384 complex points and 256 scans with 496 complex points were acquired in the 

indirect (13C) dimension, respectively. 19F decoupling was performed with a rotor-synchronized π-

pulse (RF field of 104 kHz) applied every second rotor period during evolution in the 13C dimension. 

15 kHz time-proportional phase modulation (TPPM)59 1H decoupling was applied during acquisition. 

For the 2D 1H−19F HETCOR experiments, 1H−19F cross-polarization was performed with a linear 

ramp. The typical 1H and 19F RF fields were 105 and 45 kHz, respectively. 408 scans with 128 complex 

points were acquired in the indirect (1H) dimension for galectin-3C/S, and 152 scans with 128 

complex points for galectin-3C/R, respectively. The CP contact times were 1 ms and 7 ms. 

All experiment times are listed in the Supporting Information. 

 

NMR data processing 

NMR data processing was carried out in TopSpin and NMRpipe.64 All 2D and 3D 1H-detected 

data sets used for the backbone assignments were processed by applying 90° shifted sine bell 

apodization in all dimensions followed by a Lorentzian-to-Gaussian transformation in all dimensions. 

Each of the 2D 1H-19F and (1H)13C-19F HETCOR spectra was processed in multiple ways by applying 

30°, 45°, and 90° shifted sine bell apodization to highlight specific spectral characteristics, followed 

by a Lorentzian-to-Gaussian transformation in all dimensions. The 15N RNCSA traces for individual 



residues extracted from the 3D 1H-15N/13C RNCSA spectra were processed using real Fourier 

Transform, to generate the respective frequency-domain line shapes. 

 

Chemicals shift assignments 

Spectra were analyzed using Sparky.65 Galectin-3C/lactose backbone resonance assignments 

were carried out by using 1H-detected 3D (H)CANH, (H)CONH, and (H)(CO)CA(CO)NH spectra and 

verified against previously reported MAS NMR chemical shifts.53 

13C and 1H resonances in the (1H)13C-19F and 1H-19F HETCOR spectra were assigned by 

inspection using the backbone assignments of the galectin-3C/lactose and (described above) and 

with the aid of 1H-detected 3D (H)CCH and 2D (H)CH spectra as well as the previously reported 

assignments from 13C-13C correlations.53 

The 19F CSA parameters, reduced anisotropy (δσ) and asymmetry parameter (η) were extracted 

by fitting the experimental data using the TopSpin 4.1.3 solid lineshape analysis module (sola) using 

Simplex iterator. Fitting of 15N CSA line shapes was performed using SIMPSON version 4.2.1 and the 

‘opt’ package for fitting scripts.66-68 
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